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Endogenous viruses are defIned as germline genes that code for the components of a 
retrovirus. These genes are present in all cells of all tissues of an animal and are inherited 
by progeny in a Mendelian manner. Two general methods have been used to detect the 
presence of endogenous viral sequences in DNA of a given species. First, sequence 
homology with the genome of a known retrovirus can be demonstrated for the 
chromosomal DNA. Second, production of viral particles or viral components can be 
demonstrated for cells of the species. The frrst evidence for the existence of endogenous 
viruses came from studies on spontaneous leukemia in the murine system (for review see 
Gross 1958a). There it was also shown that in lymphoid tumors induced by X rays, a 
murine leukemia virus was produced which caused similar tumors when injected into 
unirradiated mice (Gross 1958b; Lieberman and Kaplan 1959). Endogenous viral genes 
have now been shown to be essentially ubiquitous in vertebrate species including man. 
The purpose of this article will be to describe and discuss the current state of information 
with respect to the endogenous viral genes of the domestic chicken, Gallus gallus. We 
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2 V.G. Rovigatti and S.M. Astrin 

will discuss DNA structure, gene products, and some currentideas about the relationship 
between endogenous viral genes and disease. 

An avian retroviral particle contains an RNA genome composed of two indentical8-
kilobase subunits, which are complexed with reverse transcriptase (a 154000-dalton pro
tein composed of a and ~ subunits of 92000 and 62000 daltons, respectively). Four other 
proteins, termed group-specific antigens (gs), are internal to the viral particle (for reviews 
see Vogtand Hu 1977; Eisenman and Vogt 1978). The molecular weights of the four gs anti
gens are 27000,19000,15000, and 12000 daltons, and they are processed from a precursor 
of 76000 daltons. The viral envelope contains glycoproteins of 85000 daltons and 37000 
daltons. In the avian system the envelope glycoprotein, which is the product of endo
genous viral genes, is often termed chf or chick helper factor because production of 
envelope protein by cells complements or helps the production of the envelope-<iefective 
Bryan strain of Rous sarcoma virus (Weiss 1969; H. Hanajusa et a1. 1970). 

Upon infection of a susceptible cell, the viral RNA is transcribed into a double
stranded DNA provirus, which integrates into the host genome and serves as a template 
for the synthesis of messenger RNA and RNA to be encapsulated into virions. When 
such proviral sequences are present in DNA of the germ cells of a species, they are term
ed endogenous viral genes. 

Endogenous viral genes were frrst demonstrated to be present in chicken cells in the 
60s. A complement-fIXation assay showed gs antigens to be present in uninfected cells 
from chicken embryos (Dougherty and DiStifano 1966). Subsequently, gs expression was 
shown to segregate as an autosomal dominant gene in crosses between a line which 
produced the gs antigen and a line which lacked the antigen (Payne and Chubb 1968). 
Another endogenous viral gene product, viral envelope or chf, was also identified in 
embryo cells and could be rescued by infection and recombination with sarcoma or 
leukosis viruses (H. Hanajusa et al. 1970; Weiss and Payne 1971). Both gs and chf antigen 
appeared to be present in several different flocks of white leghorn chickens and also in 
wild jungle fowls (Weiss and Biggs 1972). It was proposed that these antigens were the 
products of defective viral genomes which resided in the cellular DNA. However, it soon 
became clear that cells could also carry intact viral genomes, and that, in certain instan
ces, viral particles could be released spontaneously or after induction by chemical and 
physical agents. A virus with a distinctive envelope and host range was shown to be the 
product of endogenous viral genes (T. Hanajusa eta1.1970; VogtandFriis 1971). This virus 
was called RA V -0 and later shown to be encoded by a specific genetic locus, ev 2(Astrin et 
al. 1980a). A similar virus could be induced from normal chicken cells after treatment 
with ionizing radiation or chemical carcinogens or mutagens (Weiss et al. 1971). 

Additional evidence for the presence of endogenous viral genes came from 
biochemical data that indicated several copies of viral DNA were present in the cellular 
genomes of cells expressing gs antigens (gs+ cells), as well as of cells lacking these anti
gens (gs- cells) (Rosenthal et al. 1971; Baluda 1972; Varmus et al. 1972; Neiman 1973). 
However, RNAs specific for the gs and chf antigens were present only in gs+ chf+ cells, 
suggesting a transcriptional regulation over the expression of these genes (Hayward and 
Hanajusa 1973; Wang et a1. 1977). However, gs and chf were not always coordinately 
regulated (T. Hanajusa et a1. 1972). Another viral function, which does not appear to be 
expressed in a coordinate fashion with other viral genes, is the reverse transcriptase 
(Weissbach etal.1972; Eisenman etal.1978). The genetics of the induction and spread of 
RA V -0 virus have been studied extensively (Crittenden etal.I974, 1977). RA V -0 propaga-
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tion and horizontal transmission are complicated by the fact that the cells of only a very 
few lines of chickens are susceptible to its infection. The possibility of control by two 
different loci, one specifying the receptors for RA V -0 and the other acting as an epistatic 
inhibitor of its infectivity, has been studied (Crittenden et a1. 1974), and recently elucidat
ed (Robinson et al. 1981). It had been speculated that the genes controlling expression of 
gs, chf, and RA V -0 production were regulatory, rather than structural genes (for review 
see Tooze 1973). That this is not the case has been shown only recently (Astrin 1978; Astrin 
et al. 1980b). 

2 The evLoci 

With the advent of restriction endonucleases and the Southern blot (Southern 1975), it 
fIrst became possible to look at the structure of a set of unique sequences in a eucaryotic 
genome, providing one had a probe. Using radiolabeled avian leukosis or sarcoma virus 
genomic RNA or radiolabeled cDNA (complementary DNA made by reverse transcrip
tion), several groups began to look at the structure of the endogenous viral sequences in 
chickens of different phenotypes. It was immediately obvious that the situation was very 
complicated. The standard enzymes gave very complex patterns, often containing fIve or 
more bands, even with DNA from gs- chf- chickens, and there did not appear to be 
obvious correlations of pattern with phenotype. The situation was eventually elucidated 
by a combination of both a biochemical and a genetic approach. Using several restriction 
enzymes to screen a group of more than 150 birds of various phenotypes, Astrin (1978) 
clearly demonstrated that certain gs-chf- birds gave the most simple pattern of bands 
(three bands with EcoRl, Bamlll, or HindIII). In addition, these bands were included in 
the pattern of all the other birds, and it was clear from the molecular weights that these 
fragments represented internal fragments of the viral genome, as well as junction frag
ments containing viral and cellular sequences. On the assumption that the DNA yielding 
the simple three-band pattern contained only a single endogenous provirus, more than 20 
enzymes were screened and an enzyme, Sad, was found which gave but a single band 
with the test DNA. When Sad was used to cleave the other DNAs, simplifIed patterns 
emerged although, in most cases, multiple bands were still present It was not clear 
whether each and every band represented an individual provirus, or whether some pro
viruses yield more than one fragment However, it was possible at this stage to correlate 
individual bands with certain phenotypes, and it was also clear that virtually all the DNAs 
tested contained a common proviral element (Astrin 1978). 

Further clarifIcation of the situation required a genetic approach. Matings were set 
up in which homozygous gs-chf- birds were mated with birds homozygous for the 
gs+chf+, V+, or gs-chf+ phenotypes, and the FI progeny were backcrossed to the gs-chf
parent The phenotypes and genotypes (DNA restriction patterns) of the parents' FI pro
geny and backcross progeny were determined (Astrin et a1. 1980b). From these ex
periments several major conclusions were possible. First, it was apparent that each Sad 
fragment represented a separate genetic locus for endogenous viral sequences. In 
addition, there was an unexpectedly large number (> 10) of such loci, and one locus, 
designated ev 1, was common to all the white leghorns tested. Finally, it was possible to 
get an absolute correlation between segregation of a particular band (endogenous virus 
locus) and segregation of a particular phenotype. Thus, agood case could be made for the 
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Table 2. Associated phenotypes and identifying restriction fragments for 12 ev loci 

Locus 

evl 
ev2 
ev3 
ev4 
evS 
ev6 
ev7 
ev8 
ev9 
evlO 
evll 
ev 12 

Phenotype 

none 
V+ 
gs+chf+ 
none 
none 
gs-chf+ 
V+ 
none 
gs-chf+ 
V+ 
V+ 
V+ 

Size of major 
SstI fragment 
(kilobase pairs)a 

9.4 
6.0 
6.3 
8.7 

19.0 
21.0 
13.0 
18.0 
23.0 
21.0 
13.0 
8.1 

Size of characteristic 
BamHI fragment 
(kilobase pairs)b 

S.2 
8.2 
7.3 
7.3 

13.0 
4.4 
7.6 

23.0 
11.0 
14.0 
NIc 

NIc 

a This fragment is the right-hand virus cell junction fragment (see the restriction map for ev 1 in 
Fig. 1). It contains the majority of the proviral sequences as well as cellular sequences adjacent to the 
3' end of the provirus; b This fragment is also the right-hand virus cell junction fragment (see the 
ev 1 map in Fig. 1). It contains the proviral env sequences as well as cellular sequences adjacent to the 
3' end of the provirus; C Not identified 

proposal that a particular locus coded for the proteins characteristic of a particular pheno
type. Studies on the genetic content of the DNAs and RNAs associated with each locus 
(Hayward et al. 1980) strengthened these correlations, and it is now accepted that each of 
the genetic loci identified by the above approach does indeed code for a specific pheno
type of endogenous viral gene expression. The individual genetic loci have been 
designated ev loci and numbered sequentially (Astrin 1978; Astrin et al. 1980b). Table 1 
gives the frequency and distribution of the loci in flocks of white leghorns (data from 
Tereba and Astrin 1980). Table 2 gives the associated phenotypes and identifying restric
tion fragments associated with each locus (data from Astrin 1978; Astrin et al. 1980b). The 
biochemical and genetic properties of the loci are discussed in detail below. 

2.1 ev 1 

ev 1 has been reported to be present in 506 out of 508 white leghorn embryos examined 
(Tereba and Astrin 1980). Since this locus is present in gs-chf- embryos (Astril1 1978), it 
apparently does not express detectable viral protein products. The structure and tran
scriptional products of ev 1 are shown in Fig. 1 (data from Hayward etal.1980; Hughes etal. 
1981a; Baker et al. 1981). As can be seen in the figure, the structure has no gross defects. 
The gag, pol, and env genes appear intact, and the genes are flanked by a terminal repeat 
of 250 nuc1eotides (Skalka et al.1979; Hishinuma etal.1981). Transcriptional activity of ev 
1 is very low, however. An apparently normal35S (8 kilobase) message containing 5' , gag, 
pol, env, and 3' sequences is produced, but in extremely low abundance (0.3-0.6 copies 
per cell). Likewise, a normal 21S (3 kilobase) message containing 5', env, and 31 se-
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LOCUS 

ey 2 

ey 3 

ey 4 

ey 5 
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----------~, S 

.r------1-------~---------O 35S RNA 

.. --------....,1] 2 IS ' RNA 
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• I .... -------+-------+-----------.10 35 S RNA 

_ ---------[1 21 S RNA • eny 
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ssssw:· '-.'A SSSS\SS'-

gog pol 
eny • I 

gog pol 
_ -----+----:--+--------r:3 3 I S RNA 

eny • .----~{:J 21S RNA 

I I I 19S RNA 
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gog pol eny LTR 
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~ 
LTR 

No Transcripts Idenl i f ied 
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cp 

t po l en ... LTR 
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~~ ... , 
f·1 " I 
LTR gog 

pol en ... 
1m 28 S RNA 

eny 
rn 21 S RNA 

I 

0 .3 - 0 .6 

0.1-0,3 

< 0 . 5 

< 0 ,5 

50- 100 

30-80 

10- 30 

0 .5 - 1.5 

25- 100 
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LTR 
r··· .. -SSSSSS\ 

TRANSCRIPTS 
PER CELL 

•• -------+------~------~~~ 34S RNA 20- 60 

60 - 150 • env 
I []I 21 S RNA 

Fig. I. Structure and transcriptional products forevl, ev2, ev3, ev4, ev5, ev6,and ev9. 0 ,cellularse
quences; bJII, long terminal repeat (L TR), composed of unique 3' sequences (Id U3) and unique 5' 
sequences (II US); cp, cellular promoter sequence. Restriction sites for Sst I (S) and Bam HI (B) are 
indicated for ev 1. The 5.2- and 9.4-kb fragments are the identifYing fragments listed for ev 1 in 
Table 2 

quences is also produced in small quantities (0.1-0.3 copies per cell). Both messages have 
been found in nuclei and cytoplasm (Hayward et al. 1980; Bakeret al. 1981). Recent work 
strongly suggests that methylation is in part responsible for the low level of expression of 
ev 1. An embryo has been identified which spontaneously expresses ev 1. Cells of this 
embryo produce a noninfectious particle containing gagpolypeptides but lacking reverse 
transcriptase and envelope antigen (Conklin etal. to be published). In addition, other ev-1-
containing embryos can be induced to express such particles by treatment with 5-azacy
tidine, an inhibitor of DNA methylation. The induced phenotype is stable for many 
generations in culture. The appearance of DNase-I-hypersensitive sites in the chromatin 
domain of ev 1 is correlated with its expression after 5-azacytidine treatment ( Groudine et 
al. 1981). These results imply that the association of a gs-chf- phenotype with ev 1 is a 
result oflack of efficient expression at the RNA level, due at least in part to methylation, 
as well as to probable structural defects in the pol and env genes. 

The ev 1 provirus and flanking cellular sequences have been cloned using recom
binant DNA techniques (Hishinuma et al. 1981). Using these clones, a comparison has 
been made between the structure of endogenous viral sequences and the structure of an 
exogenously acquired provirus. As mentioned above, the basic structure of the two types 
of provirus is very similar. The following common features are found. First, long terminal 
repeats (L TRs) flank the viral genes. The repeats flanking ev 1 are shorter than any other 
LTRs studied so far - only 273 base pairs, as compared to 325-1300 base pairs for other 
viruses. However, the ev 1 LTRs contain most of the regulatory sequences known to be 
present in other viral LTRs, such as a tRNNrp primer binding site, an AT -rich region 
similar to the Hogness box consensus sequence 32 nucleotides before the 5' cap site, and 
polyadenylation signals about 20 nucleotides upstream from a CA dinucleotide. A se
cond common feature is that a 6-base-pair sequence, present only once in the cellular 
DNA lacking ev 1, is repeated once at either end of the provirus in DNA containing ev 1. 
Such a repeat flanks exogenously acquired proviruses, as well as procaryotic and eu
caryotic transposable elements. !tis by virtue ofthese common structural features (L TRs 
and a repeat of flanking host sequences) that transposable elements and endogenous and 
exogenous retroviruses have been proposed to share a common origin and a common 
integration mechanism (Hishinuma et al. 1981; Ju and Skalka 1980; Shimotohno et al. 
1980; Dhar et al. 1980; Majors and Varmus 1981; Roeder et al. 1980; Dunsmuir et al. 1980; 
Levis et al. 1980). 
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By the use of in situ hybridization techniques, ev 1 has been localized to the long arm 
of chromosome 1 (Tereba et al. 1979; Tereba and Astrin 1980). This result agrees with the 
results of studies using chromosome fractionation (Padgett et al. 1977). More recently, 
five other endogenous loci (ev 4, ev 5, ev 6, ev 8, and ev 13) have been localized to 
chromosome 1. Common structural features of these loci have led to the proposal that 
they have been generated by duplication and transposition of ev 1 sequences (Tereba 1981; 
Tereba and Astrin 1982). Cloning and sequencing studies now in progress should provide 
additional data with which to evaluate this interesting hypothesis. 

2.2 ev2 

Locus ev 2 has been found exclusively in RPRL lines 72 and 100 (Astrin 1978; Tereba and 
Astrin 1980). Genetic studies have demonstrated that this locus codes for RA V-O 
produced by these lines (Astrin et al. 1980a). The proviral structure and transcriptional 
products for ev 2 are shown in Fig. 1. The locus appears structurally complete (Hayward et 
al. 1980; Hughes et al. 1981a), but is associated with an extremely low transcriptional 
activity. Between 0.1 and 0.5 copies per cell of apparently normal35S and 21S messages 
are produced (Hayward etal. 1980). This leads to the production of extremely small quan
tities of RA V -0 virus. In the cultures of line 72 embryos, the cells of which lack receptors 
for subgroup E virus and therefore cannot be infected by the RA v-o they produce, no 
additional virus is obtained. However, in cultures of embryos such as line 100, which by 
virtue of being susceptible to infection acquire additional RAV-O proviruses derived 
from ev 2, the quantity of virus produced is loJ -to 104 -fold greater (Robinson 1978; Critten
den et al. 1979). Thus, although ev 2 is extremely poor in transcriptional activity, the virus 
it produces forms transcriptionally active proviruses. Several proposals have been made 
to account for this phenomenon. 

Early studies using a transfection assay to analyze infectivity of DNA from high and 
low producers ofRA V -0 indicated that DNA infectivity parallels virus production It was 
proposed that cis-acting regulatory sequences inhibited transcription of the ev 2 locus, but 
not of other RA V -0 proviruses acquired by virus infection of susceptible cells (Cooper 
and Temin 1976). These conclusions were supported by the observation that infectivity of 
the ev 2 locus could be increased by shearing the cellular DNA to approximately the size 
of the provirus (Cooper and Silverman 1978). In further experiments, clones of cells con
taining ev 2 as well as exogenously acquired RA V -0 proviruses were investigated for sites 
of proviral integration, DNA infectivity, and expression of RNA and virus (Jenkins and 
Cooper 1980; Humphries etal.1979, 1981). Each exogenously acquired provirus had a dif
ferent site of integration; RNA expression, virus production, and DNA infectivity varied 
30- to lOO-fold when different clones were compared It was concluded that differences 
in flanking cellular sequences and/or in modifications such as methylation of proviral 
DNAs were responsible for the observed differences in expression. The methylation hy
pothesis is supported by recent experiments in which the ev 2 locus has been shown to be 
activated by 5-azacytidine to produce high levels of RA V -0 virus (Eisenman et al. to be 
published). The activation was shown to correlate with decreased methylation of the lo
cus. 

In situ hybridization to metaphase chromosomes has indicated that ev 2 is located 
near the middle of the long arm of chromosome 2 (Tereba et al. 1981). Thus far, ev 2 is the 
only endogenous viral locus localized to chromosome 2. 
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The genome of RA V -0, the gene product of the ev 2 locus, has been compared with 
the genomes of Rous sarcoma virus (RSV), the avian leukosis viruses (AL V), and other 
exogenous retroviruses of the avian system. The major techniques used in these com
parisons have been oligonucleotide maps of the RNA genomes and restriction enzyme 
maps and sequencing studies of cloned proviral DNA. Of course, the acute transforming 
viruses such as RSV contain a gene which codes for a transforming protein. These trans
forming genes are not present in the genomes of the leukosis viruses, such as RA V-2, or 
ofRA V -0 and other endogenous viruses. Comparison of the gag and pol regions reveals 
a strong homology for all the viruses (Shanket al. 1981). However, in the env region and 
the U3 region of the LTR, considerable divergence occurs between the endogenous and 
exogenous viruses (Skalka et al.1979; Tsichlis and Coffin 1980; Hishinuma etal.1981). The 
envelope glycoproteins of the exogenous viruses have been classified as A, B, C, or D by 
genetic and biochemical assays. RA V -0 and all other endogenous chicken viruses isolated 
to date have a subgroup E envelope (for review see Vogt 1969). Oligonucleotide and res
triction enzyme maps show a corresponding divergence in the envelope regions of the 
genome. A second difference occurs in the region of the viral LTR, termed U3. This 
region corresponds to several hundred nucleotides at the 3' end of the viral RNA and has 
also been called the C, or constant region. Whereas the U3 or C regions of all the exo
genous retroviruses show a close homology, the C region ofRAV-O and other endo
genous viruses is distinctly different from that of the exogenous viruses (Tsichlisand Cof
fin 1980). The sequence difference manifests itself biologically in two significant ways. 
First, the difference in C has been observed to be the major determinant for a difference 
in growth rate between RA V -0, which grows comparatively slowly, and the exogenous 
viruses which show a more rapid growth (Tsichlis and Coffin 1980). Second, the difference 
in C region has been implicated in the failure of the endogenous viruses to cause disease, 
whereas the exogenous viruses cause a wide variety of acute as well as long latent period 
neoplasms (Crittenden et al. 1980; Robinson et al. 1980). Acute disease is caused by the 
presence of transforming genes such as myc, src, erb, and myb, genes which are not 
present in the leukosis viruses or the endogenous viruses. However, the long latent 
period neoplasms, such as bursal lymphoma, are readily induced by the leukosis viruses 
and also by transformation-defective sarcoma viruses, but are never seen in connection 
with infection by RA V -0 or any other endogenous virus. This striking difference has 
been shown to be correlated with the difference in the C regions ofthe viruses (Crittenden 
et al. 1980; Robinson et al.1980). Since the U3 region encodes a promoter for transcription 
by RNA polymerase II, it is possible to explain both the inefficient growth ofRA V -0 and 
the lack of disease-producing capability by postulating that the RAV-O promoter is 
markedly less efficient than that of the exogenous viruses. This hypothesis is made very 
plausible by the fmding that diseases such as bursal lymphoma, which are associated with 
infection with leukosis viruses, are a result of activation of a cellular oncogene by inser
tion of the viral promoter sequences (Neel et al. 1981; Payne et al. 1981; Hayward et al. 
1981). If the RA V -0 promoter were inefficient, it mightIack the capacity to activate cellu
lar oncogene expression to a level suitable for tumor formation. 

2.3 ev3 

ev 3 codes for the proteins characteristic of the gs+chf+ phenotype (expressing gag and 
env). ev 3 was originally identified as being present in more than 60 gs+chf+ birds from 
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four different flocks (Astrin 1978). Genetic experiments using RPRL line 63 and Kimber 
line K16, both of which are homozygous for ev 3, were used to analyze segregation of ev 3 
and of the gs+chf+ phenotype (Astrin et al.1979b; Astrin and Robinson 1979). FI progeny 
of a cross between a line 63 or K16 parent and a gs-chf- parent were backcrossed to the 
gs-chf- parent Seventy-nine progeny of the backcross matings were analyzed, and an 
exact correlation between the segregation of ev 3 and of the gs+chf+ phenotype was 
observed 

The proviral structure and transcriptional products of ev 3 are shown in Fig.!. The ev 3 
provirus is defective, lacking part of the gagregion, as well as a portion of the po/ region 
(Hayward et al. 1980; Hughes et at. 1981a). A 31S (6.5 kilobase) transcript is produced at 
levels of 50-150 copies per cell and is found in both nuclei and cytoplasm (Hayward et at. 
1980; Bakeretat. 1981). This transcript contains an internal deletion in the gag-po/region. 
This defect correlates with the fact that ev 3 cells do not contain the normal 180 OOO-dalton 
gag-po/ precursor protein, but instead contain a UOOOO-dalton polyprotein which lacks 
the gag determinants specific for PIS, as well as some polymerase determinants. The 
UOOOO-dalton polyprotein is not cleaved to yield functional P27, P19, and PU gag com
ponents or functional reverse transcriptase (Eisenman et al. 1978). A second transcript of 
3 kilobases (21S) is also found in ev-3-containing cells. This transcript appears identical to 
a normal env message, and is present at a level of 30-80 copies per cell in both nuclei and 
cytoplasm. A 19S (2.3 kilobase) transcript containing gag sequences is present at 10-30 
copies per cell, but is restricted to the nucleus and may represent a residual product of 
processing of the env message (Hayward et al. 1980; Baker et al. 1981). 

Work on the chromatin structure of the ev 3 locus (Groudine et at. 1981) has demon
strated that the ev 3 sequences are under-methylated as compared to ev 1 sequences. In 
addition, the locus is preferentially sensitive to DNAse 1 digestion, and contains nu
clease-hypersensitive sites in each of its two LTRs. These features correlate nicely with 
the transcriptional activity of ev 3. 

In situ hybridization experiments using metaphase chromosomes from line 63 have 
indicated that ev 3 is located on a microchromosome (Tereba 1981). 

2.4 ev 4, ev 5, and ev 8 

Each of these three loci has been found in gs-chf- cells (Astrin 1978), an indication that 
they do not express detectable viral protein products. Structures for the proviruses are 
shown in Fig.!. No transcriptional products have been detected for ev4 or ev 5 (Hayward 
et al. 1980). Lack of transcriptional activity of ev 4 and ev 5 is not surprising, since each lo
cus has a deletion of 5' sequences and lacks the 5' LTR, the putative promoter for viral 
transcription (Hayward et at. 1980; Hughes et al. 1981a; Baker et al. 1981). No information 
on transcriptional activity or proviral defectiveness has been reported for ev 8. 

ev 4 and ev 5 have been shown to be genetically linked in mating experiments where 
recombination between the two loci could be analyzed (Astrin et al. 1979b). Results of in 
situ hybridization experiments confIrm this linkage and indicate that the two loci lie in 
proximity on the long arm of chromosome 1 (Tereba 1981; Tereba and Astrin 1982). As has 
been alluded to above, ev 4, ev 5, ev 6, ev 8, and ev 13 have all been localized to chromo
some 1 by in situ hybridization. This fmding has served as a basis for the hypothesis that 
ev 4, ev 5, ev 6 and ev 8 have been generated by multiple duplications of ev 1. Structural 
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similarities between retroviral pro viruses, ev 1 included, and transposable elements lend 
this model a certain credence. 

2.5 ev 6 

ev 6 was originally identified in 14 birds of the gs-chf+ phenotype (expressing env but not 
gag) (Astrin 1978). It is one of two loci which code for this phenotype, the other being ev 9. 
Genetic experiments using Kimber line K18, which expresses the phenotype, have been 
used to analyze segregation of chf expression and ev 6. An examination of more than 30 
progeny of backcross matings which were segregating for the expression of chf revealed 
an exact correlation between the segregation of ev 6 and segregation of the gs-chf+ 
phenotype (Astrin et al. 1980b). 

The proviral structure and transcriptional products of ev 6 are shown in Fig. 1. The 
structure of the ev 6 provirus, like that of ev 4 and ev 5, is defective. ev 6 lacks both the 5' 
LTR and gag sequences (Hayward et al. 1980; Hughes et al. 1981a). Surprisingly, although 
this locus lacks the viral promoter sequences present in the 5' LTR, transcriptional 
products are observed. A low level (0.5-1.5 copies per cell) ofa28S (5.3 kilobase) RNA
containing pol, env, and U3 sequence is observed in the nucleus, and a moderately high 
level (25-100 copies per cell) of a 21S (RNA-containing envand U3 sequence is observed 
in both nucleus and cytoplasm (Hayward etal.1980; Baker et al. 1981). The 21S RNA most 
likely serves as message for the production of env protein characteristic of ev-6-containing 
cells. Neither of these RNAs contains viral U5 sequences (Hayward et al. 1980; Baker et 
al. 1981). This rroding is further evidence that the RNAs are not transcribed from a viral 
promoter. It has been proposed that the ev-6-encoded 21S env message is initiated within a 
cellular promoterlocated adjacent to the left end of the ev 6 provirus. Initiation within the 
cellular promoter and transcription of adjacent cellular sequences followed by transcrip
tion of viral sequences might provide a message which contains a cellular leader se
quence covalently linked to viral information (Hayward et al. 1980; Baker et al. 1981). 
Further experimentation will be required to confIrm this attractive hypothesis. 

As mentioned above, ev 6 has been localized to chromosome 1 of the chicken by in 
situ hybridization (Tereba 1981; Tereba and Astrin 1982). 

2.6 ev7 

ev 7 was originally identified in 15 embryos of RPRL line 15b (Astrin 1978). This line of 
chickens has an interesting phenotype. Cells grown in the presence ofbromodeoxyuri
dine are induced to express a noninfectious avian leukosis virus. The virus is detected as 
particles containing reverse transcriptase activity (Robinson et al. 1976; Robinson 1978). 
ev 7 segregates with this phenotype in backcross matings and apparently codes for the 
particles produced by line 15b cells (Robinson et al. 1979b). 

The ev 7 provirus does not appear to contain any gross deletions (Baker et al. 1981). 
No analysis of transcriptional products has been reported. 

The genetic information of ev7 has beenreported to undergo recombination with ev 1 
genetic information to produce infectious subgroup E virus. These viruses were shown to 
have P27 and P19 components which were characteristic of RA V -0 (Robinson et al. 
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1979a). This fmding supports the conclusion that the viruses are formed by recom
bination of endogenous viral genetic information. The parents of the recombinant 
viruses were postulated to be the ev-7-encoded virus particles and ev-l-encoded RNA. 

Genetic experiments utilizing line ISh in crosses with lines 72 and 63 have shown that 
ev 7 segregates with the male (z) chromosome (Smith and Crittenden 1981). Independent 
experiments using in situ hybridization methods have also localized ev 7 to the z 
chromosome (Tereba et al. 1981). Thus far, ev 7 is the only endogenous provirus to be lo
calized to the z chromosome. 

2.7 ev 9 

ev 9 is one of two loci, the other being ev 6, that code for envelope protein produced in 
gs-chf+ cells. ev 9 was first identified in several embryos of this phenotype and later 
observed to segregate with the phenotype in backcross matings (Astrin 1978; Astrin etal. 
1980b). 

The proviral structure and transcriptional products of ev 9 are shown in Fig. 1. The 
provirus has no apparent deletions; however, a 34S transcript is observed (Hayward et al. 
1980). This size is slightly smaller than the transcript of an intact provirus which is 35S. 
The 34S transcript contains US, gag, pol, env, and U3 sequences; is present in 20-60 
copies per cell; but is confmed to the nuleus (Baker et al. 1981). A second transcript of 3 
kilobases (21S) contains US, env, and U3 sequences; is present in 60-150 copies per cell; 
and is found in both nuclei and cytoplasm. This transcript is most likely the message for 
the production of envelope protein characteristic of ev-9-containing cells. 

2.8 ev 10, ev 11, and ev U 

These three loci each code for a distinct subgroup E virus produced by a particular line of 
inbred white leghorn chickens (Astrin et al. 1980b). ev 10 is present in lines C, 154, and 1515 
(Tereba and Astrin 1980). It has been shown to segregate with the ability to produce infec
tious subgroup E virus (V+ phenotype) in an analysis of 48 progeny of a backcross mating 
of line 154 chickens (Crittenden and Astrin 1981). ev 11 is present in line 154 and 1515 (Tere
ba and Astrin 1980), and has similarly been shown to segregate with the Y+ phenotype in 
backcross matings (Crittenden and Astrin unpublished results). ev 12 is present in RPRL 
line 151 (Tereba and Astrin 1980), and has been shown to segregate with the Y+ phenotype 
in matings of line 151 chickens (Smith and Crittenden 1981). 

ev 10, ev 11, and ev 12, like ev 2, produce only very small amounts of virus spontaneous
ly. However, if the producer cells have receptors for subgroup E virus, additional 
proviruses are accumulated through infection, and much larger quantities of virus are 
produced. It is likely that the control mechanisms regulating expression of ev 2 (QV) are 
also operating in the cases of ev 10, ev 11, and ev 12. 

2.9 ev 13, ev 14, ev 15, and ev 16 

ev 13 is a locus which was identified in gs-chf- cells, and shown by in situ hybridization to 
be present on chromosome 1 in a unique location (Tereba 1981; Tereba and Astrin 1982). 
No information other than its chromosomal location is available. 
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ev 14 is a V+ locus identified in an embryo from Heisdorf and Nelson Farms. The pat
tern of ev-14-specific fragments produced after restriction enzyme digestion of embryo 
DNA is distinguishable from the pattern produced by any of the other 15 loci ev 14 has 
been localized near the middle of chromosome 3 (Tereba et al. 1981). 

ev 15 and ev 16 are elements identified in Heisdorf and Nelson and Kimber flocks 
(Hughes et a1. 1981a; Astrin, unpublished results). They appear to consist only of a single 
copy of an L TR of the type associated with the endogenous proviruses. These elements 
could have been produced from the intact proviral elements by homologous recom
bination within the viral L TR. 

3 Endogenous Viral Genes in Varieties of Chickens Other than the White 
Leghorn 

Several studies have been conducted on ev loci in breeds of chicken other than the white 
leghorn (Hughes et al. 1979, 1981b; Astrin et al. 1980b). These studies have indicated that 
proviruses similar to those found in white leghorn are present in other chickens, that the 
number of proviruses per chicken is highly variable, and that there are ev loci present in 
other breeds that do not correspond to any of those identified in white leghorns. 

In one study, DNAs from erythrocytes ofloo chickens representing 68 varieties were 
cleaved with endonuclease Sac! or endonuclease BamH1, and the ev loci characterized 
by Southern blots (Astrin etal.1980; Astrin and Wyban, unpublished results). This study 
revealed an unexpected multiplicity and diversity offragments produced from the DNAs 
of individual chickens. Although there were fragments in the digestions which comi
grated with band$ representing already characterized ev loci, there were also many bands 
that did not comigrate with known loci. From these data it was estimated that there were 
probably more than 20 new loci present in the 100 chickens. Although each of the 
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100 chickens had at least one ev locus, no single locus was common to all individuals. In 
fact, fewer than 20% of the chickens appeared to contain ev 1, the locus ubiquitous in 
white leghorns. A distribution of the ev loci is shown in Fig. 2. The number of loci per 
chicken ranged from one to ten with the average being 4.9. 

An analysis of DNA of the red jungle fowl (Gallas bankiva) was also conducted to 
determine whether this putative ancestor of the domestic chicken had endogenous viral 
genes. In an analysis of 12 individuals from a single population, at least 4 ev loci appeared 
to be segregating in the population (Astrin and Wyban, unpublished results). These data, 
and the fact that virtually every chicken has at least one ev locus, indicate that the chicken 
genome probably contained viral sequences prior to domestication. A study conducted 
on other species of jungle fowl indicated that only the red jungle fowl has AL V-related 
endogenous viral genes (Frisby etal.1979). These observations lead to the conclusion that 
viral genes ftrst entered the germline after speciation of the jungle fowl and prior to 
domestication. 

4 Origins of the Endogenous Viral Genes 

For cellular genes multiple copies of a gene are generally considered to be the result of 
duplication of the ancestral gene via some unequal exchange between chromosomal 
regions and/or polyploidization. The ftndings that many of the ev loci in the white 
leghorn are very closely related in sequence to ev 1, and that six of these loci, including ev 
1, are located on chromosome 1, suggest the process of gene duplication might be operat
ing for these genes. In addition, it is extremely likely that at least some of the ev loci are 
the result of independent infections of the germline of chickens. This hypothesis is 
supported by the large variation in sites of residence, observed even among individuals of 
the same breed, and by the fmding that organization of the ev loci and flanking sequences 
is identical to that observed for proviruses acquired by exogenous infection 

Although the endogenous viral genes of the chicken are structurally very similar to 
the genomes of exogenous viruses, two genetic differences distinguish the endogenous 
viruses. One of these differences resides in the gene for the viral envelope protein. The 
antigenic properties of the envelope protein and host range of the endogenous virus de
fme it as a subgroup E virus, distinguishable from virus of other subgroups by its failure to 
interfere with their infection (for review see Vogt 1969). This structural and functional 
distinction between endogenous and exogenous chicken viruses seems at ftrst to argue 
against the multiple germline infection hypothesis because this hypothesis predicts that 
exogenous subgroups would be found as endogenous virus. However, if the non-E sub
groups have appeared only recently in evolutionary terms, they may not as yet have had 
time to become major residents of the germline. The second genetic difference between 
endogenous and exogenous retroviral genes of the chicken lies in the U3 or C region. 
This region of several hundred nucleotides is thought to encode the promoter for viral 
RNA synthesis. While the C regions of exogenous viruses are all highly homologous, the 
endogenous viral loci characterized thus far contain very different C regions (Tsichlis and 
Coffin 1980). The fact that the exogenous type C region appears to be absent or infrequent 
among endogenous viral loci may be a consequence of the association of the exogenous 
C region with oncogenicity in the nonacute leukosis viruses (Crittenden etal.1980; Robin-
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son et al. 1980). This association probably results in selection against acquisition of an 
endogenous viral genome containing the exogenous C region 

A somewhat novel mechanism for generating atleast part of the multiplicity of ev loci 
documented above is suggested by the fact that the endogenous viral genome codes for 
an RNA-dependent DNA polymerase (reverse transcriptase). This enzyme can utilize 
transcribed material (RNA) as a template to synthesize genetic information (DNA). An 
ancestral ev locus may have been transcribed into RNA from which a complementary 
DNA sequence was produced by reverse transcription This duplicated sequence may 
then have been inserted back into the chicken genome in a new location This 
mechanism for generating multiple ev loci from a single locus can account for the genetic 
similarity in envelope and C region observed among the loci. It can also account for the 
deletions observed in many of the ev loci, deletions that could easily have arisen during 
reverse transcription or integration 

A scheme for the origin of ev sequences is presented in Fig. 3. This scheme takes 
into account the structural similarities between endogenous viruses and transposable 
elements by suggesting that the viruses have evolved from transposons. In this scheme it 
is also suggested that the subgroup E endogenous viruses are the ancestors of the current 
population of exogenous viruses. This proposal can be rationalized as follows: If an endo
genous provirus evolved to the state of producing a viral particle (with a subgroup E 
envelope) these particles could then infect the germlines of other individuals. Eventually, 
all individuals would have subgroup E viruses in their germline (the current situation). 
The production of envelope glycoprotein by endogenous proviruses has been shown to 
interfere with exogenous infections by virus of the same envelope subgroup by reducing 
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the availability of cellular receptors. Thus, as subgroup E endogenous proviruses accu
mulated, suitable hosts for growth of exogenous subgroup E viruses would have become 
fewer and fewer. Selective pressure for changes in envelope would have come into effect; 
hence, the appearance of subgroups A, B, C, and D, all of which may have evolved too re
cently to have entered the germline. Of course, the difference between the U3 region of 
exogenous and endogenous viruses must also be explained. It may be postulated that 
virus with an endogenous type U3 region acquired a different U3 region (exogenous 
type) by recombination with a host sequence. If the newly acquired sequences served as a 
more efficient promoter, the new virus would have been at a selective advantage. Entry 
into the germline of such a variant would have been selected against due to the asso
ciation of an exogenous type U3 region with oncogenicity. The above considerations 
predict that the only reservoir remaining today for the ancestral virus (a subgroup E virus 
with an endogenous type ofU3 region) would be as an endogenous provirus. Its survival 
as an exogenous virus would be severely restricted due to its relatively poor growth (U3 
region) and lack of suitable hosts (those with active subgroup E receptors). 

A third feature of the scheme shown in Fig. 3 is that it postulates a selective pressure 
against the acquisition of endogenous proviruses that spontaneously produce large 
amounts of infectious virus. To date, no endogenous provirus constitutively producing 
high levels of particles has been described. All the V + loci are transcriptionally repressed, 
producing very few particles. The reason for such a selection is not clear, since produc
tion of high titers of RA V -0 over long periods does not seem to be deleterious to the 
chicken. 

Finally, the scheme in Fig. 3 provides two methods for the acquisition of new ev loci: 
germline infection and gene duplication. As discussed above, gene duplication mediated 
by a reverse transcription of a proviral transcript is an attractive hypothesis. In addition, a 
gene duplication mechanism may partially explain the accumulation of endogenous viral 
loci on chromosome 1. 

5 Endogenous Viral Genes and the Biology of the Chicken 

Are endogenous viral genes essential? The ubiquitous presence of endogenous viral 
genes in the various breeds of chicken, their presence throughout vertebrate species, and 
the association of their expression with development of the hematopoietic system in the 
mouse have led to the proposal that these genes are involved in ontogeny. However, the 
production by selective breeding of fertile chickens lacking AL V-related endogenous 
viral genes has been reported (Astrin et al. 1979a; Astrin et al. 1980b). These chickens were 
the progeny of matings of white leghorns of defIned genotype. Two such matings had 
been identilled, each of which gave rise to a small fraction of embryonic progeny in 
which no endogenous proviruses could be detected. When progeny from these two 
matings were hatched and analyzed for the presence of viral sequences, a single rooster 
was identilled which lacked such genes (Astrin et al. 1979a). This rooster has been bred to 
its female sibling (known to be heterozygous for ev 1, ev 2, and/or ev 5), and additional 
birds lacking endogenous viral genes have been produced. A flock of over 100 such birds 
is now in existence (Crittenden and Astrin, unpublished results). The birds are healthy, 
normal, and fertile. Thus, endogenous viral genes are not essential in the chicken. How 
then can one account for their ubiquitous presence? 
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Three factors probably account for the fact that chickens lacking endogenous viral 
genes had not been previously identified. First, there was a large multiplicity of different 
endogenous viral loci in the total population of chickens; second, individual chickens 
usually possess several loci (an average of five); third, laboratory flocks of white leghorns 
appear to be uniformly heterozygous for locus ev 1. Given these factors, the production, 
by random matings, of a chicken lacking endogenous viral genes would be a rare event If 
such genes are indeed nonessential, why are they so prevalent in the population? It seems 
likely that the presence of these genes offers a selective advantage to the chicken. Indeed, 
in recent experiments chickens with dermed complements of ev loci were compared in 
terms of their response to infection by the leukosis virus RA V-I. The results of these ex
periments (discussed in detail in the last section of this article) lend considerable 
credence to the proposal that the presence of endogenous proviruses is beneficial to the 
chicken. 

5.1 Endogenous Viral Genes as Inhibitors of Infection 

It has long been known that cells infected by virus of a given subgroup (envelope specifi
city) are refractory to infection by other viruses ofthe same subgroup. It is presumed that 
penetration of the superinfecting virus is blocked or slowed by the binding to receptors of 
internally produced envelope glycoprotein. This interference phenomenon has also 
been documented for certain ev loci, namely ev 3, ev 6, and ev9, all of which produce high 
levels of subgroup E envelope glycoprotein ( chf+ phenotype). Cells containing ev 3, ev 6, 
and/or ev 9 have been reported to have a much reduced susceptibility to infection with 
exogenous subgroup E virus. The mechanism ofthis phenomenon appears to be binding 
of internal envelope glycoprotein or of envelope glycoprotein shed by infected cells to 
the cellular receptors for subgroup E virus (Robinson et al. 1981). 

5.2 Endogenous Viral Genes and the Response to Infection by Avian Leukosis 
Virus 

Very recently, the effect of the presence of ev 3 (expressing gs and chi) on the response of 
chickens to infection with the avian leukosis virus, RA V-I, has been examined. Normal
ly, this virus produces bursal lymphomas 4-12 months after inoculation. However, in 
birds lacking ev 3 and, therefore, not expressing gs or chf, an interesting nonneoplastic 
syndrome is seen 6-12 weeks after infection; the disease is not observed in birds that have 
ev 3. The syndrome is lethal and characterized by severe atrophy oflymphoid organs, an 
inflammatory response in the liver, and a lower immune response to particulate antigens 
(Crittenden et al. 1982). 

What is the cause of the disease and why does the presence of ev 3 protect against it? 
Several lines of evidence indicate an immune response to infected organs may be 
involved. The timing and extent of the humoral immune response to the infecting virus is 
quite different in ev 3+ and ev 3- birds. Ev 3+ birds respond later, have lower antibody 
titers, and have a more prolonged viremia than do ev 3- birds (Crittenden et al. 1982). 
Thus, birds expressing ev 3 show evidence of immunologic tolerance to RA V-I. This 
rmding is not surprising. Since ev 3+ birds express chf and are, therefore, tolerant to sub-
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group E envelope antigens, they would also be tolerant to those determinants shared 
between the subgroup A envelope ofRA V-I and subgroup E envelope. 

What is the connection between the lack of immune tolerance and the disease? One 
possibility is that the disease is caused by a severe and prolonged cellular immune res
ponse directed against subgroup A antigen on the surface ofRA V-I-infected cells. Such a 
response might be extremely destructive to infected organs and could result in the symp
toms characteristic of the lethal syndrome. The presence of ev loci such as ev 3, ev 6, or ev 
9, which express endogenous chf (envelope glycoprotein), would protect against the 
disease. We thus have the basis for a selective mechanism operating in favor of birds ex
pressing endogenous chf. Indeed most flocks not selectively bred for particular ev loci 
consist of a majority of birds that are chf+. In addition, biological assays on jungle fowl, 
the ancestor of the domestic chicken, indicate that they too are mainly chf+ (Weiss and 
Biggs 1972). Thus, despite the fact that endogenous viral genes appear to perform no 
essential functions in the chicken, their presence appears to be extremely relevant to 
survival under normal circumstances. 
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1 Introduction 

The RNA genome of a retrovirus is copied into DNA by the viral enzyme, RNA-depen
dent DNA polymerase, and the DNA copy of the retrovirus genome is inserted into one 
of the host's chromosomes. This DNA copy, called a provirus, is transcribed into RNA 
by host enzymes, giving rise to both viral genomic RNA and viral messenger RNA. 

It is the purpose of this review to explore the structure of the DNA provirus, and to 
examine the molecular events which create the provirus. Because the replication of the 
many species of retroviruses is quite similar and because the retrovirus literature is vast, 
only representative examples will be discussed and only representative references will be 
given. 

The most basic problem in understanding the structure of the unintegrated forms of 
viral DNA and the integrated provirus is that all of these molecules are present in very 
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small amounts, usually only a few copies per cell, even after an acute infection with high
titer virus. It is no surprise that progress in determining retrovirus DNA structure fol
lowed closely technical advances in nucleic acid biochemistry. The earliest experiments 
used solution hybridization which, together with the transfection protocols (Hill and HiI
lova 1972a, 1972b), demonstrated the presence both of integrated and unintegrated viral 
DNA (Neiman 1972; Baluda 1972; Varmus et al. 1973a, 1973b, 1975; Guntaka et al. 1976; 
WeinbeTg 1977), and established that a portion of the unintegrated viral DNA was super
coiled (Guntaka et al. 1976; WeinbeTg 1977). Analysis with restriction enzymes and the 
DNA transfer procedure of Southern (1975) permitted the elucidation of the structure of 
the unintegrated linear and circular viral DNAs (Shanket al. 1978a, 1978b; Hsu etal.1978; 
Yoshimora and WeinbeTg 1979; Keshetetal.l979; She"etal.1979; Belgmann etal.1980), as 
well as the structure of the provirus and its ability to integrate in many sites in the host 
genome (Hughes et al. 1978; Stf!/Jen and WeinbeTg 1978; Sabran et al. 1979; Ringold et al. 
1979; Martin et al. 1979; Cohen et al. 1979; Bacheler and Fan 1979; Gilmer and Parsons 
1979). 

The frrst two technological tools, solution hybridization and the Southern transfer 
technique, made possible an increase in the sensitivity and specificity with which particu
lar pieces of DNA could be detected. Recombinant DNA techniques (when fma11y per
mitted under the NIH guidelines) resolved the underlying problem: miniscule amounts 
ofviral DNA contaminated with vast amounts of cellular DNA. Recombinant DNA, to
gether with DNA-sequencing techniques, has brought our knowledge of the structure of 
retrovirus DNAs, both integrated and unintegrated, to its present level 

Before recombinant DNA technology was available, the only means for the pre
paration of significant amounts of pure viral DNA was in vitro DNA synthesis. This was 
an invaluable tool for the manufacture of cDNA probes for hybridization experiments, 
and could also be used to examine the mechanics of viral DNA synthesis. 

The retroviruses are enveloped viruses; they are nonlytic and acquire an outer mem
brane when the immature virion core, containing the genomic RNA and the viral en
zyme RNA-dependant DNA polymerase, is budded out through the outer membrane 
of the host cell. When a retrovirus virion penetrates a susceptible cell, viral DNA syn
thesis is initiated in the cytoplasm, presumably in some form of virion core structure. 
The virion core apparently contains all the machinery necessary to carry out viral DNA 
synthesis; virions treated with mild detergents which disrupt the virus membrane and 
permit the entry of deoxynucleotide triphosphates carry out extensive DNA synthesis 
when supplied only with the triphosphates and appropriate salts. In some cases, a com
plete and faithful DNA copy of the viral RNA can be synthesized (Junghans etal.1975; 
RothenbeTg et al. 1977; Gilboa et al. 1979a, Benz and Dina 1979; Boone and Skalka 1980; 
Bosselman and Verma 1980) and shown to be infectious (RothenbeTgetal.I977; Gilboa et 
al. 1979a; Boone and Skalka 1980). In most, but not all, instances the synthesis of viral 
DNA in detergent-activated virions faithfully parallels events in the infected cell, and has 
provided valuable insight into the precise molecular basis of retrovirus DNA synthesis. 
The principal advantages of in vitro DNA synthesis are that a large number of purified 
virions can be employed in a single in vitro reaction, yielding substantial amounts of viral 
DNA, and that the viral DNA which is synthesized is made in the absence of host cell 
DNA; it can be examined, either isotopically labeled or not, in the absence of the con
taminating, and confusing, host sequences. Such experiments must be viewed carefully, 
however, since the fmal objective is to analyze events as they take place in vivo, and only 
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in those cases where the in vitro experiments correlate with and are documented by in 
vivo data can they be fully trusted. However, the correlations between in vitro and in vivo 
data have been very good, and the in vitro experiments can serve as a valuable guide even 
when in vivo data are absent 

2 How the RNA Genome is Copied into DNA 

The integrated linear viral DNA is shown schematically in Fig. l. The linear DNA is 
colinear with the genomic RNA, and at each end it has additional sequences derived 
from both ends of genomic RNA. These additional sequences are created during the two 
transfers of template which take place during viral DNA synthesis. Because the additio
nal sequences are present at both ends of the viral DNA, the ends of the DNA are redun
dant, and form a direct repeat The redundancies are called long terminal repeats (L TRs), 
and are made up of three segments: the U3 region (unique sequences from the 3' end of 
viral RNA), R (the redundant sequence found at both the 3' and 5' ends of viral RNA), 
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Fig. 1. The relationship of retrovirus genomic RNA, unintegrated vira1 DNA, and the provirus. Top, 
schematic representation of genomic RNA. The tRNA primer is hydrogen-bonded to viral RNA 
near the 5' end of the genome. The redundancies found at both ends of the vira1 RNA are denoted 
R, and the U3 and Us sequences are also marked. The relative size OfU3 and Us varies from one 
retrovirus species to another; the drawing shows the relationship for the ASV-AL V viruses. Upper 
middle, Unintegrated linear viral DNA, which contains, relative to the RNA from which it is 
derived, extra sequences at both ends. These extra segments form a direct repeat called the long ter
minal repeat (L TR), Lower middle, the two major closed circular supercoiled forms that derive from 
the unintegrated linear viral DNA. The smaller (lift) contains a single copy of the LTR; the larger, 
(right) has two copies of the LTR. Bottom, the provirus closely resembles the unintegrated linear 
viral DNA in structure, except thatitis attached to host DNA sequences at both ends. A comparison 
of the structure of the provirus with the structure of the genomic RNA demonstrates that the 
provirus is well designed as a template for viral RNA synthesis; signals for the initiation of viral 
RNA synthesis, as well as for poly-A addition, are carried within the LTRs 
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and Us (the unique sequences found at the 5' end of the viral RNA). The structure of 
unintegrated linear viral DNA can be summarized: U 3RU 5 viral genes U3RU 5. Thus, the 
virus has solved the problem of manufacturing a complete copy of its genome with an 
enzyme which requires a primer. The elegant solution depends on the small redundan
cies, R, which lie at the ends of the RNA, and gives rise to a DNA molecule in which the 
small redundancies in the RNA lie within the much larger redundancies, the LTRs, 
found at the ends of the linear DNA. The LTRs also provide the DNA copy of the virus 
with solutions to the problems of integration and of synthesizing RNA copies of the 
genome. 

2.1 The Structure of Virion RNA and the Initiation of Viral DNA Synthesis 

The genomes of retroviruses are single-stranded RNA, and range in length from just 
under 4 kilobases to just over 9 kilobases. The prototype genomes, those of the leukemia 
viruses, are about 7-8 kilobases in length, and closely resemble messenger RNA. The 5' 
end of the RNA genome has an m7G5' pppGm cap (Furiuchi et al. 1975; Rose etal. 1976), 
and the 3' end of the RNA has a poly-A tail about 200 bases long (King and Wells 1976; 
Bender and Davidson 1976). The viral genome is plus-stranded (+); all of the messages 
have the same polarity as the genome (Weiss et al. 1977; Hayward 1977). The genome of a 
leukemia virus contains three known genes, which take up essentially the entire coding 
capacity. The genes are, in order, from the 5' end of the RNA: gag, which encodes the 
group-specific antigens of the virion core; pol, the RNA-dependent DNA polymerase 
found in the virion, and env, the glycoprotein found in the outer membrane of the virus 
that plays a crucial role in the successful absorption of the virion by the host cell. In the 
virion genomic RNA is present as a dirner, the two subunits are hydrogen-bonded to
gether near their 5' ends (Bender and Davidson 1976; Beemon et al. 1976). Also found in 
the virion are several species oflow-molecular-weight RNA (Salryer and Dahlberg 1973; 
Faras etal. 1973), and, according to some reports, small DNA molecules as well (Levinson 
et al. 1972). Only one of these low-molecular-weight nucleic acids is known to have a spe
cific function. A specific tRNA molecule is hydrogen-bonded tq genomic RNA near the 
5' end of the viral RNA; the 3' end of the tRNA is a perfect complement of the corres
ponding region in the retrovirus genome. The particular species of tRNA bound to 
genomic RNA is specific for the particular species of virus; tRNA trp is used in the avian 
sarcoma-avian leukosis viruses (ASV-ALV), and tRNA pro in in the murine leukemia 
viruses (SalryerandDahlbergI973, 1974; Tayloretal.1975; FarasandDibblel975; Waters 
et al. 1975; Harada et al. 1975,1979; Peters etal. 1977). This tRNA plays a crucial role in the 
retrovirus life cycle; it serves as the point of initiation of retrovirus DNA synthesis. The 
presence of the primer underscores the experimental evidence that purified RNA-de
pendent DNA polymerase cannot initiate DNA synthesis de novo, a property it shares 
with all other known DNA polymerases (Baltimore and Smoler 1971; Goodman and 
Spiegelman 1971; Leis and Hurwitz 1972; Hurwitz and Leis 1972, Wells et al. 1972). The 
position of the tRNA primer precisely defmes the site of initiation of viral DNA syn
thesis: the exact position depends on the particular retrovirus being studied, but is 
always 100-200 bases from the 5' end of the virion RNA (Taylorand Illmensee 1975; Peters 
and Dahlberg 1979). 
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2.2 The First Transfer Between Templates 

The first DNA to be synthesized is minus-stranded ( -), that is, of opposite polarity to the 
RNA genome and the viralmRNAs. Since DNA synthesis would seem to runoutoftem
plate almost immediately, there is a strong theoretical requirement to transfer DNA syn-
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Fig. 2. The fIrst transfer of DNA synthesis between templates, and the initiation of the specifIc ( +) 
strand segment (+ ) strand strong stop. In panel A, a recently initiated (-) strand of DNA, still asso
ciated with its template RNA and linked to the tRNA primer, is shown on the upper right. The RNA 
strands are shown as thin lines, DNA strands by thick lines. This DNA-RNA hybrid has been 
positioned in the drawing over the 3' end of a viral RNA molecule in such a fashion that the two 
identical R sequences are aligned. In panel B, the transfer between templates has taken place. Since 
the precise mechanism which exposes the R segment on the newly synthesized (-) strand DNA is 
not clearly understood this step is marked by a question mark. In panel C, the synthesis of the (-) 
strand DNA is proceeding along the template to which it was just transferred, and the specifIc (+) 
strand segment (+) strand strong stop (+SSS) has just been initiated. Since the mechanism of 
initiation of (+) strand strong stop is unknown, a question mark is placed at the site of (+) strand 
strong stop initiation. In panel D, synthesis of the (-) strand is proceeding along the RNA template, 
and (+) strand strong stop is now complete, having copied the fIrst few bases of the tRNA primer 
(see text). The relationship of these structures to the LTR (panel E) is precise; the initiation site for 
the (-) strand and for (+) strand strong stop defme the extent of the L TR. This is the L TR which will 
reside at the right end of the completed molecule, although the ( +) strand strong stop will be trans
ferred to he opposite end of the viral DNA in the second transfer of templates (see Fig. 3) 
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thesis to the 3' end of either the same RNA molecule or to the second genomic RNA 
found in the virion This transfer can be accomplished because the ends of the RNA 
molecule contain redundancies. The redundant region, R (see Fig. 1 and 2), is found both 
at the 5' terminus of the RNA, and next to the poly-A tail at the 3' terminus. These R se
quences are 16-21 bases in length in the ASV -AL V viruses (Stoll et al. 1977; Haseltine et 
al. 1977; Schwanz etal.1977), and about 50-60 bases in length in the MuL V viruses (Coffin 
et al. 1978). Although the transfer of the growing (-) DNA strand clearly takes place, 
molecular details are lacking. There are two reasonable models. The ftrst suggest that 
part of the 5' template RNA is degraded, presumably by the RNAse H activity of RNA
dependent DNA polymerase, which speciftcally degrades RNA found in RNA-DNA hy
brids. The second model suggests that the DNA and RNA molecules are not tightly base
paired during synthesis, and that the transfer of templates can take place without 
degradation of the RNA genome. In vitro studies have, in general, favored degradation of 
the 5' end of viral RNA, despite the presence of the m 7 G cap (Darlix etal. 1977; Collett et 
al. 1978; Friedrich and Moelling 1979). Whatever model ultimately proves correct, the 
transfer undoubtedly does take place; both in vitro and in vivo studies of the structure of 
the DNA portion of the replicative intermediates permit no other conclusion (Haseltine 
etal. 1979; Dharetal. 1980;Sutc1iffeetal. 1980; VanBeverenetal. 1980; Ameretal. 1981; 
Swanstrom et al. 1981a, 1981b), (see Fig. 2). 

It is unclear whether the growing (-) strand DNA is transferred to the 3' end of the 
same RNA molecule on which it was initiated, or to the second viral RNA present in the 
virion Once the transfer takes place, the growing (-) strand DNA is free to proceed along 
the length of the viral RNA genome (see Fig. 2). Compared with rates of DNA synthesis 
by conventional DNA polymerases, viral DNA synthesis is relatively slow. Both in vivo 
and in vitro, it takes several hours to make a complete copy of the viral genome (Rothen
berg and Baltimore 1977; Varmus et al. 1978). In the presence of melittin, signiftcantly fas
ter rates of polymerization can be achieved in vitro (Boone and Skalka 1980, 1981); 
however, since the rates of synthesis observed under these conditions are faster than in 
vivo rates, the signficance of these observations is not clear. It is uncertain why the viral 
RNA-dependent RNA polymerase should be so much slower than the DNA-dependent 
DNA polymerases; however, the slow rate of polymerization has been most helpful, 
since it permits a much easier dissection of the steps in viral DNA synthesis. 

2.3 The Initiation of the Specific (+) Strand Strong Stop DNA and the Second 
Transfer Between Templates 

If the transfer of the growing DNA (-) strand between the 5' and 3' endsofviralRNAis 
the ftrst crucial step in the synthesis of viral DNA, the second is the speciftc initiation and 
synthesis of a dermed (+) strand DNA, which takes place long before the growing (-) 
strand is complete (Varmus et al. 1978; Gilboa et al. 1979b; Mitra et al. 1979). This (+) 
strand, now called ( + ) strand strorig stop, is initiated at the end of a polypurine tract near 
the 3' end ofviral RNA (see Fig. 2). There is considerable conservation of the sequence 
near the site pf initiation of this ( +) strand, although the distance from the R sequence to 
the site of initiation for the ( +) strand strong stop varies from about 160 bases in the avian 
endogenous virus, RA V -0 (Hughes 1982), to over 900 bases in the mouse mammary 
tumor viruses (MMTV) (Majors and Varmus 1981; Donehoweret al. 1981). The primer for 
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(+) strand strong stop is usually assumed to be RNA, and conjectures have been made 
that the RNAse H activity of the RNA-dependent DNA polymerase leaves an appro
priate RNA primer when it degrades viral RNA. All attempts to identify a specific primer 
for (+) strand strong stop have failed, and the mechanism of its precise initiation is 
unknown. The (+) strand strong stop DNA uses the previously synthesized (-) strand 
DNA as a template (Fig. 2). The 3' end of this (-) strand DNA is attached to the rRNA 
primer. There is evidence, atleastin vitro, thatthe (+) strand strong stop copies the frrst 15 
bases of the tRNA primer up to the m]A which presumably cannot be copied (Mitra et al 
1979; Taylor and Hsu 1980) (see Fig. 2). 
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Fig. 3. The second transfer of DNA synthesis between templates. In panel A, at the left is the struc
ture shown in the bottommost panel of Fig. 2; the viral (-) strand DNA with a complete (+) strand 
strong stop DNA (+SSS) attached to it An abstract drawing of the LTR is given above it as a re
ference. On the right is shown the 5' end of a viral RNA molecule, with the primer still attached and 
the growing (-) strand DNA. DNA is shown as thick lines, RNA as thin lines. In panel B, the (-) 
strand DNA has displaced the tRNA primer and is invading the double-stranded complex between 
(+) strand strong stop and its template. It must be emphasized that molecular details of these events 
are lacking; we do not know whether the tRNA primer in the complex on the left is removed fIrst by 
RNAse H, how the (-) strand DNA in the complex on the right displaces the tRNA, or if the RNA 
template in the complex on the right is degraded by RNAse H. In panel C, the growing ( -) strand dis
places (+) strand strong stop from its template and copies it, giving rise to the completed double
stranded structure shown at the bottom of panel D. Again it should be clear that the position of 
initiation of (+) strand strong stop defmes the end of the L TR, and in this case the left end of the 
molecule, since this is the LTR found at the left end of the unintegrated linear viral DNA (see Fig. 1) 
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Plus strand strong stop apparently has a role to play in the third crucial step of viral 
DNA synthesis, the second transfer of the (-) strand DNA (Varmus et al. 1978, 1979; 
Shank et al. 1978b; Gilboa et al. 1979b). As the growing (-) strand proceeds toward the 5' 
end of viral RNA, it presumably encounters a barrier, the tRNA primer bound to virion 
RNA. Two obvious solutions exist: (a) the growing DNA simply displaces the tRNA 
molecule, or (b) the (+) strand strong stop may have already displaced the tRNA from 
the genomic RNA (Fig. 3). Once past the tRNA primer, the (-) strand could proceed to 
the end of genomic RNA which may be partially degraded by RNAse H. It is clear from 
the structure of viral DNA intermediates that a second transfer of the (-) strand takes 
place, and there is considerable indirect evidence that this transfer takes place to the ( + ) 
strand DNA and not to an RNA molecule (see Fig. 3). (Shank et al. 1978b; Mitra et al. 
1979; Gilboa et al. 1979b; Varmus et al. 1979; Baltimore et al. 1979). The strongest argu
ments come from the structure of the completed linear viral RNA molecule (Fig. 1), a 
molecule whose (-) strand terminates at (or very near) a sequence complementary to the 
sequence where the (+) strand strong stop initiates. The major difficulty with the 
proposal that (+) strand strong stop is the template is that this proposal demands that 
RNA-dependent DNA polymerase be able to invade and copy a double-stranded DNA 
template, an activity it supposedly lacks (Hurwitz and Leis 1972). Strand displacement syn
thesis can take place, however, from a double-stranded DNA template in in vitro reac
tions in the presence of melittin (Boone and Skalka 1981), and the earlier reports that 
RNA -dependent DNA polymerase cannot strand displace DNA from a double-stranded 
DNA template may reflect inadequate reaction conditions. Although the issue is not 
fully resolved, the available data favor (+) strand DNA as a template for the growing (-) 
strand after the second transfer of templates (see Fig. 3). Once the growing (-) strand 
copies the tRNA primer binding site on genomic RNA, it contains sequences comple
mentary to (+) strand strong stop. After the templates are exchanged for the second time 
the (-) strand can be completed by copying (+) strand strong stop (see Fig. 3). To 
complete the linear viral DNA, a (+) strand copy of this complete (-) strand is made. 
There is an apparent difference between the ASV-AL V virus in which these (+) strands 
are synthesized as relatively small segments (Varmus et al. 1978; Shank and Varmus 1978; 
Kung et al. 1981) and not rapidly ligated, and the MuL V, MMTV, and SNV viruses where 
the (+) strand is either made in a single piece, presumably primed by the (+) strand strong 
stop, or the nascent (+) strands are ligated so rapidly both in vivo and in vitro that small 
( + ) strand segments cannot be seen ( Gilboa et al. 1979b; Chen and Temin 1980 ; Kung et al. 
1981). 

The linear viral DNA is synthesized in the cytoplasm of infected cells (Varmus et al. 
1974,1978; Guntaka et al. 1976; Fritsch and Temin 1977a; Shank and Varmus 1978). (Visna 
is the exception; the linear viral DNA of visna is made in nucleus, (A. Haase, unpub
lished observation). Apparently only viral enzymes are required for these events; com
plete linear DNA can be made in detergent-activated virions supplied only with salts and 
deoxynucleoside triphosphates (Junghans et al. 1975; Rothenberg et al. 1977; Gilboa et al. 
1979; Benz and Dina 1979; Boone and Skalka 1980; Bosselman and Verma 1980). 

2.4 The Synthesis of Circular DNA Molecules 

The linear viral DNA, synthesized in the cytoplasm of infected cells, migrates from the 
cytoplasm to nucleus (Shank and Varmus 1978). In the nucleus the linear is the precursor 
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for the two major forms of closed circular supercoiled viral DNA (Fig. 1). The smaller of 
the two supercoiled forms contains a single copy of the LTR, and the larger, two copies of 
the LTR (Shank et al. 1978b; Hsu et al. 1978). Dimeric circles have also been detected in 
small amounts; however, the function, if any, of the multimeric circles is unknown (Gou
bin and Hill 1979; Kung et al. 1981). The smaller supercoil is presumably formed by some 
sort of homologous recombination between the LTRs at the ends of the linear viral 
DNA. The circle which contains two LTRs is presumably formed by some sort of ligation 
event; however, the precise nature of this event is unknown. The main difficulty in des
cribing the ligation event exactly is deftning the ends of the linear DNA precisely. There 
is too little linear DNA present in infected cells (1-10 copies per cell in a standard acute 
infection) to analyze directly. Cloning the linear in E. coli and amplifYing after cloning is 
not useful, since the ends of the linear must be altered to permit cloning. These strictures 
do not apply to the cloning ofthe circular forms ofunintegrated viral DNA, and circular 
viral DNAs with both one and two copies of the LTRs have been cloned and sequenced 
(Hager et al. 1979; Shoemaker et al. 1980; Ju and Skalka 1980; DeLorbe et al. 1980; Swan
strom et al. 1981b). The region in the larger circle whichjoins the two LTRs together is of 
particular interest. In the complete form of the larger circle, the end of the U3 region is 
joined exactly to the end of Us. This joining creates a small imperfect inverted repeat 
The size of the inverted repeat is variable from one retrovirus species to another; the 
variation among the carefully studied species is from 5 base pairs (SNV) in the inverted 
repeat to 18-23 base pairs in the MuLV-MSV viruses. These inverted repeats are found at 
the boundary between U3 and Us. Because U3 and Us sequences are found within each 
LTR, these inverted repeats are also found at the ends of each LTR (Dhar et al. 1980; 
Shimotohno and Temin 1980; Ju and Skalka 1980; Swanstrom et al. 1981b). Althrough we 
now know a great deal about the sequence organization of the viral DNA intermediates, 
particularly the circular intermediates, we cannot answer a crucial question: which, if any, 
of the three major unintegrated DNA intermediates in the immediate precursor of the 
integrated provirus? 

3 Integration of Viral DNA and Provirus Structure 
Several groups have carefully examined the structure of the provirus and the flanking 
host DNA, ftrst by the transfer procedure of Southern (Hughes et al. 1978, 1981c; Stiffen 
and Weinberg 1978; Martin et al. 1979; Sabran et al. 1979; Ringold et al. 1979; Cohen et al. 
1979; Bacheler and Fan 1979; Gilmer and Parsons 1979; Canaani and Aaronson 1979; 
Jenkins and Cooper 1980, and more recently by molecular cloning and DNA sequencing 
(Dharetal.1980; Shimotohnoand Temin 1980; Shimotohno etal.1980;Majorsand Varmus 
1981; Hishinuma et al. 1981; Hughes et al. 1981a). 

We now know that proviruses can enter a large number of sites in the host genome, 
and that the same portion of viral DNA is always joined to host DNA. The integrated 
provirus resembles an unintegrated viral DNA molecule with the very ends of the linear 
viral DNA molecule joined to host sequences. Thus, the arrangement of the viral 
genome can be given: cell DNA U3RUs viral genes U3RUs cell DNA. The integration 
event does notlead to the loss of host sequences, rather the insertion of viral DNA causes 
a small (4-6 base pairs) duplication of host sequences at the site of integration. The struc
ture of the provirus is reminiscent of the movable genetic elements found in prokaryotes 
and lower eukaryotes, and this structural similarity suggests that there may be functional 
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similarities, at least in the insertion of the movable genetic elements and retrovirus 
proviruses. 

3.1 Host Sequences Chosen for Provirus Integration 

Proviruses, like transposable elements, join a defmed pair of sites in their own DNA to a 
large number of dilTerent sites in the genomes of their hosts. Proviruses have been shown 
to enter sites on many dilTerent chromosomes (Hughes etal.1981c), as does the yeast tran
sposon, TY-l (Calos and Miller 1980), and the mobile genetic element of Drosophila, 
copia (Calos and Miller 1980). Although proviruses can enter many sites, it is not clear 
whether all potential integration sites in the genome are equally favored. Some of the 
prokaryotic transposons which can enter many sites still have preferences: for example, 
the E. coli transposon, Tn-9, has a distinct preference for T-A-rich sequences. The 
available data do not yet allow us to rigorously exclude the possibility that a provirus has a 
preference for integrating into certain regions or into certain sequences. It can be said, 
however, that if a specificity does exist, large numbers of acceptable sites are well distri
buted about the genomes of most organisms. It is also clear that if there is specificity it is 
of such a nature that direct comparisons of the flanking host sequences from several 
proviruses of a particular retrovirus species integrated into the same host cell DNA have 
not produced a pattern that can be readily discerned (Shimotohno and Temin 1980; Shimo
tohno et al. 1980; Majors and Varmus 1981; Hughes et al. 1981a; McClements et al. 1981). 

There are two special cases of apparent specificity of integration worth mentioning. 
In ALV-induced tumors, the integrated provirus frequently resides in the immediate vi
cinity of the cellular oncogene c-11'!yc (Neel et al. 1981; Payne et al. 1981, 1982; Hayward et 
al. 1981). This does not reflect specific integration, but rather the selection, from a large 
number of integration events, of those few which induce neoplastic transformation. The 
relative inefficiency of AL V-induced leukemogenesis reflects the fact that only a tiny 
fraction of the total integration events are near c-11'!yc. (The activation of C-11'!Yc by an 
integrated provirus will be discussed in a later section.) The question that is raised in 
these experiments is why other known oncogenes, c-srcfor example, are not activated by 
AL V. Not all the AL V tumors have the provirus next to C-11'!Yc; however, none are 
known with the provirus next to any other known oncogene, including c-src. Several ex
planations are possible; the possibility which is relevant for this discussion is simply that 
the AL V provirus integrates next to c-myc much more frequently than it integrates next 
to other endogenous oncogenes, which, if correct, argues for some kind of preference for 
integration sites near c-11'!yc. 

The only direct evidence for a specific site or region for integration is the studies of 
baboon endogenous virus proviruses in human cells. The baboon endogenous virus 
provirus integrates into several different sites in baboon cells (Cohen et al. 1980, 1981); 
however, in human cells it apparently always inserts into sites on the short arm of 
chromosome 6 (Lemons et al. 1977, 1978, R Lemons, F. O'Brien, and J.e. Cohen, unpub
lished observations). Southern transfer experiments suggest that there are, at a 
minimum, several integration sites on the short arm of chromosome 6. These multiple 
integration sites may be related, however. In all the integration events, the end of all of the 
proviruses lies very close to a Pst I site in host DNA (R Lemons, F. O'Brien, and J.e. 
Cohen, unpublished observations). 
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3.2 Host Sequences are Duplicated During Integration 

The insertion of a provirus does not result in the loss of a cellular DNA sequence; rather, 
as is the case of copia (Dunsmuiretal.1980), TY-l (Farabaugh and Fink 1980; Gajnerand 
Phillipsen 1980), Mu (Allet 1979; Kahmann and Kamp 1979), and several bacterial tran
sposons (Calos and Miller 1980), the insertion event is accompanied by the duplication of 
a small region of cellular DNA (Majors and Varmus 1981; Hughes et al. 1981a; Hishinuma 
et al. 1981; McClements et al. 1981). Because of this duplication, the host sequences 
immediately flanking the provirus form a small direct repeat (Dhar et al. 1980; Shimotoh
no and Temin 1980; Shimotohno etal.1980; Majors and Varmus 1981; Hishinuma etal.1981; 
Hughes et al. 1981a). The most likely explanation for these observations is that during the 
integration event a staggered cut is made in host DNA, and the repair of this staggered cut 
gives rise to the duplication of the host sequences. The size of the direct repeat appears to 
be directly related to the strain of virus; MMTV and the ASV -AL V viruses induce 6-base
pair repeats, SNV a 5-base-pair repeat, and the MVLV-MSV viruses a 4-base-pair repeat 
Unfortunately, these experiments were done in a number of different cell types from 
several different host species, and for this reason an absolute correlation between virus 
species and repeat size cannot be made. 

If, as is likely, the size of the induced repeat of host sequences does correlate with the 
virus species, it implies the intimate participation of a viral protein in the integration of 
proviral DNA. 

3.3 The Provirus Sequences that are Joined to Host DNA 

Since proviruses always join the same sites in their own DNA to host DNA, the same 
viral DNA sequences (the LTRs) are always found at the ends of a provirus. The joining 
of host and virus DNAs results in the apparent loss of 2 base pairs from each end of the 
viral DNA (Dharetal. 1980; Shimotohno and Temin 1981; Majors and Varmus 1981; Hughes 
et al. 1981a), comparing the sequences present in the provirus LTRs with the joint 
between the L TRs in the larger unintegrated circular form of viral DNA. The ends of 
retrovirus L TRs all show sequence homology. The last two bases at each end of all 
known proviruses are Ig at the left, and g~ on the right It is interesting to note that 
these base pairs are also found at the ends of eukaryotic transposable elements (Temin 
1982). The basic structural organization of the provirus is also reminiscent of some of the 
prokaryotic and eukaryotic transposons. Like proviruses, whose ends form a substantial 
direct repeat (the LTRs), the ends of TY-l, co pia, and Tn-9 also form substantial direct 
repeats (Calos and Miller 1980). The very ends of each LTR form short, imperfect invert
ed repeats (Dhar et al. 1980; Ju and Skalka 1980; Sutcliffe et al. 1980; Van Beveren et al. 
1980; Swanstrom et al. 1981b; Majors and Varmus 1981; Hughes etal. 1981a). Bothcopiaand 
Tn-9 have similar small inverted repeats at the ends of the long direct repeat (Calos and 
Miller 1980; Levis et al. 1980). This is not universal among the movable elements flanked 
by long direct repeats; the long direct repeats of the yeast movable element, TY-l, lack 
the small inverted repeats (Farabaugh and Fink 1980; GajnerandPhillipsen 1980) (unless a 
tiny inversion of 2 base pairs is counted). 

In addition to direct examination of the integrated provirus, studies on cloned unin
tegrated circular proviral DNA produced evidence for the kinds of rearrangements 
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which would be produced by inter- or intramolecular integration events (Shoemaker et 
al. 1980; Ju et al. 1980). The molecular consequences of these events closely parallels the 
molecular events during recombination into host DNA (Shoemaker et al. 1980; Ju et al. 
1980). 

All of these observations suggest that the mechanism of integration of retrovirus pro
viruses is probably closely related to the mechanism of integration of the transposable 
elements. How similar is not yet clear; however, recent analysis of DNA from Drosophila 
cells reveals unintegrated closed circular supercoiled copies of the copia elements which 
contain either one or two copies of the 276-base-pair sequence which forms the direct re
peats at the end of integrated co pia DNA (Flavell and Ish-Horowicz 1981). 

3.4 Which of the Unintegrated Retrovirus DNAs is the Immediate Precursor 
of the Provirus? 

The similarities between the integration of transposable elements and retrovirus 
proviruses does not help solve one of the remaining mysteries of retrovirus integration: 
what is the direct molecular precursor of the provirus, since little more is known about 
the integration of transposable elements than about the integration of retrovirus DNA. 

Although none of the three forms of integrated viral DNA found in nuclei of infected 
cells can be ruled out, the arguments pro and con for each form as a precursor can be con
sidered. In bacterial systems a plasmid carrying a single insertion element (which would 
correspond to a smaller unintegrated viral DNA with one LTR) can give rise through re
combination to a structure which superficially resembles a provirus (Shapiro 1979; Calos 
and Miller 1980). This has led to proposals that the small circle with a single LTR is the 
precursor of the provirus. However, all the simplest forms of such a model predict that 
the large circle with two L TRs would produce proviruses bounded at one or both ends by 
tandem LTRs. Proviruses of this type have not been observed, suggesting that models of 
provirus integration which are close homologs of Shapiro's model (1979) for the insertion 
of transposons should be viewed with caution. 

Since no cellular information is lost when viral DNA is inserted into the genome the 
viral precursor is probably either an actual circle, or a linear in which the ends are held 
close together, presumably by a protein complex. Unfortunately, either of the two viral 
DNAs most likely to serve as direct precursors of the provirus fit this description The lar
ger closed circular form is an aesthetically pleasing candidate, being already circular; 
however, the linear molecule could easily be held as a circle in vivo by interactions with 
proteins. If the unintegrated linear viral DNA is the immediate precursor of the provirus, 
the large circle with two L TRs could be explained as the product of a side reaction, since 
the ends of the linear would be active in recombination. A portion of the unintegrated cir
cular DNAs present after an acute infection appear to be products of abnormal 
integration events, some apparently inter-and some intramolecular in nature (Shoemaker 
et al. 1980; Ju et al. 1980). We cannot, with the current data, rationally choose which of the 
unintegrated viral DNAs is the immediate precursor of the provirus. 

3.5 Host Factors Involved in Integration 

If host factors are not required for synthesis of unintegrated viral linear DNA, and in 
some instance perhaps not for the formation of circular viral DNA either (Dina and Benz 
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1980; Guntaka 1980), what host factors, if any, are needed for integration? There is 
apparently a direct or indirect requirement for the host cells to divide; cells held in Go by 
serum starvation do not successfully synthesize or integrate viral DNA, although the pro
cesses of viral DNA replication and integration are resumed when the cells are refer with 
medium containing serum (Varmus et al. 1977; Fritsch and Temin 1977b). Although the 
precise nature of the block is not resolved, there are reports that synthesis of linear viral 
DNA is started, but not completed (Fritsch and Temin 1977b; Varmus et al. 1977}. This 
could reflect a general depletion of cellular resources by serum starvation, in particular, a 
lack of the deoxynucleotide triphosphates necessary for viral DNA synthesis. 

Better evidence for a direct requirement for host DNA replication comes from ex
periments in which the infection was performed coordinately with BudR density labeling 
of host DNA. Even when host DNA replication was minimal, the vast majority of viral 
DNA entered the newly replicated heavy-light host DNA, strongly implying a preference 
of the provirus for replicating, or recently replicated, host DNA (Varmus et al. 1979). 

The replication of certain murine viruses is strongly restricted on certain strains of 
mouse cells (FV-1 restriction). This also indicates the involvement of a hostfactor or fac
tors. Viral DNA is made under the restrictive condition but apparently not integrated effi
ciently (Sveda and Soeiro 1976; Jolicoeur and Baltimore 1976). There is evidence that in at 
least certain of the restrictive strains that the absolute amount of supercoiled DNA made 
during an acute infection is markedly reduced (Yang et al. 1980; Jolicoeur and Rassart 
1980, 1981), and it has been reported that the linear DNA, which is present in normal or 
near-normal amounts in the restricted cells, is significantly less infectious in transfection 
assays than that made in parallel in permissive cells (Yanget al. 1980). FV-1 restriction has 
been linked with a particular site in the viral genome, a site within the coding region of the 
gag protein p30 (Schindler et al. 1977; Hopkins et al. 1977; Gautsch et al. 1978; Tress et al. 
1979). The gag proteins form the virion core, and have an intimate relationship with virion 
RNA and RNA-dependent DNA polymerase (Bandyopadhyayand Levy 1978). The FV-1 
system suggests that at least the p30 protein also interacts with a host factor or factors, and 
this interaction has some significant effect on the successful synthesis of unintegrated 
viral DNA. Such a proposal should be weighed against evidence suggesting that it is 
apparently possible to synthesize circular viral DNA in vitro, in detergent-activated 
virions, in the absence of all host factors (Dina and Benz 1980; Guntaka 1980). 

3.6 Excision, Deletion, and 'fransposition of the Provirus 

While the majority of proviruses are complete and contain two LTRs, there are examples 
of incomplete proviruses (Hughes et al. 1978, 1981b; Martin et al. 1979; Hayward et al. 
1980). Incomplete proviruses are especially common among the endogenous avian 
viruses (Hayward et al. 1980; Hughes et al. 1981b). While some of the incomplete pro
viruses are missing only internal sequences, some (the more interesting class) have lost 
one of the LTRs. Such proviruses could arise in two ways: by the integration of an incom
plete provirus, or, alternatively, by the integration of a complete provirus followed by the 
subsequent loss of a portion of the viral genome. We do not know which event is more 
likely; however, loss of only a portion of the provirus is not a principal pathway for the re
version ofRSV-transformed cells that initially contain a complete RSV provirus (Varmus 
et al. 1981a). The entire coding region and one of the two LTRs of the provirus are lost 
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relatively readily, apparently by a homologous recombination event between the LTRs 
(Donner et al. 1980; Hughes et a1. 1981b; Varmus et al. 1981b). Such events leave behind in 
the genome an L TR associated with no other viral sequences. A "free" LTR could pro
foundly affect the transcription of a particular region of the host genome, without adding 
any burdensome viral genes. Retrovirus LTRs are not the only elements usually asso
ciated with a mobile genetic element which are also found as ''free repeats" in the host 
genome. The direct repeats associated with TY-l and Tn-9 repeats are found "free" 
without other TY-l or Tn-9 sequences (Chow and Bukhari 1977; McHattieand Jackowski 
1977; Cameron etal. 1979); however, the only copies of the 276-base-pair sequence which 
flank the Drosophila element, copia, found in the Drosophila chromosome, are those 
found in direct association with copia sequences (Levis et a1. 1980). 

Can the integration event be reversed? Does a retrovirus genome ever excise pre
cisely from the host chromosome? No evidence has ever been presented which docu
ments such an event; events of this type, if they occur at all, are rare. It is also unlikely that 
there are any kind of frequent "transposition" events of proviruses which involve only 
DNA intermediates, whether dependent on provirus excision, or on synthesizing a DNA 
copy of the provirus directly as an intermediate in transposition (Stfi{en and Weinberg 
1978; Bacheler and Fan 1979; S. Hughes, unpublished observations). There is consider
able evidence that virions are matured, and rendered infectious, only after being budded 
from an infected cell (Sarkar et a1. 1971; Canaani et a1. 1973; Stoltifus and Synder 1975; 
Shapiroeta1.1976; YoshinakaandLu!tigl977; Oppermanetal.1977; Cooperand Okenquist 
1978). The only well-documented exception to these rules involves the intercisternal A 
particles, which can apparently successfully infect cells after fusion of previously unin
fected cells with cytoplasts containing intercisteral A particles. This successful infection 
during cell fusion, without the host cell budding infectious virions, suggests that, at least 
in this system, an intercellular reinfection might be possible (Malech and WiveI1976). 
Even in this system, the mediating particle probably resembles a virion core, and, 
although direct evidence is lacking, it seems very likely that there will be an RNA inter
mediate in the process. It would seem more fruitful, in light of all the evidence, for those 
interested in transposons to look carefully for RNA intermediates in transposition, than 
for retrovirologists to search for proviruses giving rise directly to DNA intermediates for 
transposition. 

3.7 Prospects for Further Experiments 

One way to resolve precisely the various factors involved in integration would be to re
capitulate the integration event either in vivo using cloned DNA, or better yet, in a de
rmed in vitro system. Because of the difficulties in preparing pure unintegrated linear 
viral DNA, all the experiments have been done with cloned DNAs that contain LTRs 
present either in one or two copies. Such molecules have been reintroduced into cells by 
a variety of protocols, including calcium phosphate precipitation and microinjection 
(Copeland et a1. 1981; Capecchi, unpublished observations). In all cases, the sequences at 
the ends of the LTRs used in normal retrovirus DNA integration are ignored, and the 
cloned DNA behaves with respect to integration like any other DNA inroduced into cells 
by calcium phosphate or microinjection. The failure of these exper:ithents should be 
viewed, at least in retrospect, in light of the probable involvement of viral proteins in the 
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integration process. Bacterial transposons encode genes responsible for their trans
position (Calos and Miller 1980). The complexity of the illegitimate recombination event 
of retrovirus DNA integration suggests a special mechanism, and the probable involve
ment of a viral protein or proteins. This argument is strengthened by the fact that the 
various species of retroviruses induce repeats of 4,5, or 6 base pairs in cellular DNA, and, 
although the data is not absolutely defmitive, since many different cell types are involved, 
there seems to be a direct correlation between the length of the induced repeat of cellular 
DNA arid the species of retrovirus involved. MMTV and the ASV-AL V viruses induce a 
6-base-pair repeat (Majors and Varmus 1981; Hishinuma et al. 1981; Hughes et al. 1981a), 
SNV a 5-base-pair repeat (Shimotohno and Temin 1980; Shimotohno et al. 1980), and the 
MuLV-MSV viruses a 4-base-pair repeat (Dhar et al. 1980; Shoemaker et al. 1980; 
McClements et al. 1981). This suggests that the virus, and by implication, a viral enzyme, 
determines the length of the cellular DNA repeats induced during integration into cellu
lar DNA. Taken in this context, the failure of the previous experiments is understand
able. It may be necessary to provide viral proteins, in addition to the correct viral pre
cursor (which could be the linear). Using infected cells will probably not suffice, since 
many of the viral proteins are synthesized as polyproteins which are only matured in 
budded virions (Yoshinaka and Ltiftig 1977; Oppermann et al. 1977). The true DNA pre
cursor may even be part of a residual virion core complex. This possibility is underscored 
by the observation that in certain circumstances, closed circular viral DNA molecules are 
synthesized in detergent-activated virions (Dina and Benz 1980; Guntaka et al. 1980). 
While it may eventually be possible to use an entirely in vitro system for integration, it 
must be borne in mind that retrovirus DNA has been shown to integrate only into newly 
replicated DNA (Varmus et al. 1979), a requirement which may be difficult to meet in 
vitro. 

4 Transcription of the Provirus 

The provirus is the template from which both virion RNA and viral messages are normal
ly synthesized. (The possibility that unintegrated DNA can act as a template for transcrip
tion is not resolved.) The normal cellular transcriptional machinery transcribes the 
provirus and processes the mRNAs; viral components are not known to be involved. 
However, virion RNA must, on both theoretical and experimental grounds, interact with 
viral proteins, and it is possible that such interactions could have a role in regulating viral 
RNA processing. The transcriptional start site and the poly-A addition site reside with the 
L TR, although there is evidence which suggests that either the particular location of the 
provirus in the host genome, or the modification of the proviral sequences, or both, plays 
some role in regulating the level of provirus transcription. 

4.1. Signals for Initiation of RNA Synthesis and Poly-A Addition are Encoded 
in the Provirus 

The elucidation of the structure of the provirus made it clear that the initiation site for 
genomic viral synthesis and the poly-A addition site would both be within the LTR 
(Hughes et al. 1978; Sabran et al. 1979). In retrospect the advantages of having all the 
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signals for synthesizing and processing viral RNAs encoded within the provirus seem 
simple and obvious, particularly when it is known that the provirus can enter many sites 
in the host genome. It must be remembered, however, that the starting material from 
which the provirus is copied is the genomic RNA, and the complexities of linear DNA 
synthesis exist, at least in part, to provide an adequate DNA template that can be used in 
the subsequent synthesis of virion RNA and mRNA. 

Most retroviruses appear to have only one transcriptional initiation start site and one 
poly-A addition site; both lie within the L TR. The start site and the poly-A addition site 
defme the redundancy, R, found at both ends of viral RNA genome (Stoll et al. 1977; 
Haseltine et aI. 1977; Schwartz et al.1977). The start site coincides with the 5' end of both 
genomic RNA and the viral mRNAs (Mellon and Duesberg 1977; Cordell etaI.I978). The 
position of initiation has been confrrmed in vitro; the same site is used as the initiation site 
by RNA polymerase II in in vitro transcription systems (Yamamoto etaI.1980a; Fuhrman 
et aI. 1981). 

The transcriptional start site within the L TR looks very much like the transcriptional 
start site for a normal cellular gene; the kinds of sequences which are found associated 
with cellular promoters (TATAA boxes, etc.) are also found, appropriately located, 
within retrovirus L TRs (Dharet al.1980; Shimotohno and Temin 1980; Sutcliffe etal.1980; 
Yamamoto et aI. 1980b, Van Beveren et aI. 1980; Swanstrom et al. 1981b). Cloned LTRs 
have been used to drive the transcription of genes linked to them in vitro (BlairetaI.1980; 
Chang et aI. 1980; Oskarsson et aI.1980). When these chimeras are reintroduced into cells, 
the transcriptional start site within the LTR causes the linked sequences to be expressed 
at moderate to high levels. 

The transcriptional start site is present in both L TRs, and in some cases both these 
start sites can be active, giving rise to both viral RNA and to transcripts of those host se
quences which lie to the right of the provirus (Quintrell et al. 1980; Hayward et aI. 1981; 
Payne et aI. 1981, 1982). (The importance of these "downstream" transcripts will be dis
cussed in a later section) 

The LTR also contains a poly-A addition signal (AA T AAA); poly-A is added to the 
transcript at the end of the R sequence (Fig. 1). The relative positions of the transcrip
tional start and poly-A addition sites would make it theoretically possible to synthesize a 
transcript beginning at one side of an R sequence and fmishing, with poly-A addition, on 
the other (Fig. 1). Presumably, the proximity of the start signal and the poly-A addition 
site prevents the poly-A site from being used efficiently until the entire viral genome has 
been copied. The primary nuclear transcript appears to closely resemble mature virion 
RNA. Virion RNA must contain, for obvious reasons, all the sequences present in the 
provirus, and cannot, therefore, be spliced. A subset of the viral messenger RNAs are 
known to be spliced (Weiss et al. 1977; Mellon and Duesberg 1977; Rothenberg et al. 1978; 
Cordell et aI. 1978). The remaining mRNAs appear to be the same size as genomic RNA; 
however, indirect evidence now suggests that at least some of the ''full length" viraI 
mRNA probably has a small region removed by splicing (D. Schwartz, unpublished 
observations). 

Mouse mammary tumor virus (MMTV) LTRs appear to contain additional se
quences important in the regulation of transcription. The level of transcription of a subset 
ofMMTV proviruses is enhanced by glucocorticoid hormones. This inducibility is now 
known to reside within the LTR; several groups have now made constructs in which a 
cloned MMTV LTR is linked to another gene. When the chimera is reintroduced into an 
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appropriate eukaryotic host, transcription ofthe sequences attached to the MMTV LTR 
is responsive to glucocorticoids (Lee et al. 1982; J. Majors, unpublished observations; G. 
Hager, unpublished observations). Experiments are currently underway to precisely lo
calize the region within the MMTV LTR (which is the largest retrovirus LTR, around 
1200 base pairs) that is involved in the glucocorticoid induction. 

5 Influences of the Host on Provirus Expression 

The provirus forms a complete multigenic transcriptional unit, and contains all the infor
mation necessary for the expression of the full complement of viral genes. The provirus, 
however, is inserted into the host genome, and there is evidence that the flanking host se
quences, or modification of proviral sequences by the host, have significant effects on 
viral gene expression. Because a direct alteration of context of a particular provirus is 
usually not possible, the arguments concerning the effects of host sequences are, for the 
most part, indirect The species of the host cell can affect the absolute level of mRNA 
transcripts, as well as the proportions of spliced and unspliced RNAs. Rous sarcoma 
virus RNA is present at a much higher level in chick cells than in mammalian cells ( Coffin 
and Temin 1972; Quintrell et al. 1980); in all likelihood, this results from enhanced rates of 
transcription. However, the proportion of src mRNA (which is spliced) is much higher, 
relative to the other RNAs, in mammalian cells than in chick cells (Quintrell et al. 1980). 

Proviruses present in different cell clones derived from infection of a particular cell 
line also show differences in expression (Ringold etal.1979; Berkoweretal.1980; Quintrell 
et al. 1980). An interesting special case occurs when MMTV proviruses are introduced 
into a mink lung cell line by infection. A portion of the proviruses are transcriptionally 
inactive, even in response to glucocorticoids (J. Majors, unpublished observations). 
Since the MMTV LTR is known to contain sequences which permit MMTV transcrip
tion to be induced by glucocorticoids, the lack of induction shown by some MMTV 
proviruses presumably represents some host constraint on MMTV expression. 

There is also an in vivo counterpart to these observations. Moloney murine leukemia 
virus (MoMuL V) can be introduced into early mouse embryos, and consequently into 
the germ line of mice (Jaenisch 1976). Mice were obtained with MoMuL V proviruses in 
different sites in the genome; mice with proviruses in different locations exhibit dif
ferences in which tissues express the experimentally introduced MoMuL V provirus, and 
differences in the time during development at which the provirus is fIrst expressed 
(Jaenisch et al. 1981). These differences are heritable, again, some sort of host constraint 
or influence is probably involved. 

There are also examples, particularly among the endogenous viruses, in which a par
ticular provirus is expressed very poorly, yet when the provirus is induced and the cells 
reinfected, they give rise to a virus which replicates well. The endogenous chicken 
provirus, ev-2, is expressed at low levels in a small proportion of cells potentially capable 
of expression (Crittenden et al. 1974). The infectious virus which apparently derives 
from ev-2, RA V-O, is much more efficiently expressedafterits proviruses are introduced 
to new locations in the genome by infection. These data can be explained in several ways: 
for example, that the RA V -0 virus derives from ev-2 only after some mutation or recom
bination event However, taken together with the other available data, some effect of the 
host on the expression of the endogenous provirus seems more likely. 
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Two hypotheses (not necessarily mutually exclusive) have been used to explain the 
differences in levels of expression seen among proviruses. The fIrst hypothesis is that the 
cellular sequences linked to the provirus exert a profound negative effect on the rate of 
provirus transcription. The second hypothesis is that the effects are not due to the se
quence context per se, but to methylation of the provirus and its immediate surroun
dings. 

Which data argue in favor of each hypothesis? In favor of the fIrst hypothesis are ex
periments which apparently show that removing the host sequences by shearing the 
DNA results in increases in infectivity scored in transcription assays (Cooper and Temin 
1976; Cooper and Silverman 1978). In favor of the second hypothesis are the observations 
that certain methylated proviruses that are essentially inactive in transfection experi
ments, become infectious after the proviral DNA is molecularly cloned and propagated 
in bacteria (Harbers et at. 1981). A simple interpretation of these data would be that the 
loss of the methyl groups during the propagation of the provirus in E.coli results in the 
increases seen in transfection infectivity. The chief criticism of both of these sets of ex
periments is that what is measured is based upon transfection, and only indirectly, at best, 
upon transcription. 

Further evidence suggestive of effects on transcription due to methylation comes 
from experiments in which methylation inhibitors (5-azacytidine) have been shown to 
enhance the transcription of normally inactive methylated proviruses (Groudine et at. 
1981); however, it is possible that the drug has effects on transcription other than those 
directly related to its effects on methylation. 

These criticisms will, in all likelihood, be answered by more and better experiments; 
the data currently available strongly suggest that the host, through DNA context or DNA 
modillcation or some mechanism not yet fully understood, exerts, at least in some cases, 
a profound influence on the expression of a provirus. To turn the problem around: if the 
primary objective is to study the influence of neighboring sequences and! or host modill
cation on the expression of cellular genes, the provirus can be viewed as an extremely 
useful tool. The provirus represents a set of genes with defmed initiation and termination 
signals which can be inserted at a great variety of places in the genome, whose expression 
is controlled by cellular machinery. What better way to probe for the effects of context 
and!ormodillcation? 

6 Effects of Provirus Integration on Host Gene Expression 

The integration of retrovirus provirus can profoundly influence the expression of genes 
in the region near the integration site: introduction of a provirus can have either a positive 
or negative effect The simplest negative case would be the insertion of provirus directly 
into the gene or its regulatory elements. Two cases have been reported in which a 
provirus has a negative effect on gene expression. In DBAl2J mice, a particular endo
genous ML V provirus is associated in genetic crosses with the coat color marker dilute; 
reversion of the dilute mutation is accompanied by the loss of the particular endogenous 
provirus (Jenkins et at. 1981). Although there is as yet no proof in this case that the endo
genous provirus resides exactly at the dilute locus, this seems the most reasonable ex
planation. 
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The other case is more fully documented (Varmus etal.1981b). Rat cells transformed 
by Rous sarcoma virus were reverted by a subsequent infection with the Maloney strain 
of MuL V. In two different revertant lines, the RSV provirus was shown to contain an 
MuL V provirus. Neither of the MuL V proviruses (each of which has the same orienta
tion as the RSV provirus it resides within) entered the src gene itself; both have integrated 
into different regions of the RSV provirus upstream of src. In both cases, the site where 
the MuL V virus resides is normally eliminated from srcmRNA by splicing. Directanaly
sis of the mRNA in the revertant cells demonstrates that the MuL V provirus interferes 
with srcmRNA production. Transformed cells can be isolated from the MuL V reverted 
cell lines; these have lost most of the MuL V provirus, apparently by homologous recom
bination between the LTRs. The residual L TR is not sufficient to block expression of the 
src gene, even though the MuL V LTR contains a polyadenylation site. These 
observations are somewhat puzzling: why does the presence of a complete retrovirus 
prevent src expression that the presence of the LTR permits? The simplest answer would 
be that either sheer size of the MuL V insert or the RNA processing signals contained in 
the provirus interferes with src mRNA production. Analysis of the src mRNA does not 
distinguish between these possibilities. What is also unclear, since LTRs can in some 
cases serve as sites of initiation for downstream mRNAs (to be discussed below), is why 
the MuL V L TR does not itself induce src mRNA synthesis. 

These questions aside, it is clear that the insertion of a provirus can block the expres
sion of a nearby gene; although no fully documented examples are known, it seems likely 
that proviruses can, at least in some cases, integrate directly into a coding region, thereby 
destroying gene function. 

Proviruses can also enhance the transcription of nearby genes (Quintrell et a1. 1980; 
Neel et a1. 1981; Hayward et a1. 1981; Payne et al. 1981,1982). Provirus LTRs carry se
quences which function as promoters, as well as polyadenylation signals. Since there are 
two identical L TRs, it is logical to assume that the downstream L TR can initiate trans
cripts of the cellular sequences lying to the right of the provirus. Such transcripts have 
been described in RSV-transformed mammalian cells (Quintrell et a1. 1980), where the 
induced transcripts are presumably of small importance to the cell, and in AL V-induced 
tumors where a transcript originating in the LTR and copying part or all of the endo
genous oncogene, c-myc, is deeply involved in the oncogenic event (Neel et a1. 1981; 
Hayward et al. 1981; Payne et al. 1981, 1982). 

The ftrst hints that the site of integration, and by implication, the presence of the 
provirus, might playa crucial role in leukemogenesis came from studies which demon
strated thatin many AL V-induced tumors the AL V provirus seemed to reside at or near a 
particular site in the host genome (Neel et a1. 1981; Payne et al. 1981). Since AL V proviruses 
can, and do, integrate at a large number of sites in nontumorous tissue, location of the 
provirus takes on special signiftcance, especially when taken together with the 
knowledge that the AL V provirus does not contain an oncogene. The full signiftcance of 
the initial observations became clear only after it was shown that the special site in the 
host genome occupied by the AL V proviruses in tumors was adjacent to the cellular 
oncogene, c-myc, and that the presence of the provirus was coupled with a large increase 
in transcription from the c-myc locus (Neel et al. 1981; Hayward et al. 1981; Payne et al. 
1982). 

In some of the tumors, an AL V LTR lies upstream of the c-myc region, and the 
promoter in the LTR is in position to initiate a transcript which begins at the normal site 
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within the LTR (at the beginning ofR) and continues through c-myc. These events have 
been documented in two ways: by cloning the appropriate DNA fragments from the tu
mor, and by direct demonstration in RNA from the tumor of a single transcript that con
tains the Us region from the viral DNA and c-myc sequences (Neel et al.1981; Hayward et 
al. 1981; Payne et al. 1982). 

The effects of the integrated provirus on the transcription of neighboring sequences 
is not confmed to promoter insertion. Two other types of activation events are known, 
although both could be manifestations of a single phenomenon. c-myc can be activated 
by a provirus inserted upstream in the "wrong" orientation, that is, with the promoter in 
the LTRs pointed away from c-myc. In this case, the level of c-myc RNA is clearly 
elevated, but the c-myc transcript contains no detectable viral sequences (Payne et al. 
1982). A provirus downstream of c-myccanalso elevate the level of c-myctranscription. In 
the well-studied case, the provirus has the same transcriptional orientation as c-myc and 
the c-myc transcript ends within the retrovirus LTR, probably at the normal polyadeny
lation site at the junction between R and Us (Payne et al. 1982). 

That proviruses are capable of action-at-a-distance effects on transcription is not sur
prising when taken in the context of other examples of action-at-a-distance effects. The 
SV40 72-base-pair repeats have significant effects on transcription over more than 2 
kilobases (Banerji etal. 1981; Moreau etal.1981); sequences which are functionally related 
to the SV40 72-base-pair repeats are found in the MuL V L TR (Levinson et al. 1981). The 
yeast transposable element, TY-l, which is structurally similar to a provirus, also shows 
the same kinds of action-at-a distance enhancement of the transcription of several cel
lular genes, and can exert such effects from several distinct locations. However TY-l is 
always found upstream of the genes it activates, and is always found in one of the two pos
sible orientations (Emde et al. 1980; Williamson et al. 1981; and G. Fink, personal com
munication). 

In many cases, the AL V proviruses found in the tumor are extensively deleted, and 
lack most of the sequences which encode the viral replicative genes. Several ex
planations are possible; a simple suggestion is that in the animal the immune system 
selects against those cells which manufacture (and express on their surfaces) viral pro
teins. Immune surveillance would then favor the growth of tumor cells which contain 
only a deleted provirus, and select against those cells which contain an intact, and actively 
transcribed, provirus. 

References 

Allet B (1979) Mu insertion duplicates a 5 base pair sequence at the host inserted site. Cell 
16:123-129 

Amer CA, Parsons JT, Faras AJ (1981) Direct proof of the 5' to 3' transcriptional jump during 
reverse transcriptase of the avian retrovirus genome by DNA sequencing. J Virol 38:398-
402 

Bacheler LT, Fan H (1979) Multiple integration sites for Moloney murine leukemia virus in 
productively infected mouse fibroblasts. J ViroI30:657-667 

Baltimore D, Smoler D (1971) Primer requirement and template specificity of the DNA polymerase 
of RNA tumor viruses. Proc Natl Acad Sci USA 68:1507-1511 

Baltimore D, Gilboa E, Rothenberg E, Yoshimura F (1979) Production of a discrete, infectious 
double-stranded DNA by reverse transcription in virions of Moloney murine leukemia virus. 
Cold Spring Harbor Symp Quant BioI 43:869-874 



Synthesis, Integration, and Transcription of the Retroviral Provirus 43 

Baluda M (1972) Widespread presence, in chickens, of DNA complementary to the RNA genome 
of avian leukosis viruses. Proc Natl Acad Sci USA 69:576-580 

Bandyopadhyay AK, Levy CC (1978) Effect of RNA tumor virus-specific protein p30 on reverse 
transcriptase. Intraspecies and interspecies interaction between reverse transcriptase and p30. 
J BioI Chern 253:8285-8290 

Banerji J, Rusconi S, Schaffner W (1981) Expression of a B-globin gene is enhanced by remote 
SV40 DNA sequences. Cell 27:299-308 

Beemon KL, Faras A, Haase A, Duesberg P, Masel J (1976) Genomic complexities of murine 
leukemia and sarcoma, reticulendotheliosis and visna viruses. J ViroI17:525-537 

Bender W, Davidson N (1976) Mapping of poly(A) sequences in the electron microscope reveals 
unusual structure of type 1 oncornavirus RNA molecules. Cell 7:595-607 

Benz EW Jr, Dina D (1979) Moloney murine sarcoma virions synthesize full-genome-Iength 
double-stranded DNA in vitro. Proc Natl Acad Sci USA 76:3294-3298 

Bergmann DG, Souza LM, Baluda MA (1980) Characterization of avian myeloblastosis-associated 
virus DNA intermediates. J Virol 34:366-372 

Berkower AS, Lilly F, Soeiro R (1980) Expression of viral RNA in Friend virus-induced erythro
leukemia cells. Cell 19:637-642 

Blair DG, McClements WL, Oskarsson MK, Fischinger PJ, Vande Woude GF (1980) Biological 
activity of cloned Moloney sarcoma virus DNA: terminally redundant sequences may 
enhance transformation efficiency. Proc Natl Acad Sci USA 77:3504-3508 

Boone LR, Skalka A (1980) Two species of full-length cDNA are synthesized in high yield by 
melittin-treated avian retrovirus particles. Proc Natl Acad Sci USA 77:847-851 

Boone LR, Skalka A (1981) Viral DNA synthesized in vitro by avian retrovirus particles 
permeabilized with melittin. II. Evidence for a strand displacement mechanism in plus-strand 
synthesis. J ViroI37:117-126 

Bosselman RA, Verma 1M (1980) Genome organization of retroviruses. V. In vitro-synthesized 
Moloney murine leukemia viral DNA has long terminal redundancy. J Virol 33:487-493 

Calos MP, Miller JH (1980) Transposable elements. Cell 20:579-595 
Cameron J, Loh E, Davis R (1979) Evidence for transposition of dispersed repetitive DNA families 

in yeast CellI6:739-751 
Canaani E, Aaronson SA (1979) Restriction enzyme analysis of mouse cellular type C viral DNA: 

emergence of new viral sequences in spontaneous AKRJ lymphomas. Proc Natl Acad Sci USA 
76:1677-1681 

Canaani E, von der Helm K, Duesberg P (1973) Evidence for 30-40s RNA as a precursor of the 
6O-70s RNA of Rous sarcoma virus. Proc Natl Acad Sci USA 70:401-405 

Chang EH, Maryak JM, Wei CM, Shih TY, Shober R, Cheung HL, Ellis RW, Hager GL, 
Scolnick EM, Lowy DR (1980) Functional organization of the Harvey murine sarcoma virus 
genome. J ViroI35:76-92 

Chen ISY, Temin HM (1980) Ribonucleotides in unintegrated linear spleen necrosis virus DNA. 
J ViroI33:1058-1073 

Chow LT, Bukhari AI (1977) In: Bukhari AI, Shapiro JA, Adhya SL (eds) DNA insertion elements, 
plasmids and episomes, Cold Spring Harbor Laboratory, New York, pp 295-306 

Coffin JM, Temin HM (1972) Hybridization of Rous sarcoma virus deoxyribonucleic acid 
polymerase product and ribonucleic acids from chicken and rat cells infected with Rous 
sarcoma virus. J Virol 9:766-775 

Coffin JM, Hageman TC, Maxam AM, Haseltine WA (1978) Structure of the genome of Moloney 
murine leukemia virus: A terminally redundant sequence. Cell 13:761-773 

Cohen JC, Shank PR, Morris VL, CardiffR, Varmus HE (1979) Integration of the DNA of mouse 
mammary tumor virus in virus-infected normal and neoplastic tissue of the mouse. Cell 16:333-
346 

Cohen M, Davidson N, Gilden RV, McAllister RM, Nicolson M, Stephens R (1980) The baboon 
endogenous virus genome. II. Provirus sequence variations in baboon cell DNA. Nucleic 
Acids Res 8:4423-4440 

Cohen M, Rein A, Stephens R, O'Connell C, Gilden R, Shure M, Nicolson M, McAllister R, 
Davidson N (1981) Baboon endogenous virus genome: molecular cloning and structural 
characterization of nondefective viral genomes from DNA of a baboon cell strain. Proc Natl 
Acad Sci USA 78:5207-5211 



44 S.H. Hughes 

Collett MS, Dierks P, Parsons JT, Faras AJ (1978) RNase H hydrolysis ofthe 5' terminus of the 
avian sarcoma virus genome during reverse transcription. Nature 272:181-183 

Cooper OM, Okenquist S (1978) Mechanism oftransfection of chicken embryo fibroblasts by Rous 
sarcoma virus DNA. J Virol 28:45-52 

Cooper OM, Silverman L (1978) Linkage of the endogenous avian leukosis virus genome of virus
producing chicken cells to inhibitory cellular DNA sequences. Cell 15:573-577 

Cooper OM, Temin H (1976) Lack of infectivity of the endogenous avian leukosis virus-related 
genes in the DNA ofuninfected chicken cells. J ViroI17:422-430 

Copeland NO, Jenkins NA, Cooper OM (1981) Integration of Rous sarcoma virus DNA during 
transfection. Cell 23:51-60 

Cordell B, Weiss SR, Varmus HE, Bishop lM (1978) Atleast 104 nucleotides are transposed from 
the 5' terminus of the avian sarcoma virus genome to the 5' termini of smaller viral 
mRNAs. Cell 15:79-91 

Crittenden LB, Smith EJ, Weiss RA, Sarma PS (1974) Host gene control of endogenous avian 
leukosis virus production. Virology 57:128-138 

Darlix JL, Bromley P A, Spahr PF (1977) Extensive in vitro transcription of Rous sarcoma virus 
RNA by avian myeloblastosis virus DNA polymerase and concurrent activation of the 
associated RNase H. J Virol23:659-668 

DeLorbe WJ, Luciw PA, Ooodman HM, Varmus HE, Bishop lM (1980) Molecular cloning and 
characterization of avian sarcoma virus circular DNA molecules. J Virol 36:50-61 

Dhar R, McClements WL, Enquist LW, Vande Woude OF (1980) Nucleotide sequences of 
integrated Moloney sarcoma provirus long terminal repeats and their host and viral junctions. 
Proc Natl Acad Sci USA 77:3937-3941 

Dina D, Benz EM Jr (1980) Structure of murine sarcoma virus DNA replicative intermediates 
synthesized in vitro. J ViroI33:377-389 

Donehower LA, Huang AL, Hager OL (1981) Regulatory and coding potential of the mouse 
mammary tumor virus long terminal redundancy. J ViroI37:226-238 

Donner L, Turek LP, Ruscetti SK, Fedele LA, Sherr CJ (1980) Transformation-defective mutants 
offeline sarcoma virus which express a product of the viral src gene. J Virol 35:129-140 

Dunsmuir P, Brorein W, Simon M, Rubin OM (1980) Insertion of the Drosophila transposable 
element copia generates a 5 base pair duplication. Cell 21:575-579 

Errede B, Cardillo TS, Sherman F, Duboi E, Deschamps J, WiarnelM (1980) Mating signals control 
expression of mutations resulting from insertions of transposable repetitive elements adjacent 
to diverse yeast genes. Cell 22:427-436 

Farabaugh PJ, Fink OR (1980) Insertion of the eukaryotic transposable element TY-1 creates a 
5 base pair duplication. Nature 286:352-356 

Faras AJ, Dibble NA (1975) RNA-directed DNA synthesis by the DNA polymerase of Rous 
sarcoma virus: structural and functional identification of 4S primer RNA in uninfected cells. 
Proc Natl Acad Sci USA 72:859-863 

Faras AJ, Oarapin A, Levinson W, Bishop JM, Ooodman DM (1973) Characterization of the low
molecular-weight RNAs associated with the 70s RNA of Rous sarcoma virus. J Virol12:334-
342 

Flavell A, Ish-Horowicz D (1981) Extrachromosal circular copies of the eukaryotic transposable 
element copia in cultured Drosophila cells. Nature 292:591-595 

Friedrich R, Moelling K (1979) Effect of viral RNase H on the avian sarcoma viral genome during 
early transcription in vitro. J Virol 31:630-638 

Fritsch E, Temin HM (1977a) Formation and structure of infectious DNA of spleen necrosis virus. 
J ViroI21:119-130 

Fritsch E, Temin HM (1977b) Inhibition of viral DNA synthesis in stationary chicken embryo 
fibroblasts infected with avian retroviruses. J ViroI24:461-469 

Fuhrman SA, Van Beveren C, Verma J (1981) Identification of a RNA polymerase II initiation site 
in the long terminal repeat of Moloney murine leukemia viral DNA. Proc Natl Acad Sci USA 
78:5411-5415 

Furiuchi Y, Shatkin AJ, Stavneyer E, Bishop lM (1975) Blocked, methylated 5' terminal sequence 
in avian sarcoma virus RNA. Nature 257:618-620 

Gafner J, Phillipsen P (1980) The yeast transposon TY-1 generates duplications of target DNA on 
insertion. Nature 286:414-418 



Synthesis, Integration, and Transcription of the Retroviral Provirus 45 

Gautsch JW, Elder JH, Schindler J, Jensen FC, Lerner RA (1978) Structuml markers on core 
protein p30 of murine leukemia virus: functional correlation with Fv-l tropism. Proc Natl 
Acad Sci USA 75:4170-4174 

Gilboa E, GoffS, Shields A, Yoshimura F, Mitra S, Baltimore D (1979a) In vitro synthesis of a 9-kbp 
terminally redundant DNA carrying the infectivity of Moloney murine leukemia virus. Cell 
16:863-874 

Gilboa E, Mitra SW, GoffS, Baltimore D (1979b) A detailed model of reverse transcription and tests 
of crucial aspects. Cell 18:93-100 

Gilmer T, Parsons IT (1979) Analysis of cellular integration sites in avian sarcoma virus-infected 
duck embryo cells. J ViroI32:762-770 

Goodman NC, Spiegelman S (1971) Distinguishing reverse transcriptase of an RNA tumor virus 
from other known DNA polymerases. Proc Natl Acad Sci USA 68:2203-2206 

Goubin G, Hill M (1979) Monomer andmultimer covalently closed circular forms ofRous sarcoma 
virus DNA. J Virol 29:799-804 

Groudine M, Eisenman R, Weintraub H (1981) Chromatin structure of endogenous retroviral genes 
and activation of an inhibitor of DNA methylation. Nature 292:311-317 

Guntaka RV (1980) Synthesis of circular DNA in avian tumor virus particles. Virology 101:525-528 
Guntaka RV, Richards OC, Shank PRo Kung HJ, Davidson N, Fritsch E, Bishop 1M, Varmus HE 

(1976) Covalently closed circular DNA of avian sarcoma virus: purification from nuclei of 
infected quail tumor cells and measurement by electron microscopy and gel electrophoresis. 
J Mol Bioi 106:337-357 

Harbers K, Schnieke A, Stuhlmann H, Jahner D, Jaenisch R (1981) DNA methylation and gene 
expression: endogenous retroviral genome becomes infectious after molecular cloning. Proc 
Natl Acad Sci USA 78:7609-7613 

Hager GL, Chang EH, Chan HW, Garon CF, Israel MA, Martin MA, Scolnick EM, Lowy DR 
(1979) Molecular cloning of the Harvey sarcoma virus closed circular DNA intermediates: 
initial structuml and biological characterization. J Virol 31:795-809 

Harada F, Sawyer RC, Dahlberg JE (1975) A primer ribonucleic acid for initiation ofin vitro Rous 
sarcoma virus deoxyribonucleic acid synthesis. Nucleotide sequence and amino acid acceptor 
activity. J BioI Chern 250:3487-3497 

Harada F, Peters GG, Dahlberg JE (1979) The primer tRNA for Moloney murine leukemia virus 
DNA synthesis. Nucleotide sequence and aminoacylation oftRNA. J BioI Chern 254:10979-
10985 

Haseltine W A, Maxam AM, Gilbert W (1977) Rous sarcoma virus genome is terminally redundant: 
the 5' sequence. Proc Natl Acad Sci USA 74:989-993 

Haseltine W A, Coffm 1M, Hageman TC (1979) Structure of products of the Moloney murine 
leukemia virus endogenous DNA polymerase reaction. J Virol 30:375-383 

Hayward WS (1977) Size and genetic content of viral RNAs inavian oncovirus-infected cells. J Virol 
24:47-63 

Hayward WS, Braverman SB, Astrin SM (1980) Transcriptional products and DNA structure of 
endogenous avian proviruses. Cold Spring Harbor Symp Quant Bioi 44:1111-1121 

Hayward WS, Neel BG, Astrin S (1981) Activation of a cellular one gene by promoter insertion in 
AL V-induced lymphoid leukosis. Nature 290:475-480 

Hill M, Hillova J (1972a) Virus recovery in chicken cells tested with Rous sarcoma cell DNA. 
Nature 237:35-39 

Hill M, Hillova J (1972b) Recovery of the temperature-sensitive mutant of Rous sarcoma virus 
from chicken cells exposed to DNA extracted from hamster cells transformed by the mutant 
Virology 49:309-313 

Hishinuma F, DeBona PJ, Astrin S, Skalka AM (1981) Nucleotide sequence of acceptor site and 
termini of integrated avian endogenous provirus ev-l: integration creates a 6 bp repeat of host 
DNA. Cell 23:155-164 

Hopkins N, Schindler J, Hynes R (1977) Six NB-tropic murine leukemia viruses derived from 
a B-tropic virus of BALB/c have altered p30. J Virol 21:309-318 

Hsu TW, Sabran JL, Mark GE, Guntaka RV, Taylor 1M (1978) Analysis of unintegrated avian 
RNA tumor virus double-stranded DNA intermediates. J Virol 28:810-819 

Hughes SH (1982) The sequence of the L TR and adjacent segments of the endogenous virus 
RAV-O. J Viro143:191-200 



46 S.H. Hughes 

Hughes SH, Shank PR, Spector DH, Kung HJ, Bishop JM, Varmus HE, Vogt PK, Breitman ML 
(1978) Proviruses of avian sarcoma virus are terminally redundant co-extensive with uninte
grated linear DNA and integrated at many sites. Cell 15:1397-1410 

Hughes SH, MutscWer A, Bishop JM, Varmus HE (1981a) Rous sarcoma virus provirus is flanked 
by short direct repeats of a cellular DNA sequence present in only one copy prior to 
integration. Proc Natl Acad Sci USA 78:4299-4303 

Hughes SH, Toyoshima K, Bishop JM, Varmus HE (1981b) Organization of the endogenous 
proviruses of chickens: implications for origin and expression. Virology 108:189-207 

Hughes SH, Vogt PK, Stubblefield E, Bishop JM, Varmus HE (198lc) Integration of avian sarcoma 
virus DNA in chicken cells. Virology 108:208-221 

Hurwitz J, Leis JP (1972) RNA-dependent DNA polymerase activity of RNA tumor viruses. I. 
Directing influence of DNA in the reaction. J ViroI9:116-129 

Jaenisch R (1976) Germ line integration and Mendelian transmission of the exogenous Moloney 
leukemia virus. Proc Natl Acad Sci USA 73:1260-1264 

Jaenisch R, Jahner D, Nobis P, Simon I, LoWer J, Harbers K, Grotkopp D (1981) Chromosomal 
position and activation of retroviral genomes inserted into the germ line of mice. Cell 24 :519-
529 

Jenkins NA, Cooper GM (1980) Integration, expression, and infectivity of exogenously acquired 
proviruses of Rous-associated virus o. J Virol 36:684-691 

Jenkins NA, Copeland NG, Taylor BA, Lee BK (1981) Dilute (d) coat colour mutation ofDBAI2J 
mice is associated with the site of integration of an ecotropic MUL V genome. Nature 293:370-
374 

Jolicoeur P, Baltimore D (1976) Effect of Fv-1 gene product on proviral DNA formation and inte
gration in cells infected with murine leukemia viruses. Proc Natl Acad Sci USA 73:2236-2240 

Jolicoeur P, Rassart E (1980) Effect ofFv-1 gene product on synthesis oflinear and supercoiled viral 
DNA in cells infected with murine leukemia virus. J ViroI33:183-195 

Jolicoeur P, Rassart E (1981) Fate ofunintegrated viral DNA in Fv-1 permissive and resistant mouse 
cells infected with murine leukemia virus. J Virol 37:609-619 

Ju G, Skalka AM (1980) Nucleotide sequence analysis of the long terminal repeat (LTR) of 
avian retroviruses: structural similarities with transposable elements. Cell 22:379-386 

Ju G, Boone L, Skalka AM (1980) Isolation and characterization of recombinant DNA clones of 
avian retroviruses: Size heterogeneity and instability of the direct repeat. J Virol33 :1026-1033 

Junghans RP, Duesberg PH, Knight CA (1975) In vitro synthesis offull-Iength DNA transcripts of 
Rous sarcoma virus RNA by viral DNA polymerase. Proc Natl Acad Sci USA 72:4895-4899 

Kahmann K, Kamp D (1979) Nucleotide sequences of the attachment sites of bacteriophage Mu 
DNA. Nature 280:247-250 

Keshet E, O'Rear JJ, Temin HM (1979) DNA of noninfectious and infectious integrated spleen 
necrosis virus (SNV) is colinear with unintegrated SNV DNA and not grossly abnormal. Cell 
16:51-61 

King AMO, Wells RD (1976) All intact subunit RNAs from Rous sarcoma virus contain poly(A). 
J BioI Chern 251:150-152 

Kung HJ, Shank PR, Bishop JM, Varmus HE (1980) Identification and characterization of dimeric 
and trimeric circular forms of avian sarcoma virus-specific DNA. Virology 103:425-433 

Kung HJ, Fung YK, Majors JE,BishopJM, Varmus HE (1981) Synthesis of plus strands ofretroviral 
DNA in cells infected with avian sarcoma virus and mouse mammary tumor virus. J Viro137: 
127-138 

Lee F, Mulligan R, Berg P, Ringold G (1982) Glucocorticoids regulate expression of dihydrofolate 
reductase cDNA in mouse mammary tumor viruses chimeric plasmids. Nature 294:228-232 

Leis JP, Hurwitz J (1972) RNA-dependent DNA polymerase activity of RNA tumor viruses. II. 
Directing influence of RNA in the reaction. J ViroI9:130-142 

Lemons RS, O'Brien SJ, Sherr CJ (1977) A new genetic locus, Bevi, on human chromosome 6 
which controls the replication of baboon type C virus in human cells. Cell 12:251-262 

Lemons RS, Nash, WG, O'Brien SJ, Benveniste RE, Sherr CJ (1978) A gene (Bevi) on human 
chromosome 6 is an integration site for baboon type c DNA provirus in human cells. Cell 
14:995-1005 

Levinson WE, Varmus HE, Garapin A, Bishop JM (1972) DNA ofRous sarcoma virus: its nature 
and significance. Science 175:76-78 



Synthesis, Integration, and Transcription of the Retroviral Provirus 47 

Levinson B, Khoury G, Vande Woude G, Gruss P (1982) Activation ofSV4O genome by 72-base 
pair tandem repeats of Moloney sarcoma virus. Nature 295:568-572 

Levis R, Dunsmuir P, Rubin GM (1980) Terminal repeats of the Drosophila transposable element 
copia: nucleotide sequence and genomic organization. Cell 21:581-588 

MacHattie LA, Jackowski J (1977) In: Bukhari AI, Shapiro ill, Adhyda SC (eds) DNA insertion 
elements, plasmids and episomes. Cold Spring Harbor Laboratory New York, pp 219-228 

Majors J, Varmus HE (1981) Nucleotide sequences at host-proviral junctions for mouse mammary 
tumor virus. Nature 289:253-258 

Malech HL, Wivel NA (1976) Transfer of murine intracisternal A particle phenotype in 
chloramphenicol-resistant particles. Cell 9:383-391 

Martin, GS, Radke K, Hughes S, Quintrell N, Bishop JM, Varmus HE (1979) Mutants of Rous 
sarcoma virus with extensive deletions of the viral genome. Virology 96:530-546 

McClements W, Dhar R, Blair D, Enquist L, Oskarsson M, Vande Woude G (1981) The long 
terminal repeat of Moloney sarcoma provirus. Cold Spring Harbor Symp Quant Bioi 45:699-
705 

Mellon P, Duesberg PH (1977) Subgenomic, cellular Rous sarcoma virus RNAs contain oligonuc
leotides from the 3' half and the 5' terminus of virion RNA. Nature 270:631-634 

Mitra SW, Goff S, Gilboa E, Baltimore D (1979) Synthesis of a 6OO-nucleotide-Iong plus-strand 
DNA by virions of Moloney murine leukemia virus. Proc Nat! Acad Sci USA 76:4355-4359 

Moreau P, Hen R, Wasylyk B, Everett R, Gaub MP, Chambon P (1981) The SV40 72-base repair 
repeat has a striking effect on gene expression both in SV 40 and other chimeric recombinants. 
Nucleic Acids Res 9:6047-6068 

Neel BG, Hayward WS, Robinson HL, Fang J, Astrin SM (1981) Avian leukosis virus-induced 
tumors have common proviral integration sites and synthesize discrete viral RNAs: 
oncogenesis by promoter insertion. Cell 23:323-334 

Neiman PE (1972) Rous sarcoma virus nucleotide sequences in cellular DNA: measurement by 
RNA-DNA hybridization. Science 178:750-753 

Oppermann H, Bishop JM, Varmus HE, Leventow L (1977) A joint product of the genes gag 
and pol of avian sarcoma virus: a possible precursor of reverse transcriptase. Cell 12:993-1005 

Oskarsson M, McClements WL, Blair DG, Maizel JV, Vande Woude GF (1980) Properties of a 
normal mouse cell DNA sequence (sarc) homologous to the srcsequence of Moloney sarcoma 
virus. Science 207:1222-1224 

Payne GS, Courtneidge SA, Crittenden LB, Fadly AM, Bishop JM, Varmus HE (1981) Analysis of 
avian leukosis virus DNA and RNA in bursal tumors: viral gene expression is not required 
for maintenance of the tumor state. Cell 23:311-322 

Payne GS, Bishop JM, Varmus HE (1982) Multiple arrangements of viral DNA and an activated 
host oncogene (c-myc) in bursal lymphomas. Nature 295:209-213 

Peters G, Dahlberg JE (1979) RNA-directed DNA synthesis in Moloney murine leukemia virus: 
interaction between the primer tRNA and the genome RNA. J Virol 31:398-407 

Peters G, Harada F, Dahlberg JE, Panet A, Haseltine WA, Baltimore D (1977) Low-molecular
weight RNAs of Moloney murine leukemia virus: identification of the primer for RNA
directed DNA synthesis. J Virol 21:1031-1041 

Quintrell N, Hughes SH, Varmus HE, Bishop JM (1980) Structure of viral DNA and RNA in 
mammalian cells infected with avian sarcoma virus. J Mol Bioi 143:363-393 

Ringold GM, Shank PR, Varmus HE, Ring J , Yamamoto KR (1979) Integration and transcription of 
mouse mammary virus DNA in rat hepatoma cells. Proc Nat! Acad Sci USA 76:665-669 

Rose J, Haseltine W, Baltimore D (1976) 5' terminus of Moloney murine leukemia virus 35S RNA 
is m7G5' ppp5' GmpCp. J ViroI20:324-329 

Rothenberg E, Baltimore D (1977) Increased length of DNA made by virions of murine leukemia 
virus at limiting magnesium ion concentration. J ViroI2l:168-178 

Rothenberg E, Smotkin D, Baltimore D, Weinberg RA (1977) In vitro synthesis of infectious DNA 
of murine leukemia virus. Nature 269:122-126 

Rothenberg E, Donoghue DJ, Baltimore D (1978) Analysis of a 5' leader sequence on murine 
leukemia virus 21S RNA: heteroduplex mapping with long reverse transcriptase products. 
Cell 13:435-451 

Sabran J, Hsu T, Yeater C, Kaji A, Mason WS, Taylor J (1979) Analysis of integrated avian RNA 
tumor virus DNA in transformed chicken, duck and quail fibroblasts. J ViroI29:170-178 



48 S.H. Hughes 

Sarkar N, Nowinski R, Moore DH (1971) Helical nucleocapsid structure of the oncogenic 
ribonucleic acid viruses (oncornaviruses). J Virol 8:564-572 

Sawyer RC, Dahlberg IE (1973) Small RNAs of Rous sarcoma virus: characterization by two
dimensional polyacrylamide gel electrophoresis and fmgerprint analysis. J ViroI12:1226-1237 

Sawyer RC, Harada F, Dahlberg JE (1974) Virion-associated RNA primer for Rous sarcoma virus 
DNA synthesis: isolation from uninfected cells. J Virol13:1302-1311 

Schindler J, Haynes R, Hopkins N (1977) Evidence for recombination between N- and B-tropic 
murine leukemia viruses: analysis of three virion proteins by sodium dodecyl sulfate
polyacrylamide gel electrophoresis. J ViroI23:7oo-707 

Schwartz DE, Zamecnik PC, Weith HL (1977) Rous sarcoma virus genome is terminally redundant: 
the 3' sequence. Proc Nat! Acad Sci USA 74:994-998 

Shank PR, Varmus HE (1978) Virus-specific DNA in the cytoplasm of avian sarcoma virus-infected 
cells is a precursor to covalent!y closed circular viral DNA in the nucleus. J ViroI25:104-114 

Shank PR, Cohen JC, Varmus HE, Yamamoto KR, Ringold GB (1978a) Mapping of linear and 
circular forms of mouse mammary tumor virus DNA with restriction endonucleases: Evidence 
for a large specific deletion occurring at high frequency during circularization. Proc Nat! Acad 
Sci USA 75:2112-2116 

Shank PR, Hughes SH, Kung HJ, Majors JE, Quintrell N, Guntaka RV, Bishop 1M, Varmus HE 
(1978b) Mapping unintegrated avian sarcoma virus DNA: termini of linear DNA bear 300 
nucleotides present once or twice in two species of circular DNA. Cell 15:1383-1395 

Shapiro J (1979) Molecular model for the transposition and replication of bacteriophage Mu and 
other transposable elements. Proc Nat! Acad Sci USA 76:1933-1937 

Shapiro S, Strand M, August JT (1976) High molecular weight precursor polypeptides to structural 
proteins of Rauscher murine leukemia virus. J Mol Bioi 107:459-477 

Sherr CJ, Fedele LA, Donner L, Turek LP (1979) Restriction endonuclease mapping of un
integrated proviral DNA of Snyder-Theilen feline sarcoma virus: localization of sarcoma
specific sequences. J Virol 32:860-875 

Shimotohno K, Temin HM (1980) No apparent nucleotide sequence specificity in cellular DNA 
juxtaposed to retrovirus proviruses. Proc Nat! Acad Sci USA 77:7357-7361 

Shimotohno K, Mizutani S, Temin HM (1980) Sequence of retrovirus provirus resembles that of 
bacterial transposable elements. Nature 285:550-554 

Shoemaker C, Goff S, Gilboa E, Paskind M, Mitra SW, Baltimore D (1980) Structure of a cloned 
circular Moloney murine leukemia virus molecule containing an inverted segment: impli
cations for retrovirus integration. Proc Nat! Acad Sci USA 77:3932-3936 

Southern EM (1975) Detection of specific sequences among DNA fragments separated by gel 
electrophoresis. J Mol BioI 98:503-517 

Steffen D, Weinberg RA (1978) The integrated genome of murine leukemia virus. Cell 15:1003-1010 
Stoll E, Billeter MA, Palmenberg A, Weissmann (1977) Avian myeloblastosis virus RNA is 

terminally redundant: implications for the mechanism of retrovirus replication. Cell 12:57-72 
Stoltzfus CM, Synder PN (1975) Structure ofB77 sarcoma virus RNA: stabilization of RNA after 

packaging. J ViroI16:1161-l170 
Sutcliffe JG, Shinnick TM, Verma 1M, Lerner RA (1980) Nucleotide sequence of Moloney 

leukemia virus: 3' end reveals details of replication, analogy to bacterial transposons, and an 
unexpected gene. Proc Nat! Acad Sci USA 77:3302-3306 

Sveda MM, Soeiro R (1976) Host restriction of Friend leukemia virus: synthesis and integration of 
the provirus. Proc Nat! Acad Sci USA 73:2356-2366 

Swanstrom R, Varmus HE, Bishop 1M (1981a) The terminal redundancy of the retrovirus genome 
facilitates chain elongation by reverse transcriptase. J Bioi Chern 256:115-1121 

Swanstrom R, DeLorbe WJ, Bishop 1M, Varmus HE (1981b) Nucleotide sequence of cloned 
unintegrated avian sarcoma virus DNA: viral DNA contains direct and inverted repeats 
similar to those in transposable elements. Proc Nat! Acad Sci USA 78:124-128 

Taylor 1M, Hsu TW (1980) Reverse transcription of avian sarcoma virus RNA into DNA might 
involve copying of the tRNA primer. J ViroI33:531-534 

Taylor 1M, 1llmensee R (1975) Site on the RNA of an avian sarcoma virus at which primer is 
bound. J ViroI16:553-558 

Taylor 1M, Cordell-Stewart B, Rohde W, Goodman HM, Bishop 1M (1975) Reassociation of 4S 
and 5S RNAs with the genome of avian sarcoma virus. Virology 65:248-259 



Synthesis, Integration, and Transcription of the Retroviral Provirus 49 

Temin HM (1982) Function of the retrovirus long terminal repeat Cell 28:3-5 
Tress E, O'Donnell PV, Famulari N, Ellis RW, Fleissner E (1979) Polymorphism of B-tropic 

leukemia viruses from BALB/c mice: association of a p30 antigen with N- versus B-tropism. 
J Virol 32:350-355 

Van Beveren C, Goddard JG, Berns A, Verma 1M (1980) Structure of Moloney murine leukemia 
viral DNA: nucleotide sequence of the 5' long terminal repeat and adjacent cellular sequence. 
Proc Natl Acad Sci USA 77:3307-3311 

Varmus HE, Bishop JM, Vogt PK (1973a) Appearance of virus-specific DNA in mammalian 
cells following transformation by Rous sarcoma virus. J Mol BioI 74:613-626 

Varmus HE, Vogt PK, Bishop JM (1973b) Integration of deoxyribonucleic acid specific for Rous 
sarcoma virus after infection of permissive and nonpermissive hosts. Proc Natl Acad Sci 
70:3067-3071 

Varmus HE, Guntaka RV, Fan WJW, Heasley S, Bishop JM (1974) Synthesis of viral DNA in the 
cytoplasm of duck embryo fibroblasts and in enucleated cells after infection by avian 
sarcoma virus. Proc Natl Acad Sci USA 71:3874-3878 

Varmus HE, Guntaka RV, Deng CT, Bishop JM (1975) Synthesis, structure, and function of avian 
sarcoma virus-specific DNA in permissive and nonpermissive cells. Cold Spring Harbor 
Symp Quant Bioi 39:987-996 

Varmus HE, Padgett T, Heasley S, Simon G, Bishop JM (1977) Cellular functions are required 
for the synthesis and integration of avian sarcoma virus-specific DNA. Cell 11:307-319 

Varmus HE, Heasley S, King HJ, Oppermann H, Smith VC, Bishop JM, Shank PR (1978) Kinetics 
of synthesis, structure and purification of avian sarcoma virus-specific DNA made in the 
cytoplasm of acutely infected cells. J Mol Bioi 120:55-82 

Varmus HE, Shank PR, Hughes SE, Kung H-J, Heasley S, Majors J, Vogt PK, Bishop JM (1979) 
Synthesis, structure, and integration of the DNA of RNA tumor viruses. Cold Spring Harbor 
Symp Quant Bioi 43:851-864 

Varmus HE, Quintrell N, Wyke J (1981a) Revertants of an ASV-transformed rat cell line have 
lost the complete provirus or sustained mutations in src. Virology 108:28-46 

Varmus HE, Quintrell N, Ortiz S (1981b) Retroviruses as mutagens: insertion and excision of a 
nontransforming provirus alter expression of a resident transforming provirus. Cell 25:23-36 

Waters LC, Mullin BC, BailiffEG, Popp RA (1975) tRNAs associated with the 70S RNA of avian 
myeloblastosis virus. J ViroI16:1608-1614 

Weinberg RA (1977) Structure of the intermediates leading to the integrated provirus. Biochim 
Biophys Acta 473:39-55 

Weiss SR, Varmus HE, Bishop JM (1977) The size and genetic composition of virus-specific RN As 
in the cytoplasm of cells producing avian sarcoma-leukemia viruses. Cell 12:983-992 

Wells RD, Flugel RM, Larson JE, Schendel PF, Sweet RW (1972) Comparison of some reactions 
catalyzed by deoxyribonucleic acid polymerase from avian myeloblastosis virus, Escherichia 
coli, and Micrococcus luteus. Biochemistry 11:621-629 

Williamson VM, Young ET, Ciriacy M (1981) Transposable elements associated with 
constitutive expression of yeast alcohol dehydrogenase II. Cell 23 :605-614 

Yamamoto T, de Crombrugghe B, Pastan I (1980a) Identification of a functional promoter in the 
long terminal repeat of Rous sarcoma virus. Cell 22:787-797 

Yamamoto T, Jay G, Pastan I (1980b) Unusual features in the nucleotide sequence of a 
cDNA clone derived from the common region of avian sarcoma virus messenger RNA. 
Proc Natl Acad Sci USA 77:176-180 

Yang WK, Kiggans JO, Yang D-M, Ou C-Y, TennantRW, Brown A, Bassin RH (1980) Synthesis 
and circularization of N- and B-tropic retroviral DNA in Fv-l permissive and restrictive 
mouse cells. Proc Natl Acad Sci USA 77:2994-2998 

Y oshimora FK, Weinberg RA (1979) Restriction endonuclease cleavage of linear and closed 
circular form. Cell 16:323-332 

Yoshinaka Y, Luftig RK (1977) Murine leukemia virus morphogenesis: cleavage of p70 in vitro can 
be accompanied by a shift from a concentrifically coiled internal strand ("immature") to a 
collapsed ("mature") form of the virus core. Proc Natl Acad Sci USA 74:3446-3450 



Defective Avian Sarcoma Viruses 

JAMES C. NEIL * 

1 Introduction. . . 
1.1 Scope of the Review 
1.2 Nomenclature 

2 Isolation of the Defective Avian Sarcoma Viruses 

3 Biological Properties of the Defective Avian Sarcoma Viruses 
3.1 Pathogenesis . . . . . . . . . . . 
3.2 In vitro Transformation . . . . . . . 

4 Classification of the Avian Sarcoma Viruses 

5 Genome Structure . . . . . . . . . 

6 Cellular Equivalents of Avian Sarcoma Virus Transforming Genes 

7 Avian Sarcoma Virus Gene Products. . . . . . . . . . . 
7.1 Composition of the Defective Avian Sarcoma Virus Polyproteins . 
7.2 Structural Similarities Among the Avian Sarcoma Virus v-onc Proteins 
7.3 Protein Kinases and the Avian Sarcoma Virus v-onc Proteins 

8 Tyrosine Phosphorylation and Avian Sarcoma Virus Transformation 

9 Mutants of the Defective Avian Sarcoma Viruses 
9.1 Tempemture-Sensitive Mutants. 
9.2 Deletion Mutants 

10 Prospects 

References 

Abbreviations 

RSV
FSV
PRCll
PRCN
ESV
Y73-
URl
UR2-
dASV
dALV-

ROllS sarcoma virus 
Fujinami sarcoma virus 
PRCll sarcoma virus 
PRCN sarcoma virus 
Esh sarcoma virus 
Y73 sarcoma virus 
URl sarcoma virus 
UR2 sarcoma virus 
defective avian sarcoma virus 
defective avian leukemia virus 

52 
52 
52 
52 
54 
54 
55 
57 

57 

60 

61 
61 
63 
65 

67 

69 
69 
70 

71 

72 

* Beatson Institute for Cancer Research, Garscube Estate, Switchback Road, Bearsden, Glasgow, 
G61IBD, Scotland 



52 J.C. Neil 

1 Introduction 

1.1 Scope of the Review 

This review was intended initially as a reference source for those interested in the origins 
and fITst descriptions ofthe defective avian sarcoma viruses. Quite a few of these viruses 
have been characterized in the past few years and their varied nomenclature according to 
source, discoverer, date of isolation or biological properties could result in some con
fusion among those attempting to follow the literature. Information will be included on 
the molecular biology of the sarcoma viruses, rather more of which is available than 
when the review was fITst conceived, although in this respect the review will inevitably be 
out of date by the time of publication. If any bias of content is introduced, this will be 
towards a more detailed coverage of the author's own area of interest, the gene products 
of the defective sarcoma viruses. 

Rous sarcoma virus (RSV) serves as the model for much of this work and will 
frequently be referred to for comparative purposes, as will the mammalian defective 
transforming viruses. Recent reviews provide more complete coverage of these topics 
(l-4a). This review is complemented by a discussion ofthe avian acute leukaemia viruses, 
which appears elsewhere in this volume [5]. As will be seen, concentrating primarily on 
the defective sarcoma viruses and comparing them to RSV can be justified in terms of 
their biochemical properties as well as their similar biology. The avian sarcoma viruses 
offer perhaps the best available system to study the molecular basis of oncogenic trans
formation. 

1.2 Nomenclature 

Throughout the review, the recently characterized avian sarcoma viruses are referred to 
as defective sarcoma viruses or dASVs, to distinguish them from the well-characterized 
Rous sarcoma virus. This nomenclature is imperfect, since strains ofRous sarcoma virus 
have been generated which are replication-defective and since, in future, non-defective 
sarcoma viruses related to the dASVs might be isolated. Also, viruses classified as defec
tive avian leukaemia viruses (dAL Vs) can cause sarcomas. Despite these imperfections, 
it is convenient to use the term dASV to refer to the viruses listed below Rous sarcoma 
virus in Table 2. 

2 Isolation of the Defective Avian Sarcoma Viruses 

The first representative of the defective avian sarcoma viruses, Fujinami sarcoma virus 
(FSV), was reported in Japan soon after Peyton Rous's discovery ofRSV [6]. The original 
isolation was apparently made as early as 1909. Surprisingly, it took until 1980 to demon
strate that FSV carries a transformation-specific sequence different from the RSV src 
gene. One reason for this delay is clear. Some stocks of FSV were contaminated with 
RSV, as shown by the strong hybridization of a cDNA src probe with FSV stocks [7]. 
However, the recently characterized FSV can apparently be traced to the original isolate 
[8-10]. 
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The Poultry Research Centre (pRC) isolates, PRCll and PRCN, have also caused 
some confusion. The two isolates were reported at the same time, and derived from the 
same laboratory [11]. It remains unclear whether PRCll and PRCN are genuinely inde
pendent isolates, and biochemical evidence that they are not is covered in some detail in 
later sections. Briefly, our work on PRCll was begun using virus from two sources. The 
ftrst, from Dr. L.N. Payne, Houghton, England, yielded the strain which retains the name 
PRCll. The second, obtained from Dr. L. Crittenden, East Lansing, Michigan, yielded 
the virus referred to as PRCllp [U], which was subsequently found to be very similar to 
PRCN, obtained from Dr. Payne. 

Esh sarcoma virus (ESV) was isolated by Wallbankand co-workers in 1966 [14] from a 
spontaneous tumour in a chicken belonging to a Pennsylvania farmer named Esh. The 
virus was passaged in chickens to provide "enhanced" stocks, which we obtained directly 
from Dr. Wallbank [15]. 

Y73 sarcoma virus was isolated from a transplantable tumour which was discovered, 
as the name implies, in 1973 by a group working in Yamaguchi University [16]. Again the 
source was a spontaneous tumour in a chicken. However, it was not until the 33rd passage 

Table 1. Origins of the defective avain sarcoma viruses 

Virus Place and year Original tumour Helper Reference 
description virus 

subgroup 

Fujinami Kyoto, Japan 1909 Fibrosarcoma C 6,8,9 
sarcoma forewing, metastases 
virus in liver, intestine 
(FSV) 

PRCII Edinburgh, Scotland 1958 Myxofibrosarcoma A(+B) 11 
mesentery 

PRCIV Edinburgh, Scotland 1958 Myxofibrosarcoma ? 11 
ovary, mesentery 

Esh sarcoma Pennsylvania 1966 Soft myxoid tumor A 14 
virus thigh, ovary 
(ESV) 

Y73 Yamaguchi, Japan 1973 Myxofibrosarcoma A 16 
site not specified 

URI New York 1969 Not specified A 18 

UR2 Connecticut 1963 Myxofibrosarcoma A 18 
pancreas, intestine; 
adenomas in abdominal 
cavity 

16L New York 1981 Fibrosarcoma A 131 
liver, kidney, heart, 
peritoneum 
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of tumour cells that sarcoma virus was demonstrated in the extracts. Most of the bioche
mical characterization ofY73 has been done by Toyoshima and co-workers, who obtained 
Y73 virus directly from the group who isolated it [17]. 

The new isolates, URI and UR2, were reported in 1981 by Balduzzi and co-workers of 
the University of Rochester (hence UR) [18]. The original isolations were made some 
time earlier but these were apparently not published. URI virus came from primary 
tumour material supplied by Dr. B.W. Calnek (Cornell University, Ithaca, NY), who 
obtained this tumour in 1969. UR2 came from material provided by Dr. RE. Luginbuhl 
(University of Connecticut, Storrs), who had found the tumour in a chicken in 1963 and 
passaged washes from the tumour in 8-day-old Spafas chickens. Balduzzi and co-workers 
inoculated their source materials of URI and UR2 into chickens, and isolated viruses 
after co-cultivating the tumour cells with chicken embryo fibroblasts. Recently, Neel and 
co-workers reported the isolation of a new sarcoma virus, 16L, from a fibrosarcoma in a 
chicken. In contrast to the other isolates discussed here, which resulted from naturally 
occurring viral infection, this tumour appeared after deliberate inoculation of a chicken 
with td 107 A, a src deletion mutant of the Schmidt-Ruppin strain of RSV [131]. Bioche
mical analysis shows that 16L contains a different transforming gene from the parental 
SR RSV (see Table 1). 

3 Biological Properties of the Defective Avian Sarcoma Viruses 

3.1 Pathogenesis 

In this section, the types of tumours induced by the defective sarcoma viruses will be dis
cussed comparing, where possible, the original tumour descriptions with more recent 
fmdings. 

During the first half of the century, a number of studies were published in which the 
pathology ofFSV infection was compared to that ofRSV. These studies concluded that 
the oncogenic spectrum ofFSV was like that ofRSV, with some differences in tumour 
cell morphology and in the incidence of tumour regression [19-22]. Recent studies on 
FSV have supported these conclusions. FSV induces fibrosarcomas in young chickens 
after a short latent period (7 -10 days). The tumours occur at the site of inoculation (wing 
web), and attempts to induce haematopoietic tumours by intravenous inoculation 
produced only sarcomas close to the inoculation site [9, 10]. 

PRCII induces tumours similar to those of FSV and in both cases the spindle cell 
morphology of the tumour cells is reflected in the in vitro transformed cells. Recent ana
lyses ofPRCII have shown it to be much less pathogenic than the original isolate [11, 12, 
13]. Inoculated birds show a relatively low incidence of tumours and the regression rate is 
significant There is some reason to believe that PRCII has undergone genetic change 
during passage since, as discussed later in this review, stocks exist which have larger ge
nomic RNA, encode higher molecular weight transformation-specific proteins, and show 
an oncogenic efficiency reminiscent of the original isolate [13, 30]. Although evidence 
linking the putative deletion with altered pathogenicity is still circumstantial, current 
genetic manipulation techniques could be applied to establish the viral parameters in
volved in pathogenesis. The virus stock with larger genomic RNA, PRCIIp, is similar in 
pathogenic properties to PRCIV. Both cause a high incidence of fibrosarcomas when in-
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oculated into young chicks. The observed tumours are mainly at the site of inoculation 
[13]. These recent observations echo the original fmdings of Carr and Campbell on PRClI 
and PRCIV. They found that metastases were rare with both viruses. 

Recent studies with Esh sarcoma virus reveal properties similar to the original des
criptions of Wallbank and co-workers [14, 15]. Wing web inoculation ofESV into l-day
old chickens induced slowly growing fibrosarcomas at the inoculation site in 80% of the 
birds within 20 days [15]. By these criteria ESV is a sarcoma virus of rather low oncogeni
city. However, recently developed high-titred stocks ofESV have not been tested in vivo 
and these might be expected to produce a more rapid and pronounced effect. By selecting 
the few progressing tumours, Wallbank was able to achieve an in vivo increase in virus 
titre [14]. 

Y73, on initial isolation, produced tumours after a short latent period (8 days), again 
fibrosarcomas at the inoculation site (wing web) [16]. Another group confrrmed this 
observation and further found that on intravenous inoculation into 7-day-old chickens, 
the virus induced sarcomas in various organs but not detectable leukaemia [17]. 

Balduzzi and colleagues have provided the recent information on the pathogenesis of 
URI and UR2 sarcoma viruses [18]. With URI, wing web inoculation of 4-week-old 
chickens produced palpable tumours as early as 8 days after inoculation. Two types of 
tumour were described: soft tumours with a predominance of mucoid edematous com
ponents, and hard tumours containing prominent lymphoid nodules. It will be of interest 
to determine whether these two tumour types reflect heterogeneity in the virus stocks, 
susceptibility of two different target cell populations or the result oflymphoid infiltration. 
UR2, in contrast, produced tumours rather later after inoculation (over 2 weeks). The 
cellular morphology in UR2 tumours was rather more uniform than with URI, showing 
only spindle cells with none ofthe polygonal or round cells seen in URI tumours. These 
characteristics were noted to be essentially similar to fmdings with the other avian sar
coma viruses [18]. 

In summary, the defective sarcoma viruses induce fibrosarcomas at intramuscular 
inoculation sites and some induce sarcomas on internal organs if inoculated intravenous
ly. The viruses each have distinguishing features oftumour cell morphology, incidence of 
metastases or efficiency of tumour induction. In only one case, however, has an attempt 
been made to separate the contribution of helper and defective transforming viruses to 
this spectrum of pathogenesis [13]. None of the in vivo studies have uncovered any capa
city to induce tumours other than sarcomas, although it is probably true to say that insuf
ficient work has been done to conclude that these viruses are unable to influence the 
proliferation of haemopoietic cells. 

3.2 In vitro 'ftansformation 

All of the defective avian sarcoma viruses transform chick embryo fibroblasts in vitro. 
The isolation of non-producer cells transformed by defective virus without concomitant 
helper-virus infection has been instrumental in defming the defective viral genomes and 
in characterizing their replicative defects. 

Foci of cells transformed by FSV, PRClI and PRCIV comprise mainly fusiform cells, 
reminiscent of the spindle cells seen in tumours induced by these viruses [9-13]. These 
three viruses fall into the same biochemical class (Table 2) and behave somewhat simi-
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Table 2. Avian sarcoma viruses, their cell-derived sequence inserts and gene products 

Virus Class Cell-deriveda Transformation-specific 
sequences protein 

Rous sarcoma virus (RSV) I src pp6O"fC 
Avian sarcoma virus B77 

Fujinami sarcoma virus (FSV) II fps Pl~JPs 

Avian sarcoma virus PRCII PI05gog-JPs 
Avian sarcoma virus PRCIV PI7~ag-fps 

Avian sarcoma virus URI PI5~ag-JPs 

Avian sarcoma virus 16L Pl42gag-fps 

Avian sarcoma virus Y73 ill yes pgogag-yes 
Esh sarcoma virus (ESV) P8~ag-yes 

Avian sarcoma virus UR2 IV 70S P68gag-ros 

a Nomenclature for cell-derived inserts is as proposed by Coffin et al. (31) 

lady in vitro. It is interesting that the foci induced by a fourth member of the group, URI, 
are reported to contain mainly globular cells, with spindle-shaped cells only at the peri
phery of the foci [18]. The most interesting possibility is that modifications of the cell
derived sequences dictate these differences in focus morphology. However, until the 
transforming viruses are tested in pseudotypes with the same helper virus, helper contri
bution to focus morphology cannot be discounted. 

Leeand colleagues report that cells transformed by FSV in mass culture, when main
tained in culture for long periods, revert to normal cell morphology and can be shown to 
release only very low titres ofFSV [9]. We have noted a similar phenomenon with PRell, 
but the effect seems particularly marked with FSV, presenting a technical problem. 
Among possible explanations, FSV may be rather cytotoxic and the residual cells which 
grow out may be resistant to FSV transformation by virtue of helper virus infection. In 
this respect, it is interesting that some strains of Abelson murine leukaemia virus appear 
to have cytotoxic activity which can be lost with concomitant change in the defective 
genome [23]. 

ESV and Y73 foci are both reported to consist of either refractile spindle-shaped or 
round cells [15, 16] but clear differences between the foci are detectable on close examina
tion, even when pseudotypes with the same helper (RA V-I) are used (J. Ghysdael, per
sonal communication). UR2 foci on chicken cells are reported to be quite large and 
distinct, contain tight bundles of cells, and the foci often assume a triangular shape after a 
period of development. In this respect, UR2 foci are claimed to resemble those of fusi
form morphology induced by variants of the Bryan high-titre strain of RSV [18]. 

From the descriptions of the foci induced in vitro, and tumours induced in vivo, it 
might be anticipated that the avian sarcoma viruses will overlap extensively in target cell 
specificity. However, no detailed analysis of these target cells has been reported to sub
stantiate this assumption. Also, no comparative analysis of a variety of measureable para
meters of transformation has been attempted. Only one study, on temperature-sensitive 
mutants of FSV, discusses these transformation parameters in any detail [24]. Qearly, 
there are large gaps in our knowledge of the newly characterized sarcoma viruses, in an 
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area which should provide a link with the biochemical study of sarcoma virus transforma
tion. 

4 Classification of the Avian Sarcoma Viruses 
All of the defective avian sarcoma viruses appear to be recombinants that have acquired 
cellular genetic sequences at the expense of most of their replicative gene capacity. On 
the basis of relatedness of these cell-derived sequences, the known avian sarcoma viruses 
fall into four classes (Table 2). Relatedness has been measured by DNA-RNA hybridi
zation, using cDNA specific for the cell-derived sequences and probing RNA from 
virions [25] or infected cells [26] to search for homology. Other criteria which have been 
used to establish this classification are tryptic peptide mapping of transformation -specific 
proteins [27-29] and RNase T 1 oligonucleotide fmgerprinting of genomic RNA [8, 9, 10, 
30]. 

The nomenclature presented here for the cell-derived sequences follows that 
suggested by a recently published proposal [31]. To discuss the viruses of one group or 
class, it is helpful to have some brief way of referring to them. Before the invention of the 
new nomenclature, we used class I, II or ill for this purpose and I have included this in 
Table 2. Alternatively, these could be referred to as v-src-, v-fps- or v-yes-containing 
viruses, based on the proposed nomenclature. These abbreviations appear to be gaining 
general acceptance. Under this convention, the viral genomic cell-derived sequence is re
ferred to as v-onc (onc as a general abbreviation for the three-letter code of the proposed 
system) and the cellular equivalent sequence as c-onc. Where no preftx is used, it is 
generally the viral sequence which is being discussed. The gene products are designated 
according to their molecular weight and superscripts refer to the sequence coding for the 
protein. Polyproteins are distinguished by the use of a capital P before the molecular 
weight Thus, the Fujinami virus polyprotein is referred to as PI40gag-jjJ8, while the RSV 
transforming protein is designated pp60src, the additional p denoting a phosphoprotein. 

An intriguing observation is the homology between the fps sequences of FSV and 
PRCll, and the analogousfes sequences offeline sarcoma viruses of the Snyder-Theilen 
and Gardner-Arnstein strains. This was demonstrated initially by hybridization analysis 
using the cDNAfps probe [25] and confIrmed by tryptic peptide mapping of the viral 
proteins [28] and immunological studies with antisera to the fes protein sequences which 
cross-reacted with the FSV and PRCll gag-fps proteins [32]. Thus, it appears that retro
viruses from two completely unrelated groups have picked up either the equivalent or a 
related sequence from the genomes of two distantly related species. Recently, Seolnick 
and colleagues have reported a similar example. Harvey and Balb murine sarcoma 
viruses have acquired homologous transforming genes from the mouse and ratgenomes 
respectively [33]. The pool of cellular genes which can be acquired to generate a trans
forming retrovirus may thus be rather small and we may have already identified most of 
these. 

5 Genome Structure 
The primary objectives of studying the genomes of acute transforming retroviruses are to 
identify and locate the genetic sequences responsible for oncogenicity, to discover their 
origin, and to understand how a transforming virus can arise from a replication-compe-
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tent non-transforming helper virus. All ofthe recently characterized sarcoma viruses are 
defective for replication. Non-producer transformed cells show none ofthe characteristic 
replicative gene products, and none have been reported to produce virus particles of any 
sort. In general, the genome structure of the defective sarcoma viruses has been found to 
be analogous to that of the defective avian leukaemia virus, MC29 [34]. The methods of 
analysis ofthe genomic RNA have included mapping of RNase T 1 oligonucleotides and 
heteroduplexing with cDNA to helper virus sequences. In the frrst method [35], poly(A 1-
containing fragments of virion RNA are separated by size and, from the distribution of 
the large oligonucleotides in various RNA size class, their distance from the 3' end and 
hence their 5'-3' order can be roughly deduced. In addition, related sequences often show 
identical oligonucleotides, or oligonucleotides with similar base compositions [35]. By 
heteroduplexing, the location and extent of deletions in the genome can be measured, as 
can the location and size of the acquired cellular sequences. 

FSV(a) 

FSV(b) 

PRe lY. 

UR 1 

Y73 

UR2 

Ojl 

I 
3' 

I 

RNA Size r�----~----~I----~I----~----~I----_r----_r_+ 
( kllobases) 0 2 3 L. 5 6 7 

Fig.!. Genetic structure of the defective avian sarcoma viruses. The genome sizes were estimated 
by gel electrophoresis or sucrose density gradient centrifugation. The positions and size of the cell
derived sequences were estimated by RNase T 1 oligonucleotide fingerprinting of poly(A ~ size
selected fractions of virion RNA. The hatched areas represent the unique sequences, flanked by 
sequences related to the 5' and 3' ends of replication -competent helper virus. The wavy lines indicate 
the large degree of uncertainty of the position of junctions of viral and cell-derived sequences [8, 9, 
10, 30, 37, 56, 59]. The two different FSV structures are from analysis of independently derived 
stocks [9, 10] 
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Both approaches have been employed to create the scheme summarized in Fig. 1. In 
each case the viruses appear to have retained the extreme 5' and 3' ends of the genome, 
including gag and possibly env coding sequences. This now-familiar structure seems by 
far the most common result of defective transforming virus generation. Other examples 
can be cited as exceptions to this rule; Rous sarcoma virus appears to be the only case in 
which a cellular transforming gene has been gained in addition to the total complement 
of replicative gene sequences. This process is perhaps constrained by the size of the cellu
lar gene rescued and the capacity of the virions to package the larger RNA 

It appears that a range of recombinational events can lead to the insertion and expres
sion of cellular genetic sequences in retroviral genomes. However, in the majority of 
viruses that have been analysed the 3' end of the gag gene has been lost, generating a 
hybrid protein with residual gag sequences fused to the cell-coded product This is the 
case for all the recently characterized defective avian sarcoma viruses. 

The v-fps sequences of the different isolates (FSV, PRCll, PRCIV, URI, l6L) are 
highly related and this is revealed by both RNase T 1 fmgerprinting and hybridization [25, 
30, 39, 56]. Wang and co-workers report that out of seven URI-specific oligonucleotides, 
three are found in FSV and two others, while not identical, show similar base composi
tions to two of those of FSV [56]. 

Whether any virus contains the entire c-fps coding sequence is as yet unknown, but 
the various isolates do contain varying extents offps. Wong and colleagues report that 
their PRCIV cDNAfpsprobe hybridized 78% to FSVand 50% to PRCII [30], while Wang 
and co-workers using an FSV fpsprobe found almost 100010 hybridization to URI and 60% 
to PRCII [56]. Since Southern blot analysis suggests that the c-fps sequence is present as a 
single copy in normal chicken DNA [39], the rescue of different relatedfps loci is probably 
not the reason for this. Rather, the differences appear to be due to the size of the fps 
inserts in the viral genomes. This is further supported by peptide mapping data which 
show that the non-gag peptides of FSV Pl4()8'ag:fps and PRCII P105gag:fps represent over
lapping subsets of the non-gag peptides of PRCIV P17QKag:fps [78]. Infps content, the de
duced order would be PRCIV> >FSV>PRCII, with the position of URI indeterminate, 
but containing at least as much of fps as FSV. However, strains of FSV differ infps 
content, and some may contain as much ofthefps sequence as PRCIV (B. Mathey-Prevot 
and H. Hanafusa, personal communication). The detected c-fps protein (NCP98) has an 
apparent molecular weight of98 000 on SDS-polyacrylamide gels [40], which is very close 
to the value predicted (96 000) from the size of the 2.6-kb fps insert in molecularly cloned 
FSV [39]. The minimal predicted size of the non-gagportion ofPRCllp P17QKag-jjJs is slight
ly greater than this value at 110 000, though this molecular weight estimate may be 
influenced by protein phosphorylation. Adkins and co-workers suggest that tyrosine 
phosphorylation may alter the apparent molecular weight of PI05gag-jjJs by as much as 
5000 [1271, and the gagfps polyproteins are phosphorylated in vivo on tyrosine residues, 
in contrast to the NCP detected by Mathey-Prevot and colleagues [40]. In any case, the 
higher molecular weight regions of SDS-polyacrylamide may give rather unreliable 
molecular weight estimates. This question of whether any virus contains the entire c-fps 
coding sequence will have to be settled by sequence comparison with the cloned c-fps 
gene. 

Less information is available for the yes-and ros-containing viruses. However, cDNA 
yes probe prepared from ESV hybridized 80% to Y73 (R. Cohen, personal communica
tion). Peptide mapping shows the methionine tryptic peptides ofESV P8QKag-yes and Y73 
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P9()Kag-yes to be virtually identical, and the analysis had to be extended to the cysteine-con
taining tryptic peptides to reveal significant differences [29]. This suggests that the ESV 
and Y73 yes sequences are higbly related. 

Models have been constructed to explain the generation of acute transforming retro
viruses from non-defective helper viruses by recombination with cellular c-onc sequen
ces. For a detailed consideration of these models, the recent review by Grafand Stehelin 
should be of interest [47]. Recombination at the mRNA level would readily explain the 
absence of non-coding intervening DNA sequences assumed to be present in the cellular 
equivalents of the retroviral transforming genes. The c-src sequence, for instance, con
tains at least seven such intervening sequences [132]. However, if a two-step model is 
proposed, the first step could well be at the DNA leve1, resulting in the fusion of a deleted 
provirus to the potential oncogene. The resulting hybrid RNA transcript would lack a 
viral 3' end necessary for replication, but may acquire this by non-homologous recom
bination. This is essentially the model proposed by Goldfarb and Weinberg, based on their 
observations on Harvey sarcoma virus [133]. Theoretically, a transforming virus might 
arise which contains only those viral sequences necessary for replication and expression 
of the cellular sequences, but no 5' viral coding sequences. However, most of the defective 
transforming viruses which have been analysed so far retainatleast part of the gagcoding 
sequences. It seems possible that gag coding sequences may play an important role in 
replication or gene expression. Alternatively, recombination which cleanly deletes the 
gag sequences but retains other essential functions may be feasible but rare in vivo. 
This question could be approached by in vitro manipulation of molecularly cloned 
defective transforming viruses. 

6 Cellular Equivalents of Avian Sarcoma Vims Transforming Genes 
Retroviruses with the capacity to induce cellular transformation directly in vitro and 
rapid tumours in vivo appear to depend for this ability on a cell-derived sequence. This 
cellular "gene" is characteristically a low copy number sequence which is expressed at a 
rather low level in uninfected cells and at a considerably higher level when incorporated 
in a retrovirus genome and expressed under viral contro1. These sequences show high 
evolutionary stability and are thus regarded as likely candidates for essential cellular 
genes involved in "maintenance" functions such as regulation of cell growth and division. 
This topic has been reviewed recently [48]. 

Some considerable knowledge has been acquired on the structure and expression of 
c-src, but only very recently has information become available for c-fps, c-yes and c-ros. 
The prototype c-src has been dermed as a low copy number gene, the haploid genome 
containing one or a few copies, and the c-srcsequence shows a high degree of evolutiona
ry stability [7]. Thus c-src behaves essentially as a cellular gene with a function sufficiently 
vital to select for its complete retention [132]. The v-src and c-src sequences appear to be 
highly similar, and may be functionally identical, with variations in v-src occurring by 
more rapid evolution in the viral genome [46,49,50]. However, subtle differences which 
derme v-src, but not c-src, as an oncogene cannot yet be ruled out. An experiment in 
which c-src is coupled to an efficient transcriptional promoter, and shown to transform 
cells after DNA transfection, would derme c-src as having oncogenic potential. Experi
ments of this sort have been reported for c-mos and c-ros the cellular homologues of the 
transforming genes of Moloney and Harvey murine sarcoma viruses [34,36]. However, 
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the fact that a c-one can transform cells after transcriptional activation does not rule 
out that in the generation of v-one, c-one has been altered in a way which renders it more 
efficient in transformation. In particular, one could speculate on the effects of fusing 
a cellular protein to the gag gene and thereby altering its intracellular distribution as 
well as its level of expression. 

The c-fps, c-yes- and c-ros sequences are, like c-sre, present in normal chicken cells at 
low copy number and expressed ata low level [25, 26, 39]. The four cellular sequences are 
similarly conserved through evolution, showing hybridization to mammalian cell DNA, 
though less strongly than to avian DNA . 

Shibuya and co-workers have examined the expression of c-sre, c-fps, c-yes- and c-ros 
in different tissues [39]. The c-yes-sequence shows by far the highest level of transcription, 
particularly in kidney, while c-fps is expressed in bone marrow and strongly repressed in 
most other tissues. The significance of these ftndings is not yet clear. The expression of 
the c-one genes bears no obvious relation to the spectrum of pathogenicity of the equiva
lent v-onc-containing viruses. 

The product of c-src has been characterized. Like pp60v-src, it is a phosphoprotein of 
around 60 000 molecular weight with tyrosine-speciftc protein kinase activity [51-55]. 
Recently, Hana/usa and colleagues have characterized a cellular fps protein of 98 ()()() 
molecular weight (NCP98). Antisera to this protein were derived from rats with regres
sing tumors after inoculation ofFSV-transformed rat cells [40]. The antisera had relati
vely weak reactivity with gag proteins but strongly recognized PI4()Kag-JPs. Like its viral 
counterpart, NCP98 has an associated tyrosine-speciftc protein kinase activity capable of 
phosphorylating NCP98 itself and exogenous acceptor proteins. 

7 Avian Sarcoma Virus Gene Products 

7.1 Composition of the Defective Avian Sarcoma Virus Polyproteins 

The defective avian sarcoma viruses containing v-fps, v-yes- and v-ros sequences each 
encode a polyprotein that consists of an N-terminal portion of gag-related sequences and 
a C-terminal portion encoded by the acquired cellular sequences. In this respect, the 
viruses resemble the defective avian acute leukaemia viruses AEV and MC29 [57, 58] and 
the rationale for the study of the dASV polyproteins owes much to earlier studies with 
the dALVs. 

The sarcoma virus polyproteins were readily identifted, since they carry gagantigenic 
determinants, obviating the requirement for antiserum speciftc for the cell-derived 
sequences which has proved difficult to obtain in most cases. Antisera to individual gag 
proteins or simply to disrupted virions have proved suitable to precipitate the various gag
one proteins. The description of the polyproteins as "transformation-speciftc" is justifted 
by the demonstration of a given gag-one protein in all cells transformed by that virus, 
regardless of whether helper virus is also present The isolation of helper-free (non
producer) transformed cells is thus a crucial step. In some cases, further evidence has 
come from in vitro translation studies which show that the defective transforming viral 
genome encodes the polyprotein [9, 59-61]. 

Avian sarcoma viruses and their gene products are listed in Table 2. The composition 
of the gag-one polyproteins has been established primarily by tryptic peptide mapping. 
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Fig. 2. Composition ofthe defective avian sarcoma virus polyproteins. The sizes of the polyproteins 
were estimated by SDS-polyacrylamide gel electrophoresis and the extent of gag and non-gag 
sequences estimated by tryptic peptide mapping studies [15,27,28,29,63,67,78] and cleavage with 
virion protease pl5 [67,78]. The hatched areas represent non-gag sequences, presumably encoded 
by the cell-derived sequences. The positions of the gag-non-gag junctions are uncertain and are 
therefore represented by jagged lines. The structure of Pr76gag is based on the published gag gene 
order [62], with an additional plO coding region (?) inferred from DNA and protein sequencing 
studies [D. Schwarz and E. Hunter, personal communication). Virion protease pl5 is capable of 
producing mature p27, p12 and pI5 from Pr76gag in vitro [130] 

Thus, peptides known to derive from individual gagproteins have been identified and the 
extent ofthe residual gag sequences roughly estimated. This effort has been facilitated by 
the recent information on the order in which the individual gag proteins appear on the 
precursor, Pr76gag [62]. The polyproteins also contained peptides that could not be 
matched with the known gag, pol or env peptides [15,63]. These are thejjJs or yes peptides 
which show a high degree of homology when viruses of the same class are compared. The 
available information is summarized in the structural models of the dASV polyproteins 
shown in Fig. 2. 

An early concern about this work was that the polyproteins might have resulted from 
translation of viral or cellular sequences in an aberrant reading frame, yielding a product 
of no functional significance for transformation. However, if this were the case, one 
would not expect to see conservation of this reading frame in every virus of the same 
class, or the conservation of a strong target site for a protein kinase. Both of these obser
vations provide convincirig evidence that the cellular sequences translated in the viral 
polyproteins play an important role in the transformation process. 

In the case of the dAL V avian erythroblastosis virus, it has been noted that another 
transformation-specific protein is encoded by the transforming virus, in addition to the 
gag-related polyprotein P75gag-erb [42-45]. The possibility remains that an analogous 
product might be encoded by any of the dASV s, although in a number of cases in vitro 
translation studies have been performed which failed to reveal any products in addition 
to the polyproteins [9, 59-61]. With AEV it appears that two transformation-specific 
proteins are translated from contiguous and non-overlapping sequences [45]. Other 
viruses might use more than one reading frame to encode multiple proteins. Thus, it 
would be a premature claim that a polyprotein spanning the entire genomic coding 
region must be the sole gene product of the transforming virus. 
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7.2 Structural Simllarities Among the Avian Sarcoma Virus v-one Proteins 

All of the avian sarcoma virus v-one proteins are phosphorylated in vivo on both serine 
and tyrosine residues. One study with Y73 virus reported that P9<Yag-yes was phosphory
lated only on serine in vivo [17] but this observation is not borne out by work in other 
laboratories [29,64,65]. The discrepancy may result from relative heatlability of the tyro
syl phosphate bond or perhaps some feature of the labelling conditions used by Yoshida 
and co-workers. 

Surprisingly, tryptic peptides containing the tyrosine phosphorylation sites of pp60src 

and the gag-yes polyproteins (P80, P90) proved to be indistinguishable [64, 65]. Further
more, the tyrosine phosphorylation site of the gag:fpspolyproteins shares some features 
[64,66,67], the most prominent of which are the acidic amino acid residues (glu) proximal 
to the target tyrosine. Projecting from these albeit limited observations, the association of 
acidic residues and target tyrosine might be a general feature of tyrosine phosphorylation 
sites. As a precedent, cyclicrAMP-dependent protein kinases consistently recognize a 
confIguration of basic amino acids adjacent to the target serine [68]. Interestingly, a casein 
kinase has been identilled which apparently requires acidic residues on the N-terminal 
side of the target serine. This enzyme is known as casein kinase 2 or glycogen synthase 
kinase 5 [133, M. Pinna, personal communication). However, there have been few oppor
tunities to analyse tyrosine phosphorylation sites. Of the limited numbers of viral or cellular 
phosphotyrosine-containing proteins, most have not yielded enough labelled material 
for analysis. Of the examples available, polyoma middle T antigen can be phosphorylated 
on tyrosine in vitro and it appears that the major phosphorylation site contains the 
sequence (gluktyr [69]. Since thejjJs andjes sequences show homology [25], another ob
vious comparison to make is with the FeSV gag-jes polyproteins which are phosphory
lated on tyrosine both in vitro and in vivo. Intriguingly, DNA sequence studies indicate a 
potential P85gag:fes tyrosine phosphorylation which contains the sequence shown in 

Table 3. Primary sequence around tyrosine phosphorylation sites 

Sequence Protein Reference 

-leu-ile-glu-asn-asp-glu-tyr- pp60src 
P8~ag·yesa 

64, 66, 103, 124 

P9~ag.yeSa 

-gln-glu-glu-asp-gly-val-tyr- PlO5gag:fps 
p17~ag:fps 

66,77,102 

pl~ag:fps 

-glu-glu-glu-glu-glu-glu-tyr- Polyoma middle T 69 

-glu-glu-ala-asp-gly-val-tyr- P85gag:fes 101 

All of the phosphotyrosine-containing pep tides listed above, apart from that of polyoma middle T, 
begin at a tryptic cleavage site. Thus, in all these in vivo tyrosine phosphorylation sites, the target is 
seven residues from a tryptic cleavage site. 
a The sequence around the major tyrosine phosphorylation sites of the gag-yes polyproteins is pro
bably identical to that in pp60src, based on the comigration of the tryptic peptides and a series offur
ther cleavage products (64, 65, 66, 67) as well as DNA sequence data (103) 
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Table 3. This sequence contains glutamic acid residues five and six residues from the 
tyrosine and, like pp60srC, aspartic acid three residues away. 

Among the cellular proteins which have been analysed is a 36K phosphoprotein 
which was identified initially by Radkeand Martin [70] as a novel phosphoprotein in RSV
transformed cells and shown to act in vitro as a target for the pp60src kinase [71]. By staphy
lococcal V8 protease cleavage analysis, the closest glutamic acid appears to be ten resi
dues away from the target tyrosine [66; T. Gilmore, unpublished). However, this approach 
to sequence analysis is restricted by the specificity ofV8 protease. Some glutamyl bonds 
may be resistant to cleavage, and if aspartic acid is substituted, V8 resistance will also be 
encountered [72]. Another cellular protein, 50K, which associates with pp60src in immune 
complexes [73, 75] and has recently been found to associate with PI05gag:IPs in a similar 
fashion [123, 125], is also phosphorylated on tyrosine in ASV-transformed cells. In this 
case glutamic acid, located by V8 cleavage, occurs three residues away from the target 
tyrosine (T. Gilmore, unpublished). 

Clearly, this question requires further investigation. Direct sequencing of DNA or 
protein will supersede the preliminary protease cleavage results. Further understanding 
of target site specificity may also be gleaned from studies with artificially synthesized 
peptides. Wong and Goldberg [41] have found that a synthetic peptide constructed using 
the pp60src phosphorylation site sequence (Table 3) inhibits the pp60src kinase. Also, anti
sera raised to this peptide coupled to a carrier protein cross-react with Y73 P9ogag-;yes, as 
might be expected from the observed homology in this region [64]. 

It is instructive to reflect on the apparent conflicts generated by different methods 
applied to the measurement of relatedness between the sre,fps and yes sequences. 

The homology of the tyrosine phosphorylation sites of the v-sre, v-yes and v-jps 
products was in sharp contrast to their lack of cross-hybridization using nucleic acid probes 
[25,26]. However, when the overall structural features of the molecules were compared, 
such as the location of phosphorylation and protease cleavage sites, further similarities 
could be discerned. Topological maps of pp60src, P105gag:fps and P8QKag-;yes are presented in 
Fig. 3 for comparison. The maps were constructed by orienting partial V8 digestion 
fragments. For pp60src, in vitro translation in the presence of N-formylesS] met tRNA 
allowed identification of the N-terminal V8 fragment [77], while the gag-onepolyproteins 
were dissected by cleavage with V8 protease after p15 or carboxypeptidase digestion [67]. 
Virion protease pl5 cleaves the gag precursor Pr76 and can remove part or all of the gag 
sequences from the dASV polyproteins [78]. The positions of the tyrosine and serine 
phosphorylation sites in pp60src were deduced from protease cleavage [77,79] and sequenc
ing data [80, 124]. 

Some striking similarities emerged. The tyrosine phosphorylation sites are in the C
terminal portions of the proteins, and in the case of the sre and yes products, are on rather 
V8-resistant fragments of similar size. A further similarity between sre and yes is in the 
strong serine phosphorylation site in the N-terminal portion of the v-one product. The 
gag-fps polyproteins are also phosphorylated on serine residues and some of the sites are 
probably in the non-gag sequence [128]. However, these have not been located on PRCn 
PI05 and hence are not shown in Fig. 3. 

Recent DNA sequence studies on molecularly cloned Y73, Fujinami and feline 
sarcoma viruses confirm the relationships suggested by the protein structural studies. 
The sre and yes sequences code for proteins of largely similar primary structure. The 
failure too see relatedness by hybridisation was apparently due to frequent differences 
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Fig. 3. Structural similarities of avian sarcoma virus gene products. Cleavage sites represented are 
for virion protease pI5 [7S] and with staphylococcal protease VS [67,77]. The position of the tyrosine 
phosphorylation site of pp60src has been determined by DNA and protein sequencing [SO, 124]. The 
position ofthe serine phosphorylation is as yet uncertain. The strong serine phosphorylation site of 
PSQKag-yes is in an N-terminal pI5 fragment [7S], and is most likely located in the yes-coded sequences. 
The hatched areas at the N-terminus of the polyprotein represent gag gene sequences. The exact 
locations of the gag-non-gag junctions are not certain 

in third base positions [103]. A slightly less close but nevertheless striking homology was 
seen between src andfps [102] and it now seems dear thatfps andfes are the avian and 
feline representatives of the same conserved cellular gene [101, 102]. 

In view of the similarities at the level of gross topology (Fig. 3) and primary sequence 
(Table 3), it would not be surprising if the viral transforming proteins were functionally 
similar. The C-terminal phosphorylation sites of the fps, yes and src products reflects 
apparent conservation of the 3' portions of their coding sequences. Protein kinase 
function of pp60src appears to reside in this region [79, 82]. It is of particular interest in 
terms of gene evolution that the relatedness of src,yes,/ps and mos occurs in limited areas 
of the coding sequences. 

7.3 Protein Kinases and the Avian Sarcoma Virus v-one Proteins 

This area of work was initiated by the discovery of protein kinase activity associated with 
pp60src which catalysed the transfer of phosphate to immunoglobulin heavy chain [83, 
84], and studies with mutants which implicated the activity in transformation [84-87]. 
The enzyme activity was later shown to have a novel specificity for tyrosine residues [73, 
87]. While protein purification results from different laboratories agree that purified 
pp60src retains tyrosine-specific kinase activity using a variety of substrates, they differ on 
the question of whether pp60src is capable of autophosphorylation [88, 89, 126, 129]. This is 
an important question, since it may be expected that this protein phosphorylation modu
lates activity. Protein phosphorylation appears to playa major role in regulating the en
zymes of central metabolic pathways and in mediating the effects of a variety of hor
mones [68]. 

At this stage, a description of the basic in vitro assay system will be helpful. Usually, 
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the v-one proteins (pp60src or the gag-one polyproteins) are immune precipitated with 
RSV tumour-bearing rabbit (TBR) sera or anti-gag sera. The immune complexes are 
collected by virtue of their affmity for heat-ftxed protein-A-bearing staphylococci, and to 
a small volume of this suspension are added appropriate cations (Mi+, Mn2+) and [y}2"1-
labelled ATP. After a short incubation, the reaction is terminated and the products are 
analysed on SDS-polyacrylamide gels. This is an outline of the basic method which 
proved successful for Erikson and colleagues and has been adopted by those investiga
ting the dASVs. Exogenous acceptor proteins can also be introduced to the immune 
complex suspension before ATP is added. 

The protein kinase activity of pp6O",c was the frrst clear indication of a gene function 
which could potentially explain the many manifestations of the transformed state. It was 
therefore of great interest that other viruses, including the dASVs, encoded phospho
proteins with associated protein kinase activity. The activities detected were in these 
cases directed towards the polyproteins themselves, but phosphorylation of immuno
globulin heavy chain and endogenous acceptor proteins was also reported [15, 17,38, 
90-92]. Since no puriftcation studies on the gag-onepolyproteins have yet been publish
ed, it is not possible to say whether the protein kinase activities are intrinsic to the poly
proteins or catalysed by associated enzymes. Indeed, some circumstantial evidence 
suggests that at least the polyprotein phosphorylation is catalysed by another protein. 
Phosphorylation ofFSV Pl4()8'ag::fj>s was reported to be abolished by a pre-incubation with 
normal serum [93) and we have found that detergents or heat rapidly reduce the asso
ciated activity with a number of dASVs [78, 92). However, inactivation of an intrinsic 
kinase activity cannot be ruled out as an explanation. The in vitro polyprotein phosphory
lating activity labels the major in vivo tyrosine phosphorylation site, suggesting that the in 
vitro reaction is catalysed by the same enzyme that acts in vivo and that the substrate 
speciftcity in this respect is unaltered by the artillcial conditions [15, 29, 90-92). This 
property, shared by all the dASVs, contrasts with Abelson murine leukaemia virus 
P12()Kag-abl, where the in vitro kinase activity labels a number of sites, none of which 
appears to be an in vivo phosphorylation site [125). 

In the light of their studies on temperature-sensitive mutants ofFSV, Lee and collea
gues [94) consider two models to explain their data. The frrst model proposes that 
Pl4()8'ag:fps is a protein kinase capable of autophosphorylation, while the second model 
assumes that Pl40 is not a kinase, but merely a kinase substrate capable of indirectly 
influencing cellular phosphorylation. They ftt their data best to the second model. 
However, they do not consider a plausible third model which ftts their data equally well. 
Pl4()8'ag::fj>s might have an intrinsic protein kinase activity but may in addition act as a 
substrate for a distinct kinase. Both features may be required for transformation. This 
explanation demands consideration particularly in view of evidence that pp60src acts in 
this fashion [89). 

Immune complexes containing the dASV polyproteins also show protein kinase 
activity for exogenous acceptor proteins, such as casein [90). Immunoglobulin heavy 
chain can be phosphorylated on tyrosine whether it is added as an exogenous acceptor or 
used to precipitate the gag-one proteins by virtue of its anti-gag activity. There are some 
problems with this area of work, however. We and others have experienced some diffi
culty in absorbing the anti-gag activity of the TBR sera with virion proteins and thereby 
blocking the in vitro phosphorylation. This has not been satisfactorily explained, and we 
have some preliminary data suggesting that in the case of ESV P8()Kag:yes the immuno-
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Table 4. Some properties of protein kinase activities associated with avian sarcoma virus gene pro
ducts. Modified from Feldman et a1. (38) 

Gene product pp60src PI4()Kag:fjls P9QKag-yes P68gag-ros 
PIOSgag-JPs P8QKOg-yes 

cAMP dependence Independent Independent Independent Independent 
Phosphate donor ATP,GTP ATP ATP,GTP ATP 
Phosphate acceptor Tyrosine Tyrosine Tyrosine Tyrosine 
Substrates for immune IgG, pp60src IgG, IgG, IgG, 
complex phosphotransfera polyprotein, polyprotein, polyprotein, 

casein casein casein 
Cation requirementb Mg,Mn Mn>Mg Mn>Mg Mn>Mg 
pH optimum 7.0-8.0 6.5-7.5 6.5-8.5 6.5-8.5 

a Substrates phosphorylated depend on the serum used in the immune complex reaction; b The re-
sults of Ghysdael and co-workers differ on some aspects of cation dependence (see text) 

globulin phosphorylating activity may be due to the presence of pp60c-src in the com
plexes (J. Ghysdael, unpublished). This problem may be simplified by molecular cloning 
of the dASV genomes and expression of the gag-oncproteins in prokaryotic cells, where 
other mammalian cell enzymes can be excluded. This has recently been achieved for 
pp60src and we can await with interest an answer to the question of pp60src autophospho
rylation [95, 129]. It is clear that all of the detected gag-onc phosphorylation reactions will 
have to be re-examined using purified material. 

Table 4 summarizes some of the properties of the pp60src and gag-onc protein-asso
ciated kinases. This table is based on that published by Feldman and co-workers [38]. One 
discrepancy between these and our data is in the question of cation dependence of the in 
vitro reaction. If the kinetics of the reactions are taken into account, pp60src phosphory
lation does show a preference for Mn2+ over Mi+. Furthermore, phosphorylation of 
immunoglobulin heavy chain in PI05gag:fjls precipitates shows similar cation dependence 
to the pp60src_Ig reaction, a quite different pattern from the PI05gag:fPs phosphorylation 
reaction (J. Ghysdael, unpublished). Thus, cation dependence should be determined 
separately for each of the reactions listed in Table 4, as should optimum pH and other 
properties. 

8 Tyrosine Phosphorylation and Avian Sarcoma Virus Transformation 
Work with the avian and feline sarcoma viruses and Abelson murine leukaemia virus 
shows that transforming viruses that have acquired five different cellular sequences 
influence cellular tyrosine phosphorylation. While it must be acknowledged that a still 
greater number of transforming viruses have not been shown to affect tyrosine phos
phorylation, it is still a compelling possibility that a number may act by a similar mecha
nism. This possibility remains intact despite the recent unfortunate events at Cornell 
University, where evidence for the sought-after common final pathway was first ex
pounded in detail and then retracted with no clear indication of what residue of fact 
remained [96-99]. 

Cell transformation studies with RSV, of much longer standing, have pointed the 
way for the dASVs. As discussed in the previous section, pp60src is a tyrosine-specific 
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thermolabile, as did classical transformation parameters such as colony formation in soft 
agar, increased hexose uptake, and production of plasminogen activator. The incidence 
of ts behaviour in the virus fraction surviving after mutagenization (1%) was assessed, and 
11 out of 116 colonies proved to be ts for transformation. 

Lee and co-workers reported isolation of a temperature-resistant (tr) variant of the LS 
isolate ofFSV from a chicken tumour. They also isolated less leaky tsmutants after S-aza
cytidine mutagenization. In agreement with the other groups, they found that thermo
sensitivity of transformation correlated with thermolabile phosphorylation ofPl40gag:/ps 
[94]. 

PRCll temperature-sensitive mutants have also been isolated from stocks muta
genized with S-azacytidine [11S]. One of the three mutants characterized, ts LA46, is un
usual in that intracellular genomic RNA levels drop dramatically at the restrictive tempe
rature, along with yields of infectious virus [116]. 

9.2 Deletion Mutants 

For the defective sarcoma viruses, no deletion in the cell-derived sequences has yet been 
shown unequivocally to affect transformation. However, an abundance of variants 
suggests that mutants ofthis sort will not be difficult to obtain. Thejps-containingviruses 
show great variation in size of genome and gene products. In this respect they resemble 
Abelson murine leukaemia virus, of which a larger number of variants have been iso
lated, with widely varying genome composition and transformation properties [123-12S]. 
Hanajusa and colleagues isolated their temperature-sensitive mutant from a wild-type 
virus which had already undergone change in that it encoded, instead ofP140, a P130gag:fps. 
Whether this change was due to a deletion in the genome or to a substitution leading to 
premature termination has not been analysed, and no effect on transformation was 
noted [24]. It is also clear that the FSV strain studied by Hanafusa and colleagues differs 
from that analysed by Duesberg's group. Apart from differences in thermo sensitivity of 
transformation, there are clear differences in oligonucleotide composition [9, 10] and in 
polyprotein composition, since p27 pep tides were detected by Pawson [128] but not by us 
in studies on Pl40gag:fps ofFSV obtained from Hanajusa [27, 78]. PRCll ts LA47 shows a 
very slightly smaller PIOSgag:/ps protein on SDS-polyacrylamide gels (A. Hirano, personal 
communication) although again this change cannot yet be related to the ts behaviour or 
to any specific genomic alteration. 

Finally, PRCll might be considered a deletion mutant ofPRCllp for the following 
reasons. First, PRCII has a smaller polyprotein and a smaller genomic RNA than that of 
PRCllp [13, 60]. Second, the methionine-containing tryptic peptides ofPRCll PIOS are a 
subset of those of PRCIIp PI70gag:/ps, apart from one, which might be generated by the 
putative deletion [78]. Third, V8 cleavage analysis suggests that the gag-non-gag se
quence junction may be identical in PRCll PIOSgag:fps and PRCllp Pl7QKag:/ps [67]. Further
more, PRCIIp and PRCIV are closely related, if not identical, in their cell-derived jjJs 
sequences. RNase Tl oligonucleotide fIngerprinting reveals very few differences and 
these map in the helper-related regions of the genomes (T.e. Wong and M. Lai, personal 
communication). The Pl70gag:/ps proteins of PRCllp and PRCIV co-migrate on SDS
polyacrylamide gels and have identical tryptic peptide maps [13]. Thus, it appears most 
likely that Carr and Campbell isolated only one virus and that subsequent passage of one 
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Table 5. Tyrosine phosphoproteins in cells transformed by avian sarcoma viruses 

Protein Molecular Increased tyrosine Reference 
weight phosphorylation in cells 
(X103) transformed by viruses 

containing: 

src fps yes 

36K 34-39 + + + 70,91,107,108 
50K 50 + + + 73, 75, 121, 123 
Vinculin 130 + + 104 
k, l, m, n, 0, qa 46,46,43, + + + 105,108 

43,39,28 

a Protein p described by Cooper and Hunter is probably the 36K protein (105) 

Identifying substrates seems a straightforward task when compared to the problem 
of establishing a causal relationship between phosphorylation of given substrates and 
phenotypic features of transformation. Weberand colleagues, using RSV mutants, have 
attempted to fmd correlations suggesting such causal relationships. This approach has so 
far revealed an association between 36K phosphorylation and production of plasmino
gen activator [109]. Perhaps application of the same approach withjjJs-, yes-and ros-con
taming viruses will be fruitful. 

A further question in this area is how sarcoma virus transformation and the action of 
growth hormones, such as EGF, might be related. Such a link was frrst suggested by work 
with murine and feline sarcoma viruses, when it was found that transformation by these 
viruses blocked EGF binding [110]. More recently, it has emerged that EGF receptor 
itself is associated with a protein kinase activity [111] which phosphorylates the receptor 
itself and is specific for tyrosine [Ill, 113]. Notably, EGF stimulates tyrosine phosphoryla
tion of the 36K protein in mouse (A431) cells which express an unusually high level of 
EGF receptors, and produces a temporary increase in the relative level of intracellular 
phosphotyrosine [114]. It is thus possible that sarcoma virus transformation and EGF
stimulated growth share some common functional aspects, and furthermore that the c
src and other c-oncproducts may form part of a pathway in which cell growth and division 
are regulated by protein phosphorylation. Very recently, it has been reported that plate
letderived growth factor (pDGF) has a similar effect to EGF on cellular tyrosine 
phosphorylation [76]. 

9 Mutants of the Defective Avian Sarcoma Viruses 

9.1 Temperature-8ensitive Mutants 

The frrst demonstration of thermolabile dASV transformation was with FSV. The L5 
strain of FSV studied by Martin and co-workers fortuitously turned out to be tempera
ture-sensitive for transformation. This ts behaviour correlated with thermolabile tyro
sine phosphorylation of PI4()8"ag1Ps and of cellular proteins including 36K [91]. 

Hanafusa and colleagues have also studied a series of tsmutants ofFSV isolated after 
mutagenization with 5-azacytidine [24]. Again, polyprotein phosphorylation proved 
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thermolabile, as did classical transformation parameters such as colony formation in soft 
agar, increased hexose uptake, and production of plasminogen activator. The incidence 
of ts behaviour in the virus fraction surviving aftermutagenization (1%) was assessed, and 
11 out of 116 colonies proved to be ts for transformation. 

Lee and co-workers reported isolation of a temperature-resistant (tr) variant of the LS 
isolate ofFSV from a chicken tumour. They also isolated less leaky tsmutants after S-aza
cytidine mutagenization. In agreement with the other groups, they found that thermo
sensitivity of transformation correlated with thermolabile phosphorylation ofPI4QKagiPs 

[94]. 
PRCII temperature-sensitive mutants have also been isolated from stocks muta

genized with S-azacytidine [115]. One of the three mutants characterized, ts LA46, is un
usual in that intracellular genomic RNA levels drop dramatically at the restrictive tempe
rature, along with yields of infectious virus [116]. 

9.2 Deletion Mutants 

For the defective sarcoma viruses, no deletion in the cell-derived sequences has yet been 
shown unequivocally to affect transformation. However, an abundance of variants 
suggests that mutants of this sort will not be difficult to obtain. The JPs-rontaining viruses 
show great variation in size of genome and gene products. In this respect they resemble 
Abelson murine leukaemia virus, of which a larger number of variants have been iso
lated, with widely varying genome composition and transformation properties [U3-US]. 
Hanajusa and colleagues isolated their temperature-sensitive mutant from a wild-type 
virus which had already undergone change in that it encoded, instead ofPI40, a P13()KagiPs. 
Whether this change was due to a deletion in the genome or to a substitution leading to 
premature termination has not been analysed, and no effect on transformation was 
noted [24]. It is also clear that the FSV strain studied by Hanafusa and colleagues differs 
from that analysed by Duesberg's group. Apart from differences in thermosensitivity of 
transformation, there are clear differences in oligonucleotide composition [9, 10] and in 
polyprotein composition, since p27 peptides were detected by Pawson [US] but not by us 
in studies on Pl~iPs of FSV obtained from Hanajusa [27, 7S]. PRCII ts LA47 shows a 
very slightly smaller PlOSgag:fl>S protein on SOS-polyacrylamide gels (A. Hirano, personal 
communication) although again this change cannot yet be related to the ts behaviour or 
to any specific genomic alteration. 

Finally, PRCII might be considered a deletion mutant ofPRCllp for the following 
reasons. First, PRCIl has a smaller polyprotein and a smaller genomic RNA than that of 
PRCllp [13, 60]. Second, the methionine-containing tryptic peptides ofPRCII PI0S are a 
subset of those of PRCllp P17()KaKiPs, apart from one, which might be generated by the 
putative deletion [7S]. Third, VS cleavage analysis suggests that the gag-non-gag se
quence junction may be identical in PRCII PI0SgagiPs and PRCllp Pl7()KagiPs [67]. Further
more, PRCllp and PRCIV are closely related, if not identical, in their cell-derived JPs 
sequences. RNase Tl oligonucleotide fIngerprinting reveals very few differences and 
these map in the helper-related regions of the genomes (T.C. Wong and M. Lai, personal 
communication). The P170gagiPs proteins of PRCllp and PRCIV co-migrate on SOS
polyacrylamide gels and have identical tryptic peptide maps [13]. Thus, it appears most 
likely that Carr and Campbell isolated only one virus and that subsequent passage of one 
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stock (PRCllp) bas led to the generation of a deletion mutant, PRCII, with a smaller 
genome and a smaller polyprotein. Since two tumours were being handled in the same 
laboratory at the same time, it would seem not unlikely that virus from one tumour could 
accidentally contaminate the other. The alternative view, that two such highly similar 
viruses were isolated simultaneously, would seem much less attractive. DNA sequence 
information will probably be required to settle this issue beyond doubt. If PRCIl is 
indeed a deletion mutant ofPRCllp, their differences in pathogenicity and in vitro trans
forming properties [13] suggest that a thorough comparison of their effects on cellular 
phosphorylation may be of value. 

10 Prospects 
Despite the recent acceleration in the rate of identification of cell-derived transforming 
genes acquired by retroviruses, it must be recognized that the same sequences are being 
isolated repeatedly. The fps sequence, for instance, bas been isolated on at least four 
occasions, and if the relatedjes represents the feline equivalent of the fps gene, then on 
six occasions. It seems, therefore, that to continue to attempt new isolations will be an 
exercise with diminishing returns. New transforming genes may be identified, but this 
should become less likely after each new gene is isolated. It is possible, of course, that 
only a subset of cellular transforming genes can be acquired by retroviruses. A compari
son of the retroviral sequence inserts with transforming genes identified by other 
approaches, such as transfection with tumor DNAs [117-120], should be instructive. 

Sequence comparisons of src, fps, yes and ros should be of considerable interest. 
Evidence presented in this review suggests that atleast src,fps and yes may be structurally 
and functionally related, and very recent sequencing studies on the Y73 yes and FSV jps 
sequences bear out this suggestion, showing a remarkable sequence overlap with src 
despite the previously observed lack of hybridization [102, 103]. Thus, the c-src, c-fps 
and c-yes sequences may well represent a family of genes, related in function and 
derived from a common ancestor. In this respect, one might ask whether the cellular 
homologues are genetically linked and/or co-ordinately controlled in expression or 
function. 

Although the avian sarcoma viruses with src,fps, yes and ros sequences all influence 
cellular tyrosine phosphorylation, and pp60src has been found to have protein kinase 
activity [88, 89], it bas not yet been shown that the gagfps, gagj'es and gag-rospolyproteins 
have intrinsic protein kinase activity. Protein purification or molecular cloning and 
expression in prokaryotic cells represent two possible approaches to the problem. The 
latter bas recently been applied to pp60src [95, 129]. 

The study of avian sarcoma viruses, in particular the identification of newly phos
phorylated proteins in transformed cells, bas already provided some insight into the 
molecular basis oftransformation. This area promises still greater rewards, particularly if 
conditional transformation mutants of/ps, yes and ros are added to the available tools for 
study. 
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1 Introduction 

In 1951 Ludwik Gross reported experiments which demonstrated the viral etiology of cer
tain murine leukemias. His work identified the presence of an infectious agent in cell-free 
extracts of AKR thymomas which could transmit leukemia to C3Hf/Bi mice (Gross 
1951). Subsequent electron microscopic analysis demonstrated the presence of virus 
particles with the characteristic type c morphology of murine leukemia virus in both pre
parations of AKR thymomas and of leukemias induced in C3Hf/Bi mice by Gross' 
protocol (Dmochowski and Grey 1957; Bernhard 1960). In the ensuing 30 years it has be
come obvious that the murine leukemia viruses (MuL V) are a polymorphic family of 
infectious agents, heterogeneous in their ability to induce disease in mice and even in 
their ability to infect and replicate in mouse cells (for review see Stephenson 1980). Host 
range classes of MuL V have been dermed that are ecotropic, i.e., infectious for mouse 
cells, and xenotropic, i.e., infectious for cells of heterologous species but not for mouse 
cells. In addition, it has become clear that MuL V are maintained in the murine popula
tion predominantly via vertical transmission of endogenous viral loci carried by the 
mouse genome, rather than by horizontal transmission of infectious virus. These viral 
loci consist of complete and partial viral genomes, the expression of which can result in 
production of infectious virus or in synthesis of viral gene products in the absence of virus 
replication. A great deal of effort has been directed toward characterization of the reper
toire of MuL V that exists in the mouse, and toward identification of the factors which 
influence the complex virus-host interaction which governs their expression in vivo (for 
review see Lilly and Pincus 1973; Old and Stockert 1977; Jolicoeur 1979). One outcome of 
these investigations has been the identification by Hartley and co-workers (1977) of the 
particular class of leukemogenic MuL V which Gross assayed in his early experiments. 
This class of MuLV, the duaItropic, mink cell focus-forming (MCF) viruses, appears to 
arise de novo in the individual mouse by recombination involving viral env gene sequen
ces. The following review is a discussion of what is known currently about MuLV with re
combinant env genes: (a) the association of this class of MuL V with leukemias of viral 
etiology, (b) the characteristics of genome structure and viral phenotypes which derme 
this class ofMuLV, and (c) the aspects of genomic structure and virus expression which 
appear to be associated with their ability to induce leukemogenesis. 

2 Expression of MuLV with Recombinant env Genes in Leukemias of 
Viral Etiology 

2.1 Leukemias Arising Spontaneously in High-Leukemia-Incidence Mouse 
Strains 

Characterization of ecotropic virus expression in mice of the high-leukemia-incidence 
strains laid the groundwork for the identification ofMuL V with recombinant env genes. 
Insight into the virus-host interaction which results in the generation of this novel class of 
MuLV came from studies involving two mouse strains in particular: (a) the AKR strain 
developed by selective inbreeding for high incidence of thymic lymphoma (Furth et al. 
1933; Lynch 1954), and (b) the BALB/Mo substrain constructed experimentally by the 
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introduction of Moloney-MuLV (M-MuL V) into the germ line of the low leukemia inci
dence strain, BALB/c (Jaenisch 1976). 

2.1.1 Correlation Between Ecotropic Virus Replication in Young Animals and 
Leukemia Development in Adnlts 

It has been demonstrated that the inheritance of genes encoding ecotropic MuL V is a 
prerequisite for development of spontaneous leukemia in adult mice (Meier et al. 1973; 
Rowe 1973). However, the simple inheritance of ecotropic virus loci does not result in the 
high incidence of disease. Mice of the AKR strain are characterized by expression of 
infectious, ecotropic MuL V encoded by the viral genes they carry (Rowe and Pincus 
1972). Lilly and co-workers (1975) demonstrated that both early virus activation and in
fection of host tissue are required for the development of spontaneous leukemias in this 
mouse strain. Their study utilized the Fv-l restriction ofMuL V replication segregating in 
(BALB/c X AKR) F1 X AKR backcross progeny. A strong correlation was observed 
between high titer of infectious, XC+, N-ecotropic virus in tail extracts of 6-8 week old 
animals and leukemia development in these mice as adults. The suppressive influence 
on leukemogenesis of Fv-l restriction of virus replication has been conftrmed in several 
additional studies involving genetic crosses of AKR mice to strains carrying Fv-l alleles 
restrictive for replication of N-ecotropic virus (Nowinski et al. 1979; Lee and [hie 1979; 
Mayer et al. 1978) and by the low leukemia incidence experienced by AKR mice con
genic for the Fv-i allele (E. Stockert personal communication). 

Early virus expression and infection of host tissue also occurs in BALBlMo mice 
(Jaenisch 1976,1979). Although the parental BALB/c strain does carry endogenous eco
tropic virus genes, MuL V encoded by these loci is expressed only late in life (Hartley et a1. 
1969; Peters et al. 1972). In contrast, M-MuLV encoded by the Mov-llocus ofBALBlMo 
mice is activated soon after birth resulting in early viremia. De novo infection of host 
tissue due to expression of M-MuL V has been demonstrated at the molecular level in 
these animals. By 4 weeks of age an increase inM-MuL V-specifIc DNA to approximately 
two copies per haploid mouse genome is detectable in thymus and spleen, but not in 
liver, brain, or kidney (Jaenisch 1979). In addition, unintegrated viral DNA is detectable 
in thymus tissue, a ftnding indicative of the occurrence of acute infection (Jahner et al. 
1980). The development of viremia by these mice can be prevented by passive immuni
zation of newborns with virus-neutralizing antibody. Treated mice do not exhibit an 
increase in M-MuL V copy member in spleen or thymus, and experience prolonged 
latent periods and reduced incidence of disease (Nobis and Jaenisch 1980). Passive 
immunization with anti-MuL V gp70 antibody is also effective in prolonging onset and 
lowering disease incidence in AKR mice when animals are treated immediately after 
birth. Viremia is eliminated, and individual mice develop an antiviral immune response 
(Huebner et al. 1976; Schafer et al. 1977; Schwan et al. 1979). It has been postulated that 
intervention in the leukemogenic process by passive immunization is at the level of 
immune surveillance directed at preleukemic cells present early in life (Schwan et al. 
1981). However, F(abh fragments, generally ineffective in antibody-mediated cytotoxi
city, are fully competent in preventing viremia in BALBlMo mice (NobiS and Jaenisch 
1980). In both BALB/Mo and AKR mice, intervention in the development oflymphoma 
by immune therapy is effective only when treatment is initiated immediately after birth. 
It appears likely that the efficacy of passive immunization in prevention of disease deve-
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lopment results from interference with virus spread, an interpretation consistent with the 
inhibition of leukemogenesis by Fv-l restriction of virus spread. 

2.1.2 Emergence of MoLV with Recombinant env Genes in the Target Tissue for 
Transformation 

It is clear that the expression of endogenous ecotropic MuL V plays a critical role in leuke
mogenesis in AKR and BALBlMo mice. However, several lines of evidence indicate 
that direct action of endogenous ecotropic viruses in transformation is highly unlikely. 
The complexity of the role of endogenous ecotropic virus in leukemogenesis was frrst 
suggested by studies of Kaplan and Yaffe (1960; Kaplan 1967) and Nishizuka and Naka
kuki (1968). These experiments examined normal thymus of AKR mice for expression 
of the pathogenic agent which Gross (1951) had identified in thymoma extracts of this 
strain. Cell-free extracts of thymus tissue prepared from I-month-, 3-month-, and 5-
month-old animals were assayed in AKR mice for acceleration ofleukemogenesis, i.e., 
disease onset prior to 180 days of age (R udali et al. 1956). Leukemogenic virus was detec
table in thymic extracts from 3-month-old animals and increased in potency in extracts 
from 5-month-old animals. However, no activity was assayable in thymic extracts pre
pared from I-month-old animals or from spleen extracts from animals ofl, 3, or 5 months 
of age. Nishizuka and Nakakuki (1968) attributed this age-<iependent appearance of 
leukemogenic virus to an effect of virus concentration that is overcome with age. How
ever, subsequent measurements of ecotropic virus titer in tissues of AKR mice showed 
that the level of ecotropic virus present in thymus extracts remains fairly constant 
throughout life and is generally higher in spleen than in thymus (Rowe and Pincus 1972; 
Kawashima et al.1976b; Nowinski and Doyle 1977). In addition, direct assay of the leuke
mogenicity of in vitro isolates of the endogenous AKR ecotropic virus in AKR and 
C3Hf/Bi mice demonstrates that these ecotropic viruses cannot induce disease via exo
genous infection ofnewbom mice (Nowinski and Hays 1978; Cloyd etal.1980; Pedersen et 
al. 1981; O'Donnell et al. 1981; Famulari and O'Donnell, unpublished data). 

A clue to understanding events occurring in the virus population of AKR thymus 
was provided by the analysis of MuL V antigen expression and virus production by 
thymocytes as a function of age (Kawashima et al. 1976a, b). An increase in the cell sur
face expression ofMuL V env and gag gene-related antigens on thymocytes is detectable 
at 5-6 months of age when compared to antigen expression on thymocytes of 2-month
old animals (Kawashima et al. 1976a). Serological analysis of the gp70 molecules res
ponsible for the increase in env gene expression shows that they are distinguishable from 
those of endogenous ecotropic virus (Stockert et al. 1979; Tungand Fleissner 1980; Obata 
et al. 1981). Comparison of virus expression in the thymus of2- and 6-month-old animals 
shows little change in ecotropic virus titer, but does reveal an increase in titer of MuLV 
with xenotropic host range. This increase does not occur in spleen (Kawashima et al. 
1976b). Examination of the population of replicating virus with xenotropic host range in 
6-month thymus resulted in the identification of MuL V with recombinant env genes in 
this tissue (Hartley et al. 1977). It is postulated that this virus class is generated in the 
thymus of AKR mice at 5-6 months of age by recombination between replicating eco
tropic MuL V and endogenous viral sequences which share characteristics with xeno
tropic MuL V. The recombinational event invariably involves the env gene, and frequent
ly results in a virus with dual ecotropic-xenotropic host range and the ability to induce 
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cytopathic foci (MCF) on mink CCL64 cells (Hartley et aI. 1977). Such isolates are often 
referred to as dualtropic, or dualtropic MCF MuL V. However, acquisition of these two 
phenotypes is not aIways associated with the recombinant env gene, a circumstance 
which will be discussed later in the review. It is expression of the env and gag gene 
products of this class ofMuL V which appears to be responsible for the increase in MuL V 
antigens detected on thymocytes of AKR mice at 5-6 months of age (Stockert et a1.1979; 
Tung and Fleissner 1980; Obata et aI. 1981). 

The pathogenicity of dualtropic MuL V further distinguishes this virus class from that 
of ecotropic and xenotropic MuL V. Cloned isolates of dualtropic MuL V recovered from 
extracts of both preleukemic and leukemic thymus have the ability to induce leukemias 
in newborn and young adult AKR and C3Hf/Bi mice, whereas the endogenous eco
tropic and xenotropic viruses of AKR mice do not (Nowinski and Hays 1978; Cloyd et aI. 
1980; O'Donnell et a1. 1981; Pedersen et aI. 1981; Famulari and O'Donnell, unpublished 
results). Thus, dualtropic MuL V represent a class of virus with the characteristics which 
Gross (1951), Kaplan and Yaffe (1960), and Nishizuka and Nakakuki (1968) identified in 
their analysis of extracts of AKR thymus; specifically, age-dependent, thymus-specific 
expression, and the ability to transmit leukemia via exogenous infection of newborn or 
young adult animals. An apparent relationship between the requirement for expression 
of endogenous ecotropic MuL V in leukemia development and the appearance of duaI
tropic virus exists in the postulated mechanism of generation of the dualtropic class. 

Expression of MuL V with recombinant env genes has also been associated with 
spontaneous leukemias of several other mouse strains, including those of BALBlMo 
strain (Vogt 1979; Bosselman et a1. 1979; van der Putten et aI. 1981). Two additional 
examples are the lymphomas of the inbred strain HRS/J (Green et aI. 1980) and the 
recombinant inbred strain BXH-2 (Bedigian et a1. 1981). In both strains ecotropic virus 
expression is detectable early in life. Individuals of the HRS/J strain develop thymic lym
phomas, a phenomenon correlated with homozygosity at the locus of a mutant auto
somaI gene (hr) (Hiai etaI.1977). Mice of the BXH-2 recombinant inbred strain experien
ce a high incidence of lymphoma reportedly of non-T cell origin. MuL V with recom
binant env genes has been isolated from lymphomatous tissue of both strains ( Green et aI. 
1980; Bedigian et aI. 1981). 

2.2 Presence of MuLV with Recombinant em Genes in Leukemias Induced by 
Exogenous Infection with Ecotropic MuLV 

Induction ofleukemia by a variety of ecotropic viruses has been described (Jaenisch etaI. 
1975; Buchhagen et aI. 1976; Gross and Dreyfuss 1978; Jolicoeur et aI. 1978; Rapp and 
Todaro 1978; Rosenberg and Baltimore 1978; Troxler and Seolnick 1978; Armstrong et aI. 
1980; MacDonald et aI. 1980a; Oliff et aI. 1980; Reddy et aI. 1980; HojJman et a. 1981; Ishi
moto et a1. 1981; Pedersen et a1. 1981). In contrast to endogenous ecotropic MuL V (Joli
coeur et a1. 1978; Nowinski and Hays 1978; Cloyd et aI. 1980; O'Donnell et aI. 1981), leuke
mogenic ecotropic viruses can induce disease via exogenous infection of newborn mice. 
This type of ecotropic MuL V has been isolated from such diverse material as tumor 
tissue with an extensive and complex in vivo passage history as in the case of Friend, 
Moloney, and Rauscher viruses (for review see Gross 1970), primary leukemias or cul
tures of primary leukemias as in the case of Gross ecotropic virus (Hartley et aI.1969), and 



80 N.G. Famulari 

AKR SL viruses (Nowinskiand Hays 1978; Pedersen etal. 1981), and even normal tissue of 
aged animals as in the case ofB-tropic isolates from BALBI c mice (Hartley eta1.1969). As 
might be predicted from their varied origins, many characteristics, including the types of 
neoplasm they induce, distinguish the leukemogenic ecotropic isolates from one 
another. The phenotypes governing the ability of ecotropic MuL V to induce leukemia 
via exogenous infection have not been identified; however, recent studies indicate that a 
common feature of the leukemogenic process is the induction of dualtropic MCF 
viruses. The following sections will discuss these data. Since it is not possible to assess 
leukemogenic potential or mechanism of disease induction by ecotropic MuL V if virus 
mixtures are potentially involved, only studies utilizing cloned, ecotropic virus isolates 
will be considered. 

2.2.1 Leukemia Induction by Friend Ecotropic Virus 

In the case of Friend virus, both biologically and molecularly cloned ecotropic isolates 
have been shown to induce rapid disease in newborn mice of a number of strains, in
cluding BALBlc and NIH Swiss (Troxlerand Seolnick1978; MacDonald etal.1980a; Oliff 
et al. 1980; Ishimoto et a1. 1981; Ruscetti et al. 1981a). Friend virus stocks can contain a 
complex of viruses comprised of an ecotropic component, F-MuL V, that is fully repli
cation competent, and a defective, helper-dependent component, SFFV. Individually 
both the ecotropic and the defective component have the capacity to induce a lethal, 
erythroproliferative syndrome. The ecotropic component induces a disease that shares 
features in common with that induced by the Friend virus complex containing the ane
mia (FV-A) strain of SFFV. Characterized by anemia, splenomegaly, and elevated 
numbers of nucleated cells in peripheral blood, the F-MuL V-induced disease is fatal in 
100% of animals with a survival time 40-60 days postinjection (Oliff et al. 1981). 

Characterization of RNA transcripts in spleens of F-MuL V-inoculated animals 
detects the expression of both F-MuL V-and SFFV-related sequences as early as 14 days 
after inoculation, prior to development of splenomegaly (Troxlerand Seolnick 1978). The 
cDNA probe used to distinguish SFFV -related transcription from F-MuL V transcription 
cross-hybridizes with replicating xenotropic viruses and with AKR and Moloney MCF 
viruses (Troxler et a1. 1977b). When the virus repertoire present in spleens of F-MuL V
inoculated animals was analyzed, envgene recombinant viruses (Fr MCF viruses) related 
to F-MuL V were isolated (Troxler et al. 1978b). In addition, the expression of the Friend 
MCF virus env gene precursor was detected in passaged F-MuL V -induced leukemias, 
whereas expression of the SFFV env gene product, gp52, was not detected (Oliff et al. 
1981). Like the F-MuL V ISFFV complex, Fr MCF isolates induce the Friend erythro
proliferative disease in adult, as well as newborn, NIH Swiss mice (Ruscetti et a1. 1981a). 
The ability ofFr MCF virus to induce disease in adult animals contrasts the recombinant 
with F-MuL V which is reported to be pathogenic only in newborns (Troxlerand Seolnick 
1978; MacDonald et al. 1980a). 

2.2.2 Leukemia Indnction by Gross Ecotropic Virus 

The induction of thymic leukemias by Gross ecotropic virus (G-MuL V) also involves the 
generation of dualtropic MuL V (Famulari eta1.1982). G-MuL V was isolated by Dr. Janet 
Hartley from Gross passage A virus preparations, which are extracts ofleukemias main-
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tained by serial, cell-free mouse passage in the C3HfIBi strain (Gross 1957). Gross 
passage A virus is a complex comprised of Gross ecotropic virus and env gene recom
binant MuL V (Famulari et aI. 1982) which induces thymomas in 90%-100010 of inoculated 
C3HfIBi mice within a 3-month latent period (Gross 1957). In contrast, the ecotropic 
virus component alone induces disease in only 20% of inoculated animals with a 7-8 
month latent period (Buchhagen et aI. 1976; Gross and Dreyfuss 1978). 

Analysis of virus gene expression in primary leukemias induced by G-MuL V 
demonstrates the synthesis of two primary env gene products (PrENV proteins) in these 
cells. Peptide mapping identifies them as being that of the input ecotropic virus and that 
of a dualtropic virus. Replication-competent dualtropic virus has been isolated from 
these leukemias and is being tested for pathogenicity. It is interesting to note that, as is the 
case with F-MuL V, Gross ecotropic virus is leukemogenic in newborn but not adult 
mice. The Gross passage A complex containing dualtropic virus is equally pathogenic in 
adult and newborn mice (Famulari et al. 1982). 

2.2.3 Leukemia Induction by Moloney and Ranscher Ecotropic MoLV 

The induction of thymic lymphoma by Moloney MuL V is known to involve the genera
tion ofMuL V with recombinant env genes. Dualtropic virus has been identified in asso
ciated with Moloney MSV stocks, with spontaneous leukemias arising in BALB/Mo 
mice, and with leukemias induced by inoculation of newborn animals with M-MuL V 
(Fischinger et aI. 1975; VOg! 1979; Bosselman et aI. 1979; van der Putten et~. 1981). Vog! 
(1979) isolated dualtropic MCF viruses from cultured cell lines derived from spon
taneous leukemias arising in BALBlMo mice, and demonstrated that all cells of the 
cultured line produce both ecotropic and dualtropic virus. Analysis ofM-MuL V-related 
genomes integrated in tumors ofBALBlMo mice, and BALB/c and 129 mice inoculated 
with M-MuL V, has identified the presence of proviral sequences which are recombinant 
between M-MuL V and endogenous viral information, in addition to the authentic M
MuLV genome, in all tumors examined (van der Putten et al.1981). 

Stocks of the Rauscher virus (R-MuL V) complex have been shown to contain an R
MuLV-related dualtropic virus which will induce erythroleukemia in Nlli Swiss mice 
(Van Griensven and VOg! 1980). However, analysis ofleukemias induced by cloned R
MuL V for the expression of dualtropic MuL V has not been reported. 

2.2.4 Leukemia Induction by B-ecotropic MoLV 

B-ecotropic virus isolates derived from normal tissue ofBALB/c mice induce lymphoma 
upon inoculation into newborn BALB/c mice (Jolicoeur et aI. 1978). Again, analysis of 
the virus repertoire present in these leukemias has not been reported. However, virus 
expression by lymphoreticular tumors induced by B-ecotropic MuLV isolated from 
(BALB/c X A) Fl mice has been characterized (Armstrong et al. 1977, 1980). The leuke
mogenic B-ecotropic virus was cloned out of mouse-passaged extracts of a lymphoreti
cular tumor triggered by protracted graft versus host reaction. Injection of this virus into 
newborn BALB/c mice induces lymphoreticulartumors which express both B-ecotropic 
and B-tropic MCF virus. 
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2.2.5 Leukemia Induction by Ecotropic MoLV of Wild Mouse Origin 

Nonthymic lymphomas induced by Cas-Br-M, an ecotropic MuL V isolated from a wild 
mouse, have been shown to express MCF virus-specific antigens and to produce virus 
which encodes these antigens (Hoffman et al. 1981). Expression of an MCF virus type
specific antigen and MCF virus is found in spleen but not thymus of Cas-Br-M virus-ino
culated animals, and appears in prelymphomatous, as well as lymphomatous, tissue. A 
neurological disorder characterized by hind limb paralysis occurs prior to lymphoma. 
However, it is unclear whether MCF virus expression is associated with the neurological 
manifestations. 

2.2.6 Leukemogenic Ecotropic MoLV of AKR Origin 

N-ecotropic viruses (AKR SL viruses) which can induce leukemias in newborn AKR 
and C3HfIBi mice have been isolated from a series of cultured, spontaneous AKR leuke
mias (Nowinski and Hays 1978; Pedersen et al. 1981). Characterization by RNase T 1 oligo
nucleotide fIngerprinting and mapping has demonstrated that the genomes of two such 
isolates share structural similarities with that of G-MuL V and are distinguishable from 
that of Akv virus in the 3' coding region ofpI5(E) and in the U3 region of the LTR (Buch
hagen et al. 1980; Pedersen et al. 1981). Recently we have demonstrated that thymomas 
induced in C3Hf/Bi and NFS mice by a molecular clone of one ofthese ecotropic isolates, 
SL3-3 (Lenz et al. 1982) express the PrENV protein of a dualtropic MuLV (pamulari 
and O'Donnell, unpublished data). Ecotropic MuLV which appear to encode recombi
nant env genes have also been isolated from these AKR cultured leukemias (Pedersen et 
al. 1981, 1982; see sect. 3.1. for discussion). 

2.2.7 Properties of Leukemogenic Ecotropic MuLV Which Might Contribute to Their 
Pathogenicity 

It is obvious from the studies described in the preceding sections that the generation of 
dualtropic MuL V is a characteristic of the leukemogenic process of many, if not all, 
pathogenic ecotropic MuL V. In fact, the events which occur during disease induction by 
exogenous infection of newborn mice with ecotropic MuL V appear to be completely 
analogous to those of spontaneous leukemogenesis in high-incidence strains. It is not 
clear why all ecotropic MuL V cannot initiate this process upon inoculation into newborn 
mice. Why, for example, ecotropic MuL V encoded by the Akv loci of AKR mice do not 
induce disease upon exogenous infection of C3Hf/Bi mice, but appear to initiate the pro
cess ofleukemogenesis in AKR mice or NFS mice congenic for these loci is not known. 
A possible explanation is that the leukemogenic ecotropic viruses replicate more effi
ciently than do nonleukemogenic ecotropic MuL V when injected into newborn mice. 
AKR ecotropic virus is activated prenatally in that strain, a fact that might be advan
tageous to virus spread. It is also possible thatleukemogenic ecotropic viruses are charac
terized by a function which enhances their ability to generate the recombinant virus, i.e., 
have an increased ability to recombine with endogenous xenotropic virus-related 
sequences. If this is the case, one might conjecture that the Akv viruses are not the proxi
mal, ecotropic agent in the generation of recombinant viruses in AKR mice, but may be 
altered to become recombinagenic prior to participation in the formation ofMCF virus. 
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The leukemogenic ecotropic viruses which have been isolated from some cultured AKR 
spontaneous leukemias might be an example of such an alteration in the endogenous 
AKR ecotropic MuLV (Nowinski and Hays 1978; Pedersen et al. 1981). 

Experiments involving the construction and analysis of in vitro recombinants have 
been carried out to identify characteristics of the Friend ecotropic virus genome asso
ciated with the ability to initiate leukemogenesis. Recombinants have been generated 
between F-MuLV and the wild mouse, amphotropic MuLV 4070-A (A. Oliff, personal 
communication). The smallest segment of the F-MuLV genome which has been shown 
to confer pathogenicity on an in vitro recombinant maps from the start of the amino 
terminal coding region of gp70 through approximately half of the pI5(E) coding region. 
The gag and pol genes and sequences spanning from the carboxy terminal coding region 
ofpI5(E) through the LTRofthe recombinant carrying this segment of the F-MuLV env 
gene are of amphotropic virus origin. Mice inoculated with this recombinant develop 
Friend eryiliroproliferative disease, albeit at a lower incidence and with a longer latency 
than that which results from injection of F-MuL V itself. Expression of Fr MCF virus is 
invariably associated with these leukemias. Inoculation of mice with amphotropic 
MuL V does not induce the eryiliroproliferative syndrome. The mechanism by which 
these F-MuL V sequences confer pathogenicity on the in vitro recombinant virus is not 
understood. Although the amphotropic MuL V appears to replicate well in spleen, it is 
possible that the F-MuLV gp70 is required to confer target cell specificity on the in vitro 
recombinant On the other hand, sequence homology between the F-MuL V env gene 
and the endogenous env gene sequences which are incorporated into the dualtropic virus 
genome may facilitate the recombinational event 

3 Characterization of MuLV with Recombinant em Genes 

3.1 Phenotypes Which Derme env Gene Recombinant MuLV 

It is evident, as more MuL V with recombinant env genes are isolated and characterized, 
that the phenotypes thus far used to derme this virus class, i.e., MCF induction, dual
tropism, or polytropism, do not really encompass the range of recombinants that exist in 
nature. Given the degree of heterogeneity which potentially may result from the recom
binant nature of the env gene, it may be difficult to identify a marker which will charac
terize all isolates. The phenotypes initially used to distinguish this virus class are dual eco
xenotropism and mink-cell focus (MCF) induction (Fischinger et al. 1975; Hartley et al. 
1977). MCF induction is an extremely useful marker for the isolation of recombinant 
MuL V since it is unique to this virus class, and this phenotype has been used extensively 
to identify recombinant MuL V in virus mixtures. [The mink cell foci are not the charac
teristic transformed foci of murine sarcoma viruses, but rather localized areas containing 
pycnotic cells (Hartley et al. 1977)]. However, not all recombinant MuL V are MCF in
ducing or sufficiently dualtropic to be isolated directly in mink cells. For example, there 
are MCF-negative isolates among a series of recombinants derived from AKR thymus 
(O'Donnell et al. 1981). Several recombinant viruses isolated from Gross passage A 
extracts are only weakly infectious for mink cells and MCF-negative (Famulari et al. 
1982). In addition, isolates have been described which induce a cytopathic effect in both 
mouse and mink cells (Vogt 1979; Bedigian et al. 1981; Hamada et al. 1981). Two rather 
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interesting recombinant MuL V, NlliC16 (Rapp and Todaro 1978) and SL3-2 (Pedersen et 
a1. 1981), and apparently ecotropic in host range. Further, NlliC16 has been reported to 
be XC+. Both isolates are leukemogenic, and appear to encode recombinant env genes. 
SL3-2 is known to have an extensive substitution of nonecotropic virus sequences in the 
env gene (Pedersen et aI. 1981); NlliC16 encodes an MCF-specific env gene antigen and 
ecotropic-virus-related gag gene antigens (Devare et aI. 1978). gp70 of NlliC16 lacks a 
large, complex oligosaccharide of 5100 daltons (Famulari and Kemp, unpublished data) 
which is characteristically present on gp70 of ecotropic MuL V but not found on gp70 of 
xenotropic MuL V or MuL V with recombinant envgenes (Kemp etaI.1979, 1980). Inaddi
tion, the primary env gene product ofNlliC16 and SL3-2 has the characteristic low mole
cular weight (Famulari, unpublished data) described for the PrENV proteins of xeno
tropic and recombinant MuL V [approximately 5000 daltons less than that of ecotropic 
MuL V (Famulari and Jelalian 1978; Ruscetti et aI. 1979; Famulari and English 1981)]. 

Recent work has described a distinct interference group defmed by a series ofMuL V 
env gene recombinants from diverse origins (Rein 1982). To date, recombinant MuL V 
isolated from several mouse strains and exhibiting a broad range of dualtropic, MCF 
phenotypes have fallen into this interference group. Ecotropic MuLV (M-MuLV and 
Akv) and amphotropic MuLV do not cross-interfere with recombinant MuL V in the 
assay used to defme this interference group, a fmding which implies that ecotropic and 
recombinant MuL V infect mouse cells via different receptors. The assay, based on focus 
formation by MSV pseudotypes on Nlli/3T3 cells, does not rely on secondary infection 
of cells to score an infectious event Because of this, phenotypic masking of viruses does 
not influence the results. It will be interesting to determine whether this phenotype 
defmes a characteristic of the recombinant MuL V sufficiently general to include recom
binants with ecotropic host range, such as NlliC16 and SL3-2. It is presently known that 
isolates that induce thymic lymphoma (Moloney MCF, AKR MCF 247), as well as iso
lates which induce erythroleukemia (Friend MCF), are members of this new interference 
group. 

3.2 Genomic Structure of MuLV with Recombinant env Genes 

Comparison of the genomic structure of recombinantMuL V with that of their respective 
ecotropic virus parents has been useful in defming and characterizing this class of virus. 
Analysis of a variety of recombinant viruses suggests that their genomes are colinearwith 
those of the other classes of MuL V containing the three viral genes, gag, pol, and env, 
flanked by long terminal repeat (L TR) sequences. The genomes of recombinant MuL V 
have been characterized directly by hybridization studies using specific probes (Troxler 
et aI. 1978), by RNase T 1 oligonucleotide mapping (Faller et aI. 1978; Faller and Hopkins 
1978; Rommelaere et aI. 1978; Shih et aI. 1978; Evans et a1. 1980; Green et aI. 1980; Lunget aI. 
1980, 1983; Pedersen et aI. 1981, 1982), by heteroduplex mapping (Chien et aI. 1978; 
Donoghue et aI. 1978; Bosselman et aI. 1979), and by restriction enzyme analysis (Chatto
padhyay et aI. 1981), and indirectly by antigenic and tryptic peptide analysis ofviral gene 
products (Elder et aI. 1977; Hartley et aI. 1977; Devare et aI. 1978; Fischinger et a1. 1978; 
Troxler et aI. 1978; Cloyd et aI. 1979; O'Donnell and Nowinski 1980; O'Donnell et a1. 1980; 
Niman and Elder1981; PinteretaI.1982). These studies have provided an understanding of 
the architecture of the genome of recombinantMuL V and of the recombinational events 
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involved in the generation of this class of virus. However, determination of the precise 
number and loeation of the crossover events which occur in the formation of a particular 
isolate requires sequence analysis of the genome and comparison with atleastone of the 
parent viruses. This type of analysis is in progress in several laboratories. The gag gene, 
and often the pol gene of the recombinants, appear to be derived from the ecotropic virus 
parent In some instances limited differences have been detected between the gag gene of 
recombinant MuL V and their presumed ecotropic virus parent; however, the two virus 
types are known to share close homology in this region of the genome. It is unclear what 
the minor sequence changes encountered in the gag gene signify in terms of the mecha
nism of generation of the recombinant genome. However, it is possible that mutations 
may be acquired, or secondary recombinational events may occur during the process of 
isolation. Recombinant MuL V can acquire a pol gene of ecotropic origin, or one com
posed, at least in part, of sequences from the nonecotropic virus parent The env gene, 
however, always contains substitutions of ecotropic virus information derived from the 
so-called xenotropic virus-related parent 

Comparative analysis of a series of recombinant viruses derived from mice of the 
AKR strain and from NFS mice congenic for ecotropic virus loci originating from several 
mouse strains has provided some understanding of the possible confIgurations of the env 
gene substitutions (Lung et al. 1980, 1983; Chattopadhyay et al. 1981). Two general con
fIgurations have been identifIed by these studies (see Fig. 1). In both cases, the xenotropic 
virus-related substitution begins at or near the start of the coding region for the amino 
terminus of gp70. (Whether the pol gene substitutions which have been mapped in some 
isolates are continuous with those found in the env gene has not been established). In one 
instance (type A in Fig. 1), the substitution of xenotropic virus-related information 
extends through the coding region for gp70 and pI5(E). However, it appears that the 
ecotropic virus parent contributes the U3 region of the LTR (Lung et at 1983). Recom
binants of this type have been isolated from the NFS congenic mice and have been 
designated class II viruses. These recombinants do not replicate in vivo and are not 
pathogenic (Cloyd et al. 1980; Lung et al. 1980; Rowe et al. 1980). The second type of 
recombinant env gene (type B in Fig. 1) is composed of xenotropic virus-related informa
tion at both the 5' and 3' ends of the gene, interrupted by an insert of ecotropic virus 

gP70 pI5(E) ----1-- U3 ----1 

A 

B f///////J,"///// 
~I #18 #47 

Fig. 1. Schematic representation of the errv gene of recombinant MuL V isolated from NFS mice 
congenic for ecotropic virus loci (A) and from AKRmice (D). Black area indicates sequences deriv
ed from the xenotropic virus-related parent; white area sequences derived from the ecotropic virus
related parent. The striped areas can be donated by either parent. The relative location in the pI5(E) 
coding region of the Xba I site (Chattopadhyay et aI. 1981) and oligonucleotides 18 and 47 (Lunget aI. 
1983) is determined from DNA sequence analysis of MCF 247 and Akv virus (Kelly et aI. 1983) 
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sequences. This insert can begin in the coding region for the carboxy terminus of gp70, or 
it can begin at or near the amino terminal coding region of p15(E). In either case, the 
insert continues varying distances downstream through the p15(E) coding region but 
terminates before the LTR. Thus, for this type of recombinant the amino terminal 
portion ofp15(E) is, in all cases, of ecotropic virus origin and the U3 of the LTR is ofxeno
tropic virus origin (Lunget al.1983; N. Hopkins, personal communication). It appears that 
the gp70 coding region may be completely substituted by xenotropic virus-related 
sequences or mosaic with xenotropic virus-related sequences at the 5' end and ecotropic 
virus sequences at the 3' end (Chattopadhyay et al. 1981; Lungetal.1983). This type of env 
gene configuration has been identified in a series of recombinants of AKR origin termed 
class I isolates (Hartley et al. 1977; Cloyd et al. 1980) and A +L + and A +L - isolates 
(O'Donnell et al.1981). In addition, one isolate from anNFS mouse congenic for the Akv-J 
locus encodes this type of env gene (Lung et al. 1983). These recombinants replicate in 
thymus, and some, but not all, isolates with this type of genome anatomy are pathogenic. 

3.3 Defective Viruses with Recombinant env Genes: Friend Spleen 
Focus-Forming Virus (SFFV) 

Defective MuL V carrying recombinant env gene sequences have been identified in 
Friend and Rauscher virus preparations (Steeves and Mirand1969; Bentvelzen et al. 1972; 
Steeves 1975; Troxler et al. 1977a, b, c). Although these MuLV require a helper virus to 
replicate, they encode the information for induction of eryiliroproliferative disease 
(Fieldsteel et al.1971; Steeves et al.1971; Linemeyeretal.1980; MacDonald etal. 1980b; Trox
ler et al. 1980). The best-studied examples of such isolates are the variants of strains of 
SFFV found in association with F-MuLV in the Friend virus complex. The SFFV strains 
were isolated from Friend virus stocks maintained by serial passage in different mouse 
strains (Friend 1957; Axelrad and Steeves 1964; Mirand et al. 1968; Lilly and Steeves 1973), 
and were differentiated initially by their ability to induce disease characterized by poly
cythemia in some cases, and anemia in others (Mirand et al. 1968). The polycythemia 
strain is referred to as FV-P and the anemia strain as FV-A. 

Analysis of the genomes of several strains of SFFV has demonstrated that these 
viruses are composed of a partially deleted gag gene which shares sequences in common 
with the F-MuL V gag gene, a deleted pol gene, and an env gene which shares sequences 
in common with those of xenotropic and env gene recombinant MuL V, as well as with 
thatofF-MuLV (Troxleretal.1977a, b, 1980; Evansetal.1979, 1980; Bosselman etal. 1980; 
Ruscetti et al. 1980). Comparison of the genomes ofF-MuLV and SFFV by heteroduplex 
analysis indicates that a deletion exists in the p15(E) coding region of the SFFV env gene 
(Bosselman et al. 1980; D. Linemeyer, personal communication). Analysis ofSFFV gene 
products confirms and extends these observations. The env gene of all strains of SFFV 
encodes a glycoprotein of 52000-55000 daltons which has been shown to be antigeni
cally and structurally related to gp70 of Friend and Moloney MCF viruses (Racevskis and 
Koch 1978; Dresleretal.1979; Ruscettietal.1979, 1980; MacDonald et al. 1980b; Ruta and 
Kabat 1980). This protein does not appear to contain p15(E) antigenic determinants 
(Schultz et al. 1980). Despite the lack of p15(E) sequences, gp52 appears to be equivalent 
to a truncated form of the env gene polyprotein (PrENV protein) rather than of gp70. 
Proteolytic cleavage of gp52 into two components does not occur. However, the oligo sac-
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charide side chains of this molecule can undergo further processing (RacevskisandKoch 
1978; Dresleretal. 1979; Ruscettietal. 1979, 1981b;Kabatetal.1980;RutaandKabatI980) 
in a manner which appears to be similar to the processing of the high-mannose oligo
saccharide side chains of the PrENV protein into complex side chains during the genera
tion of gp70 and pI5(E) (Witteand Wirth 1979; Rosneretal.1980; Kemp eta!. 1981). Proces
sing of the carbohydrate side chains of gp52 generates a 60 000-65 000 dalton glyco
protein which is expressed on the surface of SFFV-infected cells (Ruscetti et al. 1979, 
1981b; Kabat et al.1980; Ruta and Kabat 1980). The gag gene products encoded by SFFV 
vary from strain to strain, apparently as a result of differences in the deletions sustained in 
this region of the genome in the generation of the defective virus (Bernstein et al. 1977; 
Barbacid et al. 1978; Evans et al. 1980; MacDonald et al. 1980b; Ruscetti et al. 1980; Ruta 
and Kabat 1980). Certain FV-P strains have been shown to encode a gag gene protein of 
45000 daltons which apparently contains p15, p12, and p30 antigenic determinants. This 
molecule can be glycosylated and expressed on the cell surface (MacDonald eta!. 1980b; 
Ruscetti et a!. 1980; Ruta and Kabat 1980). 

Thus, the defective SFFV genome has the features of a deleted replication-compe
tent env gene recombinant The events leading to the appearance of this type ofMuL V 
and the exact relationship between the nonecotropic virus sequences of SFFV and the 
Friend MCF viruses are not known. 

3.4 The Origin of the Xenotropic Virus-Related Sequences 

The nonecotropic virus parent involved in the generation of recombinant MuL V shares 
sequences in common with, but does not appear identical to, replicating xenotropic 
MuL V. Comparison of the genomes of xenotropic and recombinant MuL V demons
trates sequence homology between the two virus classes in the nonecotropic virus sub
stitutions found in the recombinants (Troxler et a!. 1977a, b; Troxler and Seolnick 1978; 
Bosselman et al. 1979, 1980; Green et al. 1980; Chattopadhyay eta!. 1981; Rommelaere and 
Hopkins, unpublished data). However, nucleic acid sequences are found in the non
ecotropic virus substitution which are not present in any replicating xenotropic MuL V 
examined thus far (Green et al. 1980; Chattopadhyay et a!. 1981; Rommelaere and 
Hopkins, unpublished data). gp70 of recombinant viruses has been shown to contain 
tryptic peptides found ingp70 ofxenotropic MuL V (Elder eta!. 1977 ; Fischingeretal.1978; 
Troxler et al. 1978), but tryptic peptide analysis and partial protease digest analysis 
(method of Cleveland et a!. 1977) of gp70 of several recombinants which appear to be 
completely substituted in the gp70 coding region show these molecules to be distinct 
from all xenotropic virus gp70 examined (Elder et al. 1977; Famulari and English 1981; 
Famulari, unpublished data). Serological analysis of gp70 of recombinant MuL V de
monstrates the presence of xenotropic virus type-specific antigens on these molecules 
(Hartley et al. 1977; Hoffman et al. 1981; O'Donnell et al. 1980). However, several gp70 anti
gens have been identified which are type-specific for recombinant MuL V, i.e., not shared 
by known ecotropic or xenotropic virus (Devareetal.1978; Cloyd etal.1979; Ruscetti etal. 
1979; Stockert et al. 1979). 

The distribution on normal mouse tissue of one of these antigens, G AKSL2, provides a 
clue to the identity of the xenotropic virus-related parent participating in the generation 
of at least some recombinant MuLV. G AKSL2 is expressed on normal thymocytes and 
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bone marrow cells of high-leukemia-incidence strains (AKR, PL, C58) early in life, but is 
not encoded by replicating ecotropic and xenotropic MuL V of these strains (Stockert et 
al. 1979). However, many recombinant MuL V isolated from preleukemic and leukemic 
thymus of AKR mice and one isolate from a leukemia of an NFS mouse congenic for 
Akv-lhave been shown to encode this antigen; recombinant MuL V ofPL and C58 origin 
have not been examined (O'Donnell et al. 1980, 1981). It has been suggested that the 
G AKSLl antigen is carried on a differentiation-linked gene product, related to, but not 
identical with, gp70 of replicating xenotropic MuL V. This thymocyte gp70 which may 
carry both the G AKSLl and the xenotropic virus-related antigen GERLD (Obata et al. 1981) 
could be encoded by an endogenous virus locus analogous to the Gv-Ilocus of 129 mice 
(Stockert et al. 1971), the locus encoding the differentiation-linked gp70 carrying Grx and 
GERLD in the 129 strain (Obata etal.1975, 1981; Tungetal.1975). Recombination between 
replicating ecotropic virus and the endogenous sequences encoding G AKSLl and GERLD 

could generate recombinants such as have been isolated from AKR thymus. 
Multiple copies of sequences which may encode these endogenous xenotropic virus

related env genes have been identified in DNA of AKR embryos (Chattopadhyay et al. 
1982). The probe used to detect these endogenous sequences is an o. 7-kbp segment of the 
env gene coding region of SFFV defmed atthe 5' limit by a BamHI site and at the 3' limit 
by an EcoRI site (BE probe). Recombinant MuLV have a corresponding sequence in 
their env gene mapping between 6.2 and 6.9 kbp from the 5' end of the genome. This 
probe, which cross-hybridizes to xenotropic MuLV, but not to ecotropic MuLV, 
recognizes specific restriction enzyme fragments present in DNA from AKR embryos. 
These restriction enzyme fragments are found in the genome of replicating MCFviruses, 
but not in that of replication-competent xenotropic virus. Thus, the xenotropic virus
related env gene sequences which participate in the generation of recombinant MuL V 
may be present in the mouse genome in the form of complete or partial proviruses, an 
hypothesis consistent with the appearance of substituted pol genes in some env gene 
recombinant viruses (Chattopadhyay et al. 1981; Lung et al. 1983). 

3.5 A Repertoire of Xenotropic Virus-Related Sequences Available for Recom
bination with Ecotropic Virus 

Comparison of the substituted regions encoded by recombinants isolated from a parti
cular mouse strain suggests that a repertoire of endogenous MuL V sequences is available 
for recombination with the ecotropic virus parent (Chattopadhyay et al. 1981; Lung et al. 
1983). Analysis of gp70 which appear to be completely substituted provides a means of 
characterizing the endogenous sequences involved in recombination because hetero
geneity detected among gp70 of this type can be attributed to the endogenous sequences 
participating in the recombination rather than to the mosaic nature of the gp70 molecule. 
The recombinants (class II and class I intermediate) isolated from spontaneous neo
plasms ofNFS mice congenic for ecotropic virus loci from various inbred strains (Cloyd 
et al. 1980) appear to encode gp70 completely substituted by nonecotropic virus sequen
ces (Lung et al. 1980,1983; Chattopadhyay et al. 1981; N. Hopkins, personal communica
tion; see Fig. 1, type A). gp70 of four such isolates has been analyzed for expression of 
several antigens and for in vitro host range (Cloyd et al. 1979; O'Donnell et al. 1980,1981). 
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All but one of these viruses originated from nonthymic leukemia, from sources such as 
splenic and lymph node reticulum cell sarcoma and mixed hematopoietic neoplasm. 
One isolate has an uncertain origin, having been derived from a thoracic lymphoma 
which arose in either thymus or mediastinal lymph node (Cloyd et al. 1980). Akv-l-C36, 
the recombinant originating from a thoracic lymphoma of an NFS mouse congenic for 
the Akv-llocus (Cloyd et al. 1980), encodes the G AKSL2 antigen (O'Donnell et al. 1981) as 
well as the MCF A-3 antigen (Cloyd et al. 1979). None of the recombinants of nonthymic 
origin, Akv-2-C34, C58v-l-C48, and C58v-2-C45, (class II isolates) has acquired the ability 
to encode G AKSL2 antigen (O'Donnell et al. 1981); C58v-l-C48 encodes the MCF-specific 
antigen MCFA-3 (Cloyd et al. 1979). Akv-l-C36 plates with equal titers on mouse SC-l 
cells and mink lung cells in vitro. In contrast, Akv-2-C34, C58v-l-C48, and C58V-2-C45 
exhibit a preferential tropism for mink cells relative to mouse cells (O'Donnell etal.1981). 
In addition, the recombinants of nonthymic origin fail to replicate in vivo in spleen or 
thymus, whereas Akv-l-C36 will replicate in thymus, albeit poorly (Cloyd et al. 1980). 

Thus, the analysis of recombinants arising on the NFS background indicates that a 
family of sequences is available in this strain for recombination with ecotropic virus. 
Analysis of four isolates has described the acquisition of three different gp70 coding 
regions by recombinants arising in this mouse strain. The acquisition of G AKSL2 antigen 
by the Akv-l-C36 isolate demonstrates the presence of sequences encoding this antigen 
in NFS mice, despite the fact that the antigen is not expressed on normal tissue of this 
strain. It is tempting to speculate that the failure of the nonthymic isolates to acquire this 
antigen is due to a tissue-specific availability for recombination of sequences which 
encode G AKSU. 

Suggestive evidence exists that a family of xenotropic virus-related sequences can 
participate in the generation of recombinants in AKR mice as well. Most of the recom
binants from this strain which have been characterized for phenotypes of env gene 
products have mosaic gp70. However, one nonpathogenic recombinant which has been 
analyzed, 264 virus (O'Donnell et al. 1980, 1981), appears to be completely substituted in 
the gp70 coding region, and the pathogenic isolate, MCF 13 (Hartley et al. 1977), appears 
to have at most a small insert of ecotropic virus information in the gp70 coding region. 
gp70 of a third AKR isolate, AKR L5 (1375-2), which appears to be completely sub
stituted has not been analyzed (Chattopadhyay et al. 1981; Lung et al. 1983; N. Hopkins, 
personal communication). Comparison of gp70 of 264 and MCF 13 viruses demons
trates that the nonpathogenic isolate does not encode G AKSL2 and has a preferen
tial tropism for mink cells relative to mouse cells in vitro (O'Donnell etal.1980). The pep
tide map of gp70 of 264 virus is closely related, but not identical, to that of replicating 
xenotropic MuL V of AKR (Famulari and English 1981). MCF 13 virus, in contrast, 
encodes the G AKSL2 antigen and plates with equal efficiency on mouse and mink cells in 
vitro (O'Donnell et al. 1981). The peptide map of gp70 of this recombinant is quite distinct 
from that of replicating AKR xenotropic virus (Elder et al. 1977; Famulari and English 
1981). Since the sequences which encode the G AKSL2 antigen appear to be derived from 
the nonecotropic virus parent (Stockert et al. 1979), it is likely that 264 and MCF 13 virus 
have different nonecotropic virus parents. It also seems likely that the particular xeno
tropic virus-related sequences acquired by a recombinant influence the biological pro
perties of that virus. For example, all thymotropic recombinants examined to date 
encode the G AKSL2 antigen, a rmding which suggests that this antigen may be a marker for 
sequences which can confer tissue specificity on a recombinant 
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4 Characteristics of Recombinant MuLV Associated with Pathogenicity 

4.1 Aspects of Virus-Host Interaction Required for Pathogenicity by Recom
binant MoLV: The Ability to Infect Target Cells 

Recombinant MuL V which can be isolated from premalignant and malignant tissue 
represent a heterogeneous population of viruses with regard to their ability to induce 
disease. Isolates which cannot be demonstrated to establish an obvious infection in vivo 
do not induce disease ( Cloyd et al. 1980; Rowe et a1. 1980; O'Donnell et al. 1981; Ruscetti et 
a1. 1981a). 

A variety of lines of evidence support the idea that pathogenic recombinants must 
infect and replicate in the target cells for transformation. In AKR mice it appears that 
thymocytes become infected with recombinant MuL V at 5-6 months of age prior to 
onset of disease. This event was observed initially as an increase in the level of expression 
ofMuL V-related antigens, both gagand env gene encoded, on the surface ofthymocytes 
(Kawashima et al. 1976a). An identical high expression of MuL V gene products occurs 
on the surface ofthymocytes of young AKR mice (2 months of age) as a consequence of 
exogenous infection by certain recombinant MuL V (O'Donnell et al. 1981, 1982). When 
virus expression has reached maximum levels, greater than 90% of thymocytes exhibit 
high levels ofvirus gene expression This phenomenon has been referred to as "antigen 
amplification" because it represents an eight- to tenfold increase in antigen expression 
over that detected on uninfected thymocytes of 2-month-old animals (Kawashima et al. 
1976a, b; Nowinski and Doyle 1977). PrENV protein and gp70 encoded by recombinant 
MuL V can be detected biochemically in the cytoplasm and on the surface of these in
fected thymocytes (Tungand Fleissner 1980; Famulari, unpublished data), and replicating 
recombinant MuL V can be isolated from these cells (Hartley et al. 1977; O'Donnell et al. 
1981). A similar phenomenon has been observed in NFS mice injected with a wild mouse 
ecotropic MuL V, Cas-Br-M. In these animals, which develop nonthymic lymphoma, 
expression of an MCF virus-related antigen carried by gp70 is detected in spleen, but not 
thymus, several weeks prior to the onset of disease (Hoffman et a1. 1981). 

Integrated viral genomes of recombinant MuL V have been identified in both virus
induced and spontaneous leukemias ofBALB/c, BALBlMo, and AKR mice by the pre
sence of characteristic restriction enzyme fragments in the mouse genome (Pedersen et 
al.1980; van der Putten etal.1981; QUintetal.1981; Chattopadhyayetal.1982). The expres
sion both of the gene products of recombinant MuL V and of infectious virus, albeit at 
low titers in some instances, has been documented in spontaneous leukemias of high
incidence strains and in leukemias induced by exogenous infection with either ecotropic 
or recombinant MuL V (Hartley et al. 1977; Racevskis and Koch 1978; Dresler et a1. 1979; 
Ruscetti et al. 1979; Vogt 1979; Armstrong et al. 1980; Bilello et al. 1980; Cloyd et al. 1980; 
Famularietal.1980, 1982; Greenetal. 1980; Housman etal. 1980;Pedersenetal. 1980; Rowe 
et a1. 1980; Ruta and Kabat 1980; Van Griensven and Vogt 1980; Anand etal. 1981; Bedigian 
etal.1981; Hoffman etal.1981; Ishimoto etal.1981; Lyles and McConne1l1981; O'Donnell et 
al. 1981, 1982; Oliff et al. 1981; Linemeyer et al. 1982). 

Discussion of the requirement for recombinant MuL V to infect the target cell for 
transformation raises the question of target cell specificity of these viruses. It has been 
hypothesized that thymotropism is a phenotype which must be acquired by recombinant 
MuL V which induce thymic leukemias (Cloyd et al. 1980; Rowe et al. 1980; O'Donnell et 
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al.1981). Thymotropism is operationally dermed in this context on the basis ofanisolate's 
ability to establish infection in thymocytes in vivo either by the criterion of production of 
input virus or expression of detectable viral gene products by these cells. It is not known 
where the block to establishment of infection by the so-called nonthymotropic recom
binants occurs. Both virus-specific or mouse-strain-specific mechanisms can be en
visaged, including acquisition by the recombinant of a highly immunogenic gp70 or one 
with poor affmity for receptors for infectivity on mouse cells. This is particularly fertile 
ground for speculation because relatively little is known about host and virus phenotypes 
which effect replication of recombinant MuL V in vivo. The identity of the receptors 
which mediate infection by recombinant MuL V is not clear, nor is it known whether 
such receptors are expressed in a tissue-specific fashion. The description of a distinct 
interference group for recombinant MuL V in mouse cells suggests that these viruses do 
not infect thymocytes via the ecotropic virus receptor (A. Rein 1982). In fact, although an 
ecotropic virus receptor has been measured on thymocytes of adult mice (Fowler et al. 
1977; DeLarco et al. 1978), some question exists as to whether de novo infection of 
thymocytes by ecotropic MuL V can occur in adult mice. [It does appear that ecotropic 
virus can infect mouse thymocytes or their precursors early in life (Nobis and Jaenisch 
1980; Tunget al. 1980)]. In AKR mice the block to infection by ecotropic virus observed in 
young adult animals may be at the level of virus penetration and be due to interference, 
since these thymocytes express ecotropic virus gp70 (Tung and Reissner1980). However, 
a similar block to ecotropic virus infection of thymocytes observed in C3HfIBi mice, a 
strain which is ecotropic-virus-negative until late in life, suggests that other factors may 
also be involved (Famulari et al. 1982). In both strains, thymocytes of adult animals are 
susceptible to infection by recombinant MuL V (Cloyd et al. 1980; O'Donnell et al. 1981; 
Famulari et al. 1982). 

Evidence also suggest that Friend MCF virus may not use the ecotropic virus recep
tor to infect target cells in spleen (Ruscetti et al. 1981a). Certain mouse strains, including 
DBA!2, are resistant to induction of eryiliroproliferative disease by F-MuL V. F-MuLV 
is not blocked from establishing infection in spleens ofthese animals, but Friend MCF 
virus is blocked even when inoculated as a phenotypic mixture with F-MuL V or ampho
tropic MuL V. It has been suggested that the expression of a recombinant-like gp70 detec
table on the cell surface of tissue ofDBA!2 mice interferes with infection of this strain by 
recombinant MuLV. (Such interference would be expected to block disease induction 
by F-MuL V because recombinant MuLV generated as a result of F-MuL V infection 
would not be able to spread through the spleen). 

In some instances it has been observed that the block in the establishment of in vivo 
infection by recombinant MuLV can be overcome by inoculation of the recombinant as 
a phenotypic mixture with ecotropic or amphotropic MuL V (Vogt 1979; Haas and Patch 
1980; Van Griensven and Vogt 1980; Ruscetti et al. 1981a). In addition, it has been observed 
that NFS mice congenic for Akv-J or Akv-2, the ecotropic virus loci of AKR, and 
(AKR X NFS) F1 mice are more susceptible to leukemogenesis by MCF 247 virus than 
are ecotropic-virus-negative NFS mice (Cloyd et al. 1981). One function that the ecotropic 
MuL V is thought to serve in phenotypic mixtures with recombinant MuL V is to protect 
the recombinant virus from inactivation by serum-neutralizing factor (Haas and Patch 
1980). Whether this is the only function provided by the ecotropic virus is not known. 
However, data discussed in the preceding paragraphs suggest that the ecotropic virus 
does not provide recognition of receptors for infectivity. It should be borne in mind that 
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helper-dependent recombinants, like SFFV, do not appear to infect target cells via novel 
receptors. The defective viruses seem to rely on receptor recognition provided by helper 
virus, and are infectious in vivo when pseudotyped by a variety of helpers. Incorporation 
of gp52-like molecules into virus produced by SFFV Ihelper-virus-infected cells has not 
been detected, a rmding which suggests that the SFFV env gene does not contribute to 
receptor recognition of these virions (Racevskis and Koch 1978; Dresler et al. 1979). 

4.2 Aspects of Genomic Structure and Gene Expression of SFFV Which 
Correlate with Pathogenicity 

Although it appears likely that the acquisition of a gp70 appropriate for establishing in 
vivo infection is prerequisite for a helper-independent recombinant MuL V to be patho
genic, the question remains open as to what function, if any, the protein products of the 
recombinant env gene play in transformation per se. Much effort has been directed 
toward answering this question by both analysis of genomic structure and gene products. 
Naturally occuring variants and in vitro recombinants of the helper-dependent SFFV 
and of a series of thymotropic, helper-independent MuL V have been studied to deter
mine what aspects of the recombinant MuLV genome correlate with pathogenicity. Evi
dence is emerging from the analysis of both virus systems suggesting that expression of 
recombinant env gene sequences is involved in the disease induction capacity of these 
MuLV. 

4.2.1 Nucleic Acid Sequences Required for Induction of Disease by SFFV 

Molecular cloning techniques have been used to probe the genome of the FV-P strain of 
SFFV for sequences which direct the induction of the polycythemia form of the Friend 
erythroproliferative syndrome (Linemeyer et al. 1980, 1981, 1982). Various restriction 
enzyme fragments of the SFFV genome have been rescued by cotransfection ofNlli3T3 
cells with infectious, nonpathogenic helper virus DNA. Virus produced by such cotrans
fected cells can then be assayed in vivo for the ability to induce Friend disease. Since 
transfection ofNlli3T3 cells with helper virus DNA alone does not yield virus prepara
tions with demonstrable pathogenicity, the production of pathogenic virus by cotrans
fected cells can be attributed to information contributed by the subgenomic fragments of 
SFFV (Linemeyer et al. 1980). The organization of SFFV DNA and helper virus DNA in 
these virus preparations is not yet known (D. Linemeyer, personal communication). 
Both restriction enzyme fragments and deletion mutants of SFFV have been assayed by 
this method. A 1.5-kbp restriction enzyme fragment which maps in the SFFV env gene 
has been identified which encodes sufficient information to induce Friend erythropro
liferative disease in mice (Linemeyeret al. 1982). This fragment was isolated from a mole
cular clone of SFFV into which a Sal I site had been introduced experimentally, and 
spans the region from the BAM III site located in the 3' end of the genome to a Sal I site 
1.5 kbp downstream. gp52 is encoded by this fragment, which is only slightly larger than 
the estimated 1.4 kbp of DNA required to encode the unglycosylated form of gp52 
[45000-46000 daltons (Dresler et al. 1979; Schultz et al. 1980)] (Linemeyer et al. 1982). 

In addition, a series of SFFV mutants carrying deletions in the env gene have been 
shown to be inactive in vivo. The deletion sustained by one such mutant involves only env 
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gene sequences and appears to span the junction between the xenotropic virus-related 
and ecotropic virus information in this gene. Expression of gp52 is not detectable in 
spleen of mice injected with virus preparations containing this fragment In contrast, 
virus preparations containing mutants with deletions in the 5' coding region (gag gene) 
and LTR have been shown to be pathogenic and to encode gp52 in vivo. Oligonucleotide 
ftngerprinting of the LTR deletion mutants indicates that, at a minimum, the right-hand 
half of the SFFV LTR has been deleted from these viruses. This analysis of partial SFFV 
genomes provides the best evidence to date that expression of the SFFV env gene protein 
is necessary and sufficientfor induction of the Friend erythroproliferative disease in sus
ceptible mice. 

4.2.2 Synthesis and Processing of gpS2 

Analysis of the synthesis and processing of gp52 in both nonproducer ftbroblast cell lines 
and erythroleukemia cell lines has demonstrated that this molecule is an extremely 
stable component of the cytoplasm of infected cells. Little evidence of chase is observed 
for greater than 2 h after synthesis (Racevskisand Koch 1978; Dresleretal.1979; Ruscetti et 
al. 1979; Lyles and McConnelll98l). A stable association of gp52 with the nuclear fraction 
of SFFV-infected cells has been reported (Lyles and McConnell 1981). The kinetics of 
association of gp52, PrENV of F -MuL V, and the G protein of vesicular stomatitis virus 
with the nuclear fraction have been compared in studies which indicate the function of 
the nuclear membrane as part of the rough endoplasmic reticulum. Immediately after 
synthesis, all three glycoproteins are associated with the nuclear membrane fraction to a 
comparable extent However, unlike the G protein and PrENV protein, gp52 appears to 
be unable to move through the pathway for glycoprotein processing efficiently and 
remains associated with this particular membrane fraction (D. Lyles, personal communi
cation). These data are consistent with the fmdings that little gp52 is expressed on the cell 
surface, and apparently none is exfoliated from cells or incorporated into virus (Racevskis 
and Koch 1978; Dresler et al. 1979; Ruscetti et al. 1979, 1981b; Kabat et al. 1980; Lyles and 
McConnelll981). The fact that pl5(E) sequences are missing from gp52 may account for 
the static nature of the interaction of this molecule with intracellular membranes. It has 
been hypothesized that the accumulation of intracellular gp52 which results from the 
block in normal processing of this glycoprotein might playa role in pathogenesis by 
SFFV (Ruta and Kabat 1980; Lyles and McConnell 1981). 

Clues to a second mechanism by which expression of the SFFV envgene may induce 
the Friend erythroproliferative syndrome have been provided by a series of studies which 
compare the two SFFV strains, FV-A and FV-P. It has been demonstrated that the parti
cular strain ofSFFV present in the Friend virus complex determines whether an infected 
mouse will develop the anemia or polycythemia form of Friend disease (MacDonald etal. 
1980b; Troxler et al. 1980). Further, it has been demonstrated by tryptic peptide analysis 
that gp52 encoded by the FV-A and FV-P strains are dilferent (MacDonald et al. 1980b). 
Although it is not known how structural differences in gp52 effect the phenotype of 
disease induced by SFFV, analysis ofthe intracellular processing and cell surface expres
sion of env gene products of the two strains suggests a possible mechanism (Ruscetti etal. 
1981b). While the rate of synthesis of the primary env gene product, gp52, appears to be 
similar in FV-A- and FV-P-infected cells in vivo and in vitro, processing ofthis molecule 
into higher molecular weight protein species is more efficient in FV -P-infected cells. This 
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processing, which appears to involve a shift in the oligosaccharide side chains of gp52 
from the high-mannose to the complex type, results in a 65 OOO-dalton species in FV-P
infected cells and a 60 OOO-dalton species in FV-A-infected cells (Ruscetti et al. 1981b; 
Ruta et al. 1982). Only a small fraction of gp52 synthesized in cells infected by either strain 
of SFFV undergoes this processing, an estimated 5%-10% in FV-P-infected cells (Ruta 
and Kabat 1980; Lyles and McConnell 1981; Ruscetti et al. 1981b). However, it is estimated 
that eight- to tenfold less processing occurs in FV -A-infected cells (Ruscetti et al. 1981b). 
Expression of the 65 OOO-dalton FV-P env gene product, but not the 60 OOO-dalton FV-A 
protein, is detectable on the surface of infected fibroblasts and spleen cells (Ruscetti et al. 
1981b). 

This differential cell surface expression is of interest considered in conjunction with 
the differential erythropoietin requirements for burst formation of FV-A- or FV-P
infected erythroid progenitor cells. Bone marrow and spleen cells infected in vivo with 
the FV -P strain will produce erythroid bursts in vitro independent of addition of erythro
poietin (Hankins and Krantz 1975; Horoszewicz et al. 1975; Liao and Axelrad 1975); in con
trast, cells infected by FV-A in vivo require erythropoietin for formation of bursts in vitro 
(Faggetal.1980; MacDonald etal.1980b). Infection of bone marrow cells in vitro by FV-A 
does result in low production of erythroid bursts in the absence of hormone (Hankins and 
Troxler 1980). Cells in these bursts exhibit erythroblast morphology, but they are poorly 
hemoglobinized. Addition oflow levels of erythropoietin to FV-A-infected cells in this 
system results in a three- to eightfold increase in the number of bursts formed; bursts 
formed in the presence of the hormone are strongly hemoglobin-positive. While addition 
of erythropoietin to FV-P-infected bone marrow increases burst formation twofold, all 
bursts are hemoglobin-positive, irrespective of addition of the hormone. At the concen
tration of erythropoietin used in these experiments, uninfected bone marrow prepara
tions are incapable ofburstformation. These data suggest that sensitivity to the action of 
erythropoietin by burst-forming cells is effected by SFFV in a virus-strain-specific 
fashion. Since the FV-P strain directs the expression of more processed gp52 onto the 
surface of infected cells than does the FV -A strain (R uscetti et al. 1981b), it is tempting to 
speculate that this molecule facilitates binding of the hormone to the cell surface. 

In vivo, the induction of erythroblastosis by SFFV appears to be absolutely depen
dent on the expression of the protein products of the recombinant env gene. The hyper
plasia observed in vivo as a consequence of infection may be due to alterations in the 
normal hormone requirements of erythropoiesis in infected cells. The expanded popula
tion of erythroblasts which results in vivo is composed of a repertoire of cell types, some 
of which are not normal components of the erythroid lineage (Tambourin et al. 1979). It 
appears likely that it is out of this population of proliferating, but not yet transformed, 
cells that the malignant phenotype emerges. In this hypothetical schema the role of 
expression of the SFFV env gene in the appropriate target cell would be to place this cell 
population in a proliferative state no longer subject to normal host controls. Secondary 
events occurring in this cell population would then generate the transformed (i.e., trans
plantable) phenotype. 
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4.3 Thymotropic MuLV with Recombinant em Genes: Aspects of Genomic 
Structure and Gene Expression Which Correlate with Pathogenicity 

Comparative analysis of genomic composition has been used to derme features of the 
helper-independent recombinants which correlate with the ability of an isolate to induce 
thymic leukemia. The studies which will be emphasized here focus on the analysis of a 
series ofthymotropic recombinants of AKR origin. All the isolates under consideration 
score as thymotropic by the criteria of induction of virus gene expression and production 
of infectious virus by thymocytes infected in vivo. Some isolates accelerate leukemia 
development in AKR mice and some do not The pathogenic viruses examined include 
class I isolates of Hartley et a1. (1977) and Cloyd et a1. (1980) and an A'" + isolate of O'Don
nell et a1. (1981). This latter nomenclature refers to the phenotypes of induction of high 
levels ofviral antigen expression in thymocytes, "A," and induction oflymphomas in the 
AKR acceleration test, "L." The nonpathogenic viruses examined are the A'" - isolates 
of O'Donnell et al. (1981). These recombinants infect thymocytes and synthesize high 
levels of viral gene products in these cells, but do not induce leukemia. The comparison 
of these two classes of recombinant has taken on two aspects: (a) the characterization of 
gene products and genomic architecture, and (b) the analysis of gene expression and 
virus replication in vitro and in vivo. Very limited differences have been detected 
between the pathogenic and nonpathogenic isolates in the analysis of gene products and 
genome anatomy. 

4.3.1 Genomic Stmctures Correlating with Pathogenicity 

Fingerprinting of RNase T 1 oligonucleotides and restriction enzyme analysis of pro
viruses demonstrate that the gag gene coding region of these thymotropic isolates is of 
ecotropic virus origin (Lung et al. 1980, 1983; Chattopadhyay et al. 1981; N. Hopkins, per
sonal communication), and indeed all the recombinants encode the ecotropic virus type
specific gag gene antigen, GCSA (O'Donnell and Stockert 1976; O'Donnell et a1. 1981). 
Two recombinants, MCF 13 (pathogenic) and 28-7 (nonpathogenic), appear to have 
acquired substitutions of endogenous MuL V sequences in the pol gene coding region. 
The remaining five isolates encode pol genes of ecotropic virus origin (Lung et a1. 1980, 
1983; Chattopadhyay et a1. 1981; N. Hopkins, personal communication). 

The env gene of these isolates is composed of xenotropic virus-related sequences 
beginning at the start of the gp70 coding region and continuing through the U3 region of 
the L TR, interrupted by an insert of ecotropic virus information (see Fig. I, type B; Lung 
et al.1983; N. Hopkins, personal communication). Many of these thymotropic recom
binants, both pathogenic and nonpathogenic isolates, carry an ecotropic virus insert start
ing in the coding region of the carboxy terminal portion of gp70, and thus have mosaic 
gp70. The extent of the ecotropic virus information in gp70 of MCF 69L1 is somewhat 
less than for the other isolates with mosaic gp70. However, the entire gp70 coding region 
of AKR-L5 virus appears to be derived from the nonecotropic virus parent; it is unclear 
whether MCF 13 virus carries a small ecotropic virus insert in the gp70 coding region or 
not (Chattopadhyay et al. 1981; Lung et al. 1983). Both of these isolates are pathogenic 
( Cloyd et al. 1980; O'Donnell et al. 1981; Lung et al. 1983). Thus, it appears that acquisition 
of a gp70 coding region containing both ecotropic and xenotropic virus sequences is not 
prerequisite for thymotropism or pathogenicity. [An additional pathogenic recombinant 
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of C58 origin has been identified which appears to encode a gp70 derived entirely from 
the xenotropic virus-related parent (Cloyd et al. 1980; Lung et al. 1983)]. It also seems 
likely that the phenotype of dualtropism in vitro is acquired from the xenotropic virus
related parent, since AKR-L5 and MCF 13 are both infectious for mouse and mink cells 
in culture (Cloyd et al. 1980; O'Donnell et al. 1981). This speculation is consistent with the 
fmdings of Rein (1982) which indicate that recombinant MuL V and ecotropic MuL V 
may use different receptors for infection of mouse cells. 

Antigenic analysis and peptide mapping of gp70 of recombinants with mosaic gp70 
does not discriminate between the pathogenic and nonpathogenic isolates (O'Donnell et 
al. 1980,1981; Famulari and English 1981), although analysis ofin vitro host range indicates 
that gp70 of two nonpathogenic isolates, SC37 and SC30, may differ from that of the 
other isolates. These two viruses exhibit a preferential tropism for mouse cells relative to 
mink cells in vitro. All of the other thymotropic recombinants are equally infectious for 
mouse and mink cells (O'Donnell et al. 1981). Antigenic and peptide analysis of gp70 of 
MCF 13 shows it to be unique among the series of isolates (Elderet al. 1977; Famulari and 
English 1981), but experiments have not been carried out to determine whether the amino 
terminal portion ofMCF 13 gp70 is the same or different from that of the recombinants 
with mosaic gp70. gp70 of AKR-L5 has not been analyzed. 

In light of the fmdings which indicate that expression of gp52 is required for disease 
induction by SFFV (Linemeyer et al. 1982), it will be important to reexamine the structure 
of gp70 encoded by these thymotropic recombinants to determine whether common 
sequences are acquired by the isolates which are pathogenic. If expression of gp70 in 
target cells is relevant to transformation by these viruses, it is likely that only part of the 
molecule is specifically involved in the pathogenic function, since viruses carrying 
mosaic gp70 and completely substituted gp70 are equally pathogenic and appear to 
induce the same malignancy. Comparison of the xenotropic virus-related sequences 
acquired in the amino terminal portion of gp70 of pathogenic and nonpathogenic isolates 
will be of particular interest 

Analysis of RNase T 1 oligonucleotides derived from the pI5(E) coding region dis
criminates between the pathogenic and nonpathogenic isolates that are thymotropic 
(N. Hopkins, personal communication). It appears that the ecotropic virus insert extends 
further downstream into pI5(E) coding sequences in the pathogenic isolates than in the 
nonpathogenic isolates. Since the sequence of the pI5(E) coding region is known for the 
AKR ecotropic virus, Akv, and the AKR recombinant, MCF 247, it has been possible to 
locate particular oligonucleotides and restriction sites in the gene, and thus defme the 
boundaries of the ecotropic virus insert (Kelly et al. 1983); see Fig. 1, type B for sche
matic). All of the thymotropic recombinants share an Xba 1 site with Akv virus that maps 
168 bases downstream from the start of the pI5(E) coding region (Chattopadhyay et al. 
1981, personal communication; N. Hopkins personal communication). All of the patho
genic recombinants share an oligonucleotide (oligo 18) with Akv virus which maps from 
227 to 244 bases downstream from the start of p 15(E), and which is missing from all of the 
nonpathogenic recombinants except SC37. The next oligonucleotide (oligo 47), which 
the recombinants can share with ecotropic virus, maps from 424 through 438 bases down
stream from the start of pI5(E), and is missing from many of the pathogenic recom
binants and from all of the nonpathogenic recombinants, including SC37 (N. Hopkins, 
personal communication). Thus, it appears that the ecotropic virus insert extends at least 
244 bases into the pI5(E) coding region of the pathogenic isolates, but may continue con-
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siderably further into the gene. In contrast, the ecotropic virus insert in the nonpatho
genic isolates appears to be shorter, apparently terminating between 168 and 227 bases 
into the plS(E) coding region. It will be important to determine whether the differences 
detected between the pathogenic and nonpathogenic viruses by these methods are 
reflected in the amino acid sequence of the plS(E) proteins encoded by these isolates. 

The nonpathogenic recombinant, SC37, represents an exception to the correlation 
between the size ofthe ecotropic virus insert in plS(E) and pathogenicity. The existence 
of this exception may indicate that the correlation is invalid or it may indicate that the 
ecotropic virus insert must extend beyond oligo 18 for acquisition of pathogenicity. 
Because there is a stretch of approximately 200 nucleotides between oligo 18 and oligo 47 
in which there are no RNase T 1 oligonucleotides which can be mapped, the minimum 3' 
boundary ofthe ecotropic virus insert in the pathogenic isolates is not known precisely. A 
third explanation exists to reconcile the characteristics of the ecotropic virus insert of 
SC37 with the hypothesis that the length of these sequences effects pathogenicity. If the 
region of plS(E) which is contributed by the ecotropic parent is required because it 
interacts with gp70 to provide an in vivo function, then loss of appropriate sequences in 
the gp70 coding region might also render an isolate nonpathogenic. In this regard, the 
gp70 ofSC37 virus is known to confer an altered in vitro host range on this isolate (O'Don
nell et al. 1981). Possibly the gp70 ofSC37, while conferring thymotropism on the isolate, 
lacks the hypothetical phenotype which confers pathogenicity. The concept that interac
tion between two virus gene products, in this case two env gene products, is involved in 
disease induction is an interesting one. Evidence has been presented which suggests that 
interrelated functions of the large T and small t proteins of SV40 may be required for 
induction of the transformed phenotype by this virus (Kaplan et al. 1981). 

Additional studies (Lung et al. 1980, 1983; Chattopadhyay et al. 1981) have been 
carried out comparing the genomes of pathogenic isolates (class I, Hartley et al. 1977; 
Cloyd et al. 1980) with those of nonpathogenic isolates which do not replicate in vivo 
(class II, Cloyd et al. 1980). These nonpathogenic isolates which originated from non
thymic lymphoid neoplasms ofNFS mice congenic for ecotropic virus loci appear to con
tain a substitution ofxenotropic virus-related information which spans both the gp70 and 
plS(E) coding regions (Fig. 1, type A). Thus, the ecotropic virus derived Xba 1 site 
(Chattopadhyay et al. 1980) and oligo 18 (Lung et al. 1983) are not found in these isolates. 
Oligonucleotide mapping data indicates that the LTR region of these isolates is derived 
from the ecotropic virus parent (Lung et al., 1983). It is not known why these nonpatho
genic isolates are unable to establish infection in vivo. These recombinants appear to 
replicate to high titer in vitro (Cloyd et al. 1980; O'Donnell et al. 1981), but exhibit a pre
ferential tropism for mink cells relative to mouse SC-l cells (O'Donnell et al. 1981). In 
addition, they are distinguishable from the thymotropic recombinants by their relative 
plating efficiency on SC-l cells versus NFS embryo cells (Roweetal. 1980). It is not known 
whether these characteristics of in vitro tropism have bearing on in vivo replication. It is 
interesting to draw a parallel between these NFS isolates and the Friend MCF viruses 
which also are unable to establish infection in vivo. In the case of Friend MCF virus, 
inoculation of animals with phenotypic mixtures of the recombinant and ecotropic or 
amphotropic MuL V overcomes the block to replication and results in induction of 
disease (Ruscetti et al. 1981a). Utilization of a similar approach in the analysis of these 
recombinants of NFS origin might help to establish whether they have pathogenic 
potential. 
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4.3.2 Expression of em Gene Products of Recombinant MuLV in Tbymocytes 

The results of experiments comparing the gene expression and replication of the patho
genic and nonpathogenic recombinants in thymocytes have been encouraging, in that no 
evident defects in the replication of the nonpathogenic viruses have been detected. Intra
thymic injection of either type of isolate into weanling AKR mice results in expression of 
viral env and gag gene products on the surface of both cortical and medullary thymocytes 
(O'Donnell et al. 1981, personal communication). Approximately sixty percent of thy
mocytes can be shown to become infected by this criterion, probably as a result of virus 
spread from cell to cell through the thymus. Expansion of a small population of initially 
infected cells has not been formally excluded. However, this mechanism seems unlikely 
because the size distribution of cells in the thymus does not appear to change as a con
sequence of virus infection, and because the percentage of antigen-positive cells de
tectable at 30 days postinfection follows a linear dose response to virus dilution. Thus, the 
kinetics of virus spread through the thymus appear to be proportional to the titer of virus 
in the inoculum. Although an equivalent percentage of cells remain uninfected in ani
mals inoculated with pathogenic or nonpathogenic isolates, it is not known whether this 
population differs qualitatively, depending on the pathogenicity of the recombinant Nor 
is it known whether thymocytes which appear to remain uninfected represent a specific 
cell population. 

Within 40-60 days after virus infection has spread through the thymocyte popula
tion, or 70-90 days after virus inoculation, leukemic blast cells emerge in thymus of mice 
inoculated with the pathogenic isolates, but not in those inoculated with nonpathogenic 
recombinants. These blast cells are transplantable into histocompatible recipients, 
whereas populations of virus-infected thymocytes which do not contain blast cells are not 
(McGrath and Weissman 1979; P. O'Donnell, personal communication). An analogous 
series of events occurs during the spontaneous development ofleukemia in AKR mice. 
The thymocyte population becomes infected by recombinant MuL Vat approximately 
6 months after birth; the emergence ofleukemic cells occurs 40-60 days later. The delay 
between virus infectionofthymocytes and appearance of transformed cells indicates that 
replication of recombinant MuL V in thymocytes does not transform these cells directly, 
but appears to put the population at risk for transformation What this priming event 
directed by virus might be is not known. However, models proposing mechanisms for 
virus induction ofleukemia must be consistent with this lag between virus infection of 
thymocytes and transformation. 

Preliminary experiments have been conducted in my laboratory and in the labora
tory of P. O'Donnell to measure the level of env gene expression on the surface of in
fected thymocytes. Flow microfluOfometry has been used to quantitate an anti-gp70 
immunofluorescence reaction to these cells. The results of this analysis suggest that 
thymocytes infected by nonpathogenic isolates express the same level of the protein 
products of the recombinant env gene on their surface as cells infected by the pathogenic 
isolates. In addition, the rate of synthesis of the primary env gene products of the patho
genic and nonpathogenic viruses appears to be the same in thymocytes. It is likely that 
the immunofluorescence reaction being measured is detecting the level of gp70 expres
sion on thymocytes. Although both gp70 and the primary env gene protein (PrENV 
protein) are found on the surface of thymocytes infected by either pathogenic Of non
pathogenic recombinants, gp70 represents the predominant virus protein accessible to 
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radioioclination. The PrENV protein of env gene recombinants is a fairly stable compo
nent in leukemic cells; gp70 is difficult to detect as a cleavage product by kinetic measure
ments of processing of viral proteins (Famulari et al. 1980, unpublished data). Compari
son of the kinetics of env gene processing of the pathogenic and nonpathogenic recom
binants in vitro does not distinguish between the two types of isolate. However, a com
parative kinetic analysis of env gene expression in thymocytes has not yet been carried 
out It is known that the PrENV protein of recombinantMuL V interacts with the cellular 
machinery for glycoprotein processing in a way that distinguishes this virus class from 
ecotropic and xenotropic MuL V. The PrENV protein of recombinant MuL V is ex
pressed on the surface of infected fibroblasts and leukemia cells, whereas that of ecotropic 
and xenotropic virus is not (Famulari and Jelalian 1979; Famulari et a1. 1980; Famulari 
and English 1981). The form of the PrENV protein expressed on the cell surface appears 
to be transported to the plasma membrane without undergoing processing of its oligo
saccharide side chains (Kemp et al. 1981). However, the PrENV proteins of both the 
pathogenic and nonpathogenic recombinants are processed in this fashion (Famulari and 
English 1981, unpublished data). 

4.3.3 Models of Virus-Induced Transformation of Lymphocytes of the T Cell Lineage 

Weissman and McGrath have proposed a model of virus-induced leukemogenesis based 
on their identification of a virus-binding activity carried by leukemic blast cells (for 
review, see McGrath et al. 1980a; Weissman and McGrath 1982). This virus-binding acti
vity is a specific marker for leukemic cells and is not detectable on nontransformed 
thymocytes even if they are infected by virus. Originally it was proposed that a small pro
portion of normal thymocytes would carry a receptor responsible for this virus binding 
and that cells would be susceptible to infection by leukemogenic viruses via this receptor. 
The same receptor which mediated infection was proposed to act as a mitogen-binding 
receptor which would specifically recognize the env gene products of the infecting virus. 
Thus, once infected, thymocytes would be subject to sustained proliferation driven by 
binding of viral gene products, specifically gp70, produced as a consequence of infection. 
In light of current knowledge it seems unlikely that the virus-binding activity detectable 
on leukemic blasts is related to the virus receptor for infection of thymocytes. The 
thymocyte population is infected by recombinant MuL V well before the appearance of 
cells which bear the virus-binding activity assayed on leukemic blasts. Indeed, a thymo
cyte population infected by recombinantMuL V appears to be a hallmark of the preleuke
mic thymus in the AKR strain. It is possible, however, that the mitogen-binding function 
proposed for these receptors is involved in virus-induced leukemogenesis. The concept 
of self-driven proliferation which the hypothesis of receptor-mediated leukemogenesis 
espouses is an interesting one. In support of this hypothesis, McGrath and Weissman 
have presented evidence that monoclonal antibodies (anti-Thy-I) which block virus 
binding to a cultured AKR leukemia are cytostatic for this cell line, whereas antibodies 
which bind to these cells, but do not block virus binding are not cytostatic (McGrath et al. 
1980b). Identification of the receptor responsible for virus binding by leukemic blasts and 
assessment of its potential for recognition of virus as mitogen will be an important step in 
testing this model. 

Ihle and co-workers have proposed a second mechanism for virus-induced leukemo
genesis based on their rmding that the ability of a mouse strain to mount a cellular 
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immune response to MuL V correlates with susceptibility to leukemias of viral etiology 
(for review see, Ihle and Lee 1982). The antiviral immune response is measured as T cell 
blastogenesis in preparations of splenic lymphocytes which have been exposed to gp70 in 
vitro. This response has been observed in preleukemic animals of several mouse strains, 
including AKR and M-MuLV-injected BALB/c mice, and appears to be dependent on 
the establishment and maintenance of viremia in the host Analysis of the blastogenic 
cell population indicates that two lymphocyte populations are involved in the prolifera
tive response in vitro: (a) an antigen-specific population which manufactures mitogenic 
factors in response to exposure to MuLV antigens, and (b) an antigen-nonspecific 
population which is induced to proliferate by these factors (Lee and Ihle 1981b). Inter
leukin 2 (IL-2) and interleukin 3 (IL-3) have been identified among the factors produced 
by stimulated antigen-specific lymphocytes. The percentage of splenic lymphocytes 
capable of responding to factors elaborated in vitro by antigen-specific, virus-stimulated 
lymphocytes is increased 10- to 4Q-fold in preleukemic (viremic) mice as compared to 
control animals. This increase has been interpreted to be the consequence of a prolifera
tion of factor-responsive cells resulting from increased production of mitogenic factors in 
vivo. Thus, a chronic cellular immune response to MuL V would result in an increase in 
production of mitogenic factors and, secondarily, in proliferation of various lymphocyte 
subpopulations. Ihle and co-workers hypothesize that the leukemic cell emerges from 
this population of proliferating lymphocytes. 

Evidence that this immune response to MuL V is tied to the process of leukemo
genesis comes from the analysis ofCBAIN mice inoculated withM-MuLV (Lee and Ihle 
1981a). These mice become viremic as a consequence of virus infection However, they 
mount no detectable cellular immune response to MuL V and do not develop leukemia. 
Thus, the CBAIN strain provides an example of dissociation between development of 
viremia and disease. The resistance of DBAl2 mice to leukemogenesis by F-MuL V is a 
second example of such dissociation; however, it appears that in D BA!2 mice, a block in 
the leukemogenic process may occur at the level of resistance to infection by recom
binant MuLV (Ruscetti et al. 1981a; see Sect 4.2.2). Ihle and co-workers suggest that 
recombinant MuL V can be generated and replicate in the CBAIN strain; however, 
documentation of MuLV expression in these animals will be of importance in assessing 
the significance of the correlation between failure to develop cellular immunity to MuL V 
and resistance to leukemogenesis. The value of understanding virus expression in this 
strain is underscored by the rmding that CBAIN mice, like DBA!2 mice, are resistant to 
induction of erythroproliferative disease by F-MuLV (Ruscetti et al. 1981a). 

The model proposed by Ihle and co-workers does not consider the role of recom
binant MuL V in the induction ofleukemias. However, evidence from work of a number 
oflaboratories strongly suggests that the generation of recombinants is a required step in 
virus-induced leukemogenesis in the mouse and, further, that the transformed cell is 
infected by this class ofMuL V. A possible link between the model ofIhle and co-workers 
and what is known about the expression of recombinant env gene products in leukemia 
cells might involve an altered sensitivity of virus-infected thymocytes to mitogenic 
factors. One might hypothesize that infection of thymocytes by pathogenic recom
binants would effect the interaction of these cells with mitogenic factors elaborated as a 
consequence of the cellular immune response to MuL V. The end result might be stimu
lation of proliferation or differentiation of infected thymocytes. 
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On the basis of their oncogenic properties, avian retroviruses can be divided into three 
groups: (a) sarcoma viruses (ASV), which cause solid tumors of the connective tissue 
after a short latency period; (b) lymphatic leukemia viruses (LL V), which cause a B-cell 
lymphoma only after a long latency period of approximately 6 months or more; and (c) 
acute leukemia viruses (ALV), which upon infection of young chickens rapidly bring 
about the death of the birds from a variety of different neoplasms, usually, but not exclu
sively, of the hematopoietic system (Purchase and Burmester 1973; Hanajusa 1977; Graf 
and Beug 1978). This classification is not absolute, in that there are overlaps in the onco
genic spectra of these viruses. For example, certain LLVhave been shown to cause eryth
roblastosis and occasionally sarcomas (Purchase and Burmester 1973); similarly, certain 
ALV can also cause sarcomas (Rothe-Meyer and Engelbreth-Holm 1933; Grajetal.1977). 
However, by using this classification the seven field isolates of avian retroviruses listed in 
Table 1 have been grouped together as acute leukemia viruses. There is another isolate, 
reticuloendothelosis virus (REV-n, which is, by this definition, an AL V; however, since 
it is not related to the classical avian leukosis/sarcoma complex as judged by nucleic acid 
homology, it will not be included here. Interested readers are referred to Witter (1978) 
and Grajand Stehelin (1982). There are numerous reports in the literature regarding the 
isolation of other AL V; unfortunately, these strains are no longer available (see Grajand 
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Beug 1978). Consequently, it is only the viruses listed in Table 1 which will be considered 
in this review. 

The general strategy of infection by ALVis thought to be identical to that ofthe other 
avian retroviruses. Since this has been the subject of a number of excellent reviews over 
the last few years (Hanafusa 1977; Vogt 1977; Beemon 1978; Bishop 1978; Coffin 1979) and 
is covered in great detail in a recent book (eds. Weiss et al. 1982), readers are referred to 
these texts for general information regarding the principal features of the genetic and 
molecular biology of retroviruses. However, the following is a summary of certain key 
features which are pertinent to an understanding of the AL V. 

Retroviruses contain diploid genomes composed of two identical single-stranded 
RNA subunits, the size which varies from 5 to 10 kilobases depending on the virus in 
question. The nondefective LLV have a subunit size of approximately 8.5 kilobases and 
contain three known genes. These are gag, which codes for a precursor protein of76 000 
daltons that is subsequently cleaved into the four internal nonglycosylated core proteins 
of the virion (Vogt and Eisenman 1973; Eisenman et al. 1974; Vogt et al. 1975; Eisenman and 
Vogt 1978); pol, which codes for the virion RNA-dependent DNA polymerase orreverse 
transcriptase; and env, which codes for the viral envelope glycoproteins, gp85 and gp37. 
The order of these three genes is 5'-gag-pol-env-polyA-3'. ASV contain an additional gene 
which, in the case ofRous sarcoma virus (RSV), is termed srcand is inserted between the 
env gene and the 3' end of the RNA This gene appears to have been acquired by recom
bination with cellular sequences, since related sequences can be found in all uninfected 
vertebrate cellular DNA (Stehelin et al. 1976a, b). Genetic evidence indicates that the 
acquisition of this gene confers on the virus the ability to cause sarcomas. The other ASV 
have also acquired genes related to cellular sequences, but in these cases at the expense 
of viral replicative functions. They are therefore referred to as defective sarcoma viruses 
and they are reviewed by Neil in this volume. With this as background, I would now like 
to review what we know about avian AL V, emphasizing information that is pertinent to 
the mechanism by which AL V transform cells. In doing so my principal objective is to 
illustrate how, by studying retroviruses in general and ALVin particular, it should be 
possible to gain insight into the mechanisms of cellular growth control and differen
tiation. 

2 Transformation by Avian Acute Leukemia Viruses (ALV) 

The seven strains of AL V to be covered are all field isolates which have been identified in 
different countries over the past 50 years or so (Table 1). Upon infection of young 
chickens, these viruses rapidly bring about the death of the birds from a variety of diffe
rent neoplasms, usually, but not exclusively, ofthe hematopoietic system (Grafand Beug 
1978). The predominant neoplasms that these viruses cause are also listed in Table 1. 
Experimental manipulation of these viruses has been greatly facilitated, firstly, by the 
ability of these viruses (with the exception of AMV) to transform fibroblasts in tissue 
culture (Langlois et al. 1969; Ishizaki and Shimizu 1970; Graf1973; Grafet al. 1976) and, 
secondly, by the establishment for all seven strains of an in vitro assay for the transforma
tion of chicken bone marrow cells (Baluda and Goetz 1961; Graf1975; Grafet al. 1979). 
These assays allow the isolation of colonies of transformed cells and thus provide pure 
populations for analysis. 
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Table 1. Avian acute leukemia virus strains 

Virus strain Predominant neoplasm( s)a Country and year when isolated 

AEVb Erythroblastosis, sarcomas Denmark 1931 
AMY Myeloblastosis USA 1941 
E26 Myeloblastosis, Bulgaria 1962 

erythroblastosis 
MC29 Myelocytomatosis, liver Bulgaria 1964 

and kidney tumorsc 

CMII Myelocytomatosis Federal Republic of Germany 
1964 

MH-2 Liver and kidney tumorsc England 1927 
OKlO Liver and kidney tumorsc Finland 1975 

a Only those neoplasms induced in chickens are listed here, and it should be borne in mind that it is 
highly likely that the host will have some influence over the disease produced; b Recently two other 
viruses than can cause erythroid leukemia have been isolated, AEV -H (S. Kawai, personal commu
nication) and S13. (S. Benedict, H. Beug, P.K. Vogt, personal communication), but as these two 
viruses have yet to be completely characterized, they will not considered here; C These tumors have 
been referred to as either endotheliomas or carcinomas 

2.1 Transformation of Avian Fibroblasts 

All the AL V, except AMY, are able to transform avian fibroblasts, although E26 has so 
far only been shown to be capable oftransforming quail fibroblasts (Grafet a1.1979). The 
best studies on the analysis of the transformed cells are those in which cloned chicken 
fibroblasts were used (Royer-Pokora et al. 1979; Beuget al. 1979). The use of cloned fibro
blasts is preferable to chicken embryo cells, as the primary embryo cells are a mixture of 
cell types, making comparisons of the transformed cells unreliable. Indeed, AMY was ini
tially reported to transform fibroblasts, but the transformed cells observed were later 
shown to be contaminating macrophages in the embryo cultures (Moscovici et al. 1969; 
Graf1973). Studies involving cloned fibroblasts have been performed mainly with RSV, 
AEV, and MC29. These studies have shown that, both phenotypically and with regard to 
certain parameters of transformation, it is possible to distinguish the virus-induced trans
formed cells (Royer-Pokora et a1.1978). For example, although cloned chicken cells trans
formed by all three viruses grow in agar, only MC29-transformed cells display an in
creased growth rate and only AEV- and RSV-transformed cells exhibit increased hexose 
uptake and lack fibronectin on their surface (Royer-Pokora et al. 1979). The morphology 
ofthe transformed cells varied widely. RSV-transformed cells were rounded, AEV-trans
formed cells exhibited a spindly refractile morphology, and MC29-transformed cells 
were somewhat small and epithelioid in shape with prominent nuclei. These data suggest 
that these three different viruses transform fibroblasts by means of different mecha
nisms, since in each case the expressed parameters of transformation are different. 

2.2 Transformation of Avian Hematopoietic Cells 

The hallmark of ALVis their ability to transform hematopoietic cells in vitro. The in vitro 
assays usually use bone marrow cells as a source of target cells, although it is possible to 



112 M.l Hayman 

Table 2. Cells transformed in vitro by acute leukemia viruses 

Virus strain Hematopoietic cells Fibroblasts 

AEV Erythroblasts Yesa 

AMV Myeloblasts No 
E26 Myeloblasts plus Yes 

erythroid cells 
MC29 Immature macrophages Yesa 

CMII Immature macrophages Yes 
OKlO Immature macrophages Yes 
MH-2 Immature macrophages Yes 

a Also capable of transforming mammalian fibroblasts 

use other cells, for example, spleen cells or yolk sac cells (Moscovici et al. 1975). Bone 
marrow is the cell source of choice, since it contains target cells for transformation by all 
the AL V tested to date, unlike certain of the other cell sources (Graf et al. 1980). The in 
vitro-transformed hematopoietic cells have been characterized with regard to their 
differentiation phenotype by both biochemical and immunological techniques (Beug et 
al. 1979) and compared with leukemic cells obtained in vivo. 

Hematopoietic cells transformed by AEV, both in vivo and in vitro, were found to 
belong to the erythroid lineage. AMV-transformed cells resembled myeloblasts, and 
MC29-type viruses resembled macrophages (Beugetal.1979). Cells transformed by E26 
either are myeloblasts or cells of the erythroid lineage, depending on the assay conditions 
(Radkeet al. 1982), a point that will be considered in greater detail later in this review. The 
main points that can be derived from these data are that the bone marrow assay seems to 
provide a faithful in vitro correlate of the in vivo disease pattern, and that the seven 
viruses can be divided into three distinct groups on the basis of the differentiation pheno
type of the cells they transform in vitro (Table 2). On the basis of these data it was postu
lated that the AL V contain three different types of oncogenes, which were named after 
the cells they transform (Beug et al. 1979; Grafet al. 1980). This hypothesis was conftrmed 
by analysis of the viral genomes (see Sect. 3). 

2.3 Transformation of Mammalian Fibroblasts 

Certain strains of RSV can transform mammalian ftbroblasts, in addition to avian ftbro
blasts. Such transformed cells have proved very useful for the isolation of viral mutants 
and the production of antiserum against the transforming protein ofRSV, pp60src. They 
have also provided an excellent system for studying eukaryotic gene expression and 
virus-cell interactions. These results prompted investigations into the ability of AL V to 
transform mammalian ftbroblasts. AEV and MC29 have both been found capable of 
transforming rat ftbroblasts following direct infection (Quade 1979), and NIH -3T3 ftbro
blasts following transfection (Copeland and Cooper 1980). The presence of AEV and 
MC29 in these cells was demonstrated by virus rescue following fusion with chick ftbro
blasts and, in the case ofthe transformed rat cells, the rescued virus was shown to be able 
to transform the appropriate bone marrow cells (Quade 1979). In addition, the presence 
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and expression of the viral genomes in the rats cells could be demonstrated (Quade et al. 
1981), and reversion of the transformed phenotype in the AEV-transformed cells corre
lated with reduced expression of the AEV provirus (Quade et al. 1981). The transformed 
rat cells have been characterized with regard to parameters of transformation expressed 
and have been found to display the same characteristic set as transformed avian fibro
blasts, with the notable exception that the MC29-transformed cells cause sarcomas 
(K.. Quade, personal communication). Recently, it has proven possible to raise antisera 
against the transforming protein of AEV in rats bearing tumors induced by AEV rat cells 
(Hayman et al. 1983). These results will be considered in greater detail in Sect 3.1. There 
have been no reports of any AL V-transforming mammalian hematopoietic cells. 

3 Genetic Structure, Expression, and Protein Products of ALV 

Initial attempts to elucidate the structures of the genomes of AL V utilized the techniques 
ofliquid hybridization, heteroduplexmapping, and oligonucleotide mapping (Roussel et 
al. 1979; Bisterand Duesberg 1980; Lai et al.1979; Hu et al. 1979; Stehlin et al.1980). These 
studies were in the main very successful, and the summation of the data obtained is 
shown in Figs. 1-3. With the recent advent of molecular cloning it has been possible to 
isolate cloned DNA copies of several members of the AL V, and these are presently being 
sequenced (Souza et al. 1980; Vennstrom et al. 1980, 1981; Lautenberger et al. 1981). Since 
there are interesting features to each of the AL V genomes, I will consider them separa
tely. However, it is appropriate to point out that the single important feature of their 
genetic structure is that they have all acquired sequences which were originally derived 
from cellular DNA It is these new sequences which, in all likelihood, are responsible for 
the transforming ability of the virus. Hence, they are known as viral oncogenes, or v-onc 
for short, the cellular counterparts being referred to as c-onc. The seven isolates can be 
divided into three groups on the basis of the v-onc sequences in their genomes. These 
three sequences are known as v-erb in the case of avian erythroblastosis virus, v-myb in 
the case of AMY and E26, and v-myc, which is found in the genomes of MC29, CMII, 
MH-2, and OKlO. Let us now consider these viruses separately with the emphasis on how 
the viruses transform cells. 

3.1 Avian Erythroblastosis Virus 

The genome structure of AEV is in some ways typical of that of all the AL V and, for that 
matter, also the defective sarcoma viruses (Neil, this volume). The v-onc sequence has 
been acquired in the middle of the genome of a LLVat the expense of viral replicative 
information, in this case all of the pol gene, and most of the gagand envgenes (Fig. 1). The 
v-erb insert is, however, unique in that it actually gives rise to two gene products; there
fore, the gene is divided into two separate regions known as erb A and erb B. The erb A 
gene product is a fusion protein of the partial gag gene and the erb A region and has a 
molecularweightof75 000 daltons (p75) (Hayman etal.1979b). As we will see, the expres
sion of the v-onc genes as gag fusion proteins is the most common mode of expression 
used by the AL V. p75 is synthesized from a genomic1ength messenger RNA of approxi
mately 5.3 kb. The erb B gene product is synthesized from a spliced subgenomic mRNA 
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Fig. 1. Genome structure and gene product of avian erythroblastosis virus (not to scale) 

of3.5 kb. Whenimmunoprecipitated with tumor-bearing rat sera, a doublet of66 000 and 
68 000 daltons (p66 and p68) is seen. Pulse chase experiments show that p66 can be 
chased into the p68 form (Hayman et aI. 1983). These two proteins are identical by tryptic 
peptide mapping, and aIthough p68 appears to be phosphorylated whereas p66 is not, it is 
unknown as yet whether this modification is sufficient to account for the difference in 
molecular weight It should be mentioned that the erb B gene product was originally des
cribed as a 40 OOO-dalton protein on the basis ofin vitro translation studies (Lai et aI. 1980; 
Pawson and Martin 1980; Yoshida and Toyoshima 1980). However, this protein seems to 
be the result of an internal initiation event, and the true in vitro translation product is, in 
fact, a protein of 62 500 daltons (Privalsky and Bishop 1982; Hayman et aI. 1983). Addi
tional modifications have been identified which convert p62.5 into the p66 and p68 form 
and appear to involve glycosylation as judged by endoglycosidase H experiments (Hay
man et aI. 1983). Subcellular fractionation experiments have located p66 and p68 in cell 
membranes, and immunofluorescence studies on live cells indicate that they are expres
sed on the cell surface (Hayman et aI. 1983). 

AEV is capable of transforming two cell types, fibroblasts and erythroblasts, and 
causing two distinct neoplasms, sarcoma and erythroid leukemia. Which of these two 
proteins is responsible for transformation, or are both necessary? At the present time, 
there is no clear-cut answer to this question. However, the best clues come from experi
ments involving viral mutants. Conditional mutants of AEV have been isolated, and 
there are now five available ( Gra/ et aI. 1978; Palmieri et aI. 1982). Transformation studies 
have shown that these mutants are temperature sensitive for both erythroblast and 
fibroblast transformation. Since it is highly unlikely these are all double mutants, these 
data imply that a mutation in one gene affects both types of transformation. This effec
tively rules out the possibility that there is one gene for fibroblast transformation and one 
for erythroblast transformation, and suggests that either one gene is responsible for both 
types of transformation or that both genes are necessary for transformation. Studies with 
a nonconditional mutant, td 359 AEV, which can transform fibroblasts but not erythro
blasts and causes sarcomas but not erythroblastosis, would indicate that the two types of 
transformation can be dissociated. However, it is still possible that the 'dose' of biolo
gically active protein required to transform erythroblasts is higher than that needed to 
transform fibroblasts. The mutations in td 359 could have reduced the biological activity 
of the transforming protein, such that it is no longer sufficient for erythroid transforma
tion but is still sufficient for fibroblast transformation. Whereas attempts to map the con
ditional mutants have proved unsuccessful, the mutation in td 359 was originally 
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reported to be in p75 (Beug et al. 1980). However, with the availability of antiserum 
againstthe erb Bprotein, it has been possible to show thatthere is also a deletion in the erb 
B gene product of approximately 10 000 daltons. These experiments are, therefore, not 
very helpful in assigning various transforming abilities within the erb locus. The most 
useful approach seems to be site-specific mutagenesis of cloned AEV DNA, and the 
results of such experiments are now being reported. Deletions within the erb A locus do 
not appear to remove the fibroblast- or erythroblast-transforming ability of the virus, 
whereas deletions within the erb B do (Frykberg et al. 1983). 

These data imply that the erb B gene product is sufficient for transformation How
ever, it should be mentioned that the virus with erb A deletions is not as efficient at trans
formation as wild-type virus. Therefore, although erb B is sufficient for transformation, 
an ancillary role for erb A is still likely. 

Taken together, these data imply that a cell surface membrane glycoprotein (p68) is 
responsible for the proliferation of erythroid cells by AEV. In this regard, it is interesting 
to note that two other viruses that transform erythroid cells, namely, S13 virus (S. Bene
dict and P.K. Vogt, personal communication) and the murine Friend leukemia virus 
(Linemeyer et al. 1982), also appear to do so via glycoproteins. Whether these membrane 
glycoproteins exert their oncogenic effects as receptors for growth factors, or via some 
other mechanism, is presently unknown. However, it is obvious that, having identified a 
membrane glycoprotein which has such a profound effect on cell proliferation, an impor
tant step has been taken towards defining erythroid differentiation and growth control in 
general. 

3.2 Avian Myeloblastosis Virus and E26 

Although avian myeloblastosis virus and E26 are often considered together, since they 
both contain the oncogene v-myb, hybridization studies using a probe derived from 
AMY (Roussel et al. 1979) show that there is only 66% homology between their myb 
genes. Both viruses can transform myeloid cells in vitro and the cells are essentially 
indistinguishable by a variety of biochemical, immunological, and functional markers 
(Beuget al. 1979). However, the similarities stop there, since E26 is able to transform quail 
fibroblasts and chick cells ofthe erythroid lineage (Sotirov 1981; Grafet al. 1979; Radke et 
al. 1982), whereas AMY is not known to transform any other cell type. Since their genome 
structures and their modes of expression of v-myb are drastically different, I feel it is 
appropriate to consider them separately. 

The genome structure of AMY is depicted in Fig. 2, where it can be seen that the 
v-myb gene has essentially taken the place of the env gene of aLL V. The AMY genome 
has been cloned (Souza et al. 1980), and sequence analysis of cloned DNA has revealed 
that the pol gene has also sustained a deletion of approximately 30 bases (Rushlow et al. 
1982; J.M. Bishop, personal communication). These two independent groups have also 
been able to show that the 5' end of the v-myb gene appears to start with noncoding se
quences that are derived from an intron found in the c-myb gene, implying that the re
combinational event that gave rise to AMY took place at the level of DNA Analysis of 
intracellular RNA has shown that the v-myb gene is expressed as a subgenomic 21S 
mRNA (Chen 1980; Gonda et al. 1981), and although no protein product has yet been iden
tified, the sequence analysis has identified an open reading frame that predicts a protein 
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Fig. 2. Genome structure and gene products of avian myeloblastosis virus and E26 (not to scale). (?) 
indicates the gene product has still not been definitely characterized. X is an unknown sequence 
present in the E26 genome which is presumed to be also contained in p13S 

of approximately 30 ()()() daltons containing no viral structural gene information. The 
actual size of the in vivo protein could, of course, be larger if there were posttranslational 
modifications, as was found in the case of the AEV erb B protein or if an RNA splicing 
event expanded the open reading frame. 

The genome structure of E26 depicted in Fig. 2 is based on circumstantial evidence 
gathered from a number of observations (Roussel et al.1979; Bisteret al. 1982a; Beuget al. 
1982b) and until a virus DNA copy is cloned the exact structure will remain unknown. 
However, certain salient features ofthe genome structure are clear. Firstly, E26 encodes 
a pl35 gag fusion protein which must contain myb information (Bisteret al. 1982a; Beuget 
al. 1982b). Whether, in addition, it synthesizes a product from a subgenomic mRNA con
taining only myb sequences is unknown. Also, given that the size of the E26 genome is 
5.7 kb (Bisteret al.1982a), sequences other than those of myb, the partial gag, and envgenes 
can easily by accommodated. These differences in the genome structure and mode of ex
pression of the rnyb sequences may well be relevant to the differences in the transforming 
potential ofE26 compared to AMY. It is not clear if this difference in the expression of 
rnyb allows E26 to transform fibroblasts and erythroid cells, or if as yet uncharacterized 
sequences in the E26 genome are responsible for this phenomenon. Answers await the 
cloning of the E26 genome. Whatever the result, E26 is an intriguing virus. It either 
harbors two different v-ones in its genome or, by expressing v-myb as a gag-1"elated poly
protein it has widened its oncogenic potential. It becomes even more interesting when 
one considers the intriguing growth properties of the cells it transforms. 

One of the major factors that has inhibited the experimental dissection of the E26 
genome has been the inability to grow E26-transformed erythroid or myeloid cells easily 
(M.I Hayman; T. Graf and H. Beug, frustrating observations). Recently the reason for 
this has become clear. The E26-transformed cells are still dependent for growth on cellu-
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1ar growth factors. Either erythropoietin-like factors for the erythroid cells (H. Beug, per
sonal communication) or conditioned medium from concanavalin-A-stimulated spleen 
cells (Beug et aI. 1982b) are required for growth. These data raise the intriguing possibility 
that the E26 oncogene product requires these growth factors to function and, therefore, 
may itselfbe a receptor for such factors. Determining if this is indeed the case is one of the 
most interesting areas of research presently underway, and the answers are eagerly 
awaited. 

3.3 Myelocytomatosis Virus Strain, MC29, and Related Viruses 

The avian myelocytomatosis virus, MC29, has been shown to contain an oncogene, 
v-myc, which is centrally located in the S.5-kb genomic RNA, as depicted in Fig. 3. This 
same sequence, or a highly related one, has also been found in three other independently 
isolated AL V, namely CMIl. MH-2, and OKlO. Its location within the genome of these 
other viruses is also shown in Fig. 3. As MC29 is the best studied of these four viruses, we 
will consider it ftrst, and then address the interesting features of the other group 
members. 

MC29 transforms ftbroblasts and macrophages in culture, and the transformed cells 
contain only a single mRNA of genomic length (Sheiness et al. 1981). The only gene 
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Fig. 3. Genome structure and products of MC29-type viruses (not to scale). (?) indicates the gene 
product has still not been defInitely characterized 
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product found in such cells is a gag-myc po1yprotein of 110 000 molecular weight (P110) 
(Bister et al. 1977; Kitchener and Hayman 1980). This protein, therefore, was considered 
the candidate to be the transforming protein for both fibroblasts and macrophages. 
Studies with partially transformation-defective mutants, which are severely hindered in 
their ability to transform macrophages in culture whilst still able to transform fibroblasts 
(Ramsay et al. 1980), confIrmed this. These mutants contained deletions within the myc 
gene, giving rise to smaller proteins which had lost specific phosphorylation sites in the 
myc region (Ramsay et al. 1980, 1982b; Enrietto and Hayman 1982; Ramsay and Hayman 
1982; Bisteret al.1982b). Furthermore, analysis of these mutants in vivo showed they no 
longer caused the characteristic liver and kidney tumors associated with wild-type MC29 
(Hayman et al.1982b; Enrietto et al.1983). These data confIrm that the myc gene is respon
sible for transformation by MC29. However, they leave unanswered the question of why 
the mutants still transform fibroblasts in vitro without causing a neoplasm in vivo relating 
to this property. Various arguments suggesting dose response differences between 
fibroblasts and macrophages have been proposed (Ramsay et al. 1980), but so far they 
remain untested. 

Recently a back mutant of one of the partially transformation-defective viruses, 
termed MC29-HB1, has been isolated. This back mutant has regained the ability to trans
form macrophages in culture, and analysis of the viral genome revealed that it had 
regained the myc sequence lost from the original mutant (Ramsay et al. 1982a). In addi
tion, it had also acquired a different LTR and had minor changes in the gag gene region. 
These latter changes were presumed to be due to recombination with the helper virus 
with which it was propagated, whereas the mycsequences had presumably been acquired 
by recombination with the c-myc gene. One of the most interesting aspects of the HB1 
virus is its pathology, since when it is injected into chickens, it does not cause the disease 
associated with wild-type MC29. Rather, it causes predominantly lymphomas and occa
sional myelocytomas (Hayman et al. 1982b). The lymphomas do not appear to be the 
same as those caused by lymphoid leukosis viruses, as they do not involve the bursa and 
appear as well in bursectomized birds (L.N. Payne, P.J. Enrietto and MJ. Hayman, un
published observations). This new disease pattern is very interesting since it has recently 
been shown that the majority of the LLV -induced lymphomas are caused by insertional 
mutagenesis in the vicinity of the c-myc gene (Neel et a1. 1981; Hayward et a1. 1981; Payneet 
al. 1981,1982; for recent review see Varmus (1982). It has always been an intriguing fact 
that the tumor in which elevated c-myc expression is observed is not one commonlyasso
ciated with those caused by v-myc. The observation that in HB1 induces a novel spectrum 
of disease suggests that very subtle differences in the viral genome have very significant 
effects on the pathology of the virus. It is also worth noting that host factors can affect the 
disease pattern, as recently shown for MC29 and MH-2, where MC29 was virtually non- . 
pathogenic in quail under conditions where MH-2 was highly pathogenic (Linial1982). 

This leads to considerations of how MC29 transforms cells. The most informative 
data on this come from recent experiments which 10ate the p110 protein within the cell 
nucleus (Abrams et al. 1982; Donner et al. 1982). This would imply some mechanism in
volving perhaps an interaction with the chromatin. In this regard it is worth noting that in 
DNA transfection studies on bursal tumors which had elevated c-myc expression, 
although the tumors contain activated transforming genes as evidenced by assay on NIH-
3T3 cells, the transforming DNA transfected did not contain c-mycor any viral sequences 
(Cooper and Neiman 1980, 1981). These authors postulated that the c-myc enhancement 
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was a primary stage in tumorigenesis, with the actual transforming gene being distinct 
from c-myc but being turned on somehow by c-myc. The fmding that v-mycseems to act in 
the nucleus might lend credence to this hypothesis. Obviously, though, we are still a long 
way from understanding the underlying mechanism of myc - induced oncogenesis. 

Of the other viruses in this group, CMII can probably be considered to be very similar 
to MC29. The v-myc sequence is again centrally located within the genome (Bisteret al. 
1979), and a gag-myc protein is encoded with a molecular weight of 90 000 (Hayman et al. 
1979a). As this protein appears to be the only one found in transformed cells, it pre
sumably is the transforming protein The two other members ofthis group are, however, 
more interesting. MH-2 was originally reported to direct the synthesis of a 100 OOO-mole
cular weight gag-related protein (Hu et al. 1978), and it was presumed that this was a gag
myc fusion protein However, recent data suggest the presence of a subgenomic mRNA 
in MH-2-transformed cells (Pachl et al. 1982; Gra/and Stehelin 1982) which could encode 
a myc gene product lacking gag sequences; this raises the possibility that p100 is not the 
transforming protein. p100 may not even contain v-myc information, a possibility given 
some weight by the recent fmding that p100 does not contain the v-mycphosphopeptides 
found in CMII p90 and MC29 plIO (Ramsay et al. 1982b). This difference in expression of 
the v-mycsequence inMH-2 may have some bearing on the pathology of the virus (Linial 
1982) as discussed above. The last member of this group, OKlO, is somewhat similar to 
MH -2, in that although it makes a fusion protein, p200 (Ramsay and Hayman 1980), it also 
synthesizes a subgenomic mRNA that could encode a v-mycprotein (Chiswell et al. 1981; 
Saule et al. 1982). The genome structure of OKlO is somewhat different from the 
members of the MC29 group, in that the v-myc sequence is inserted between pol and env 
(Ramsay and Hayman 1980; Bister et al. 1980). Thus, in addition to the p200 gag-pol-myc 
protein, this virus contains a complete gag gene protein (Ramsay and Hayman 1980). 
Whether these unique features of the OKlO genome have any effect on its oncogenic 
potential is unknown, as the required studies, namely, the isolation of various mutants, 
have yet to be performed. Also, it is worth mentioning that due to the absence of a v-myc
specific antiserum no v-myc product from the subgenomic mRNA has been found in 
either MH-2 or OKlO-transformed cells; consequently it is not known if this protein is 
also located in the nucleus. 

These different modes of expression of the v-myc information within the MC29 
group of viruses serve to highlight one of the features of ALV-induced transformation. 
On the one hand, these viruses were originally grouped together on the basis of in vitro 
transformation assay similarities which later were shown to correlate with the presence 
of the v-myc sequence. On the other hand, subtle differences in the v-myc sequence lead 
to marked changes in the virus pathology, as evidenced by the partial transformation
defective mutants and RBI. Therefore, there are obviously subtleties involved in the 
function and expression ofthe mycsequence, both viral and cellular, which have a drama
tic effect on transformation. Only when we completely understand how the myc gene 
functions will these subtle differences be revealed. 

4 Use of ALV to Study Cellular Differentiation 

One ofthe most fascinating features of ALVis their ability to transform only specific cell 
types; for example, AEV transforms erythroid cells in bone marrow, whereas AMY 
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transforms myeloblasts. Since this specific transformation is a function of the viral onco
gene, this has led to the hypothesis that these oncogenes may play a role in normal 
differentiation Whether this will tum out to be the case obviously awaits further experi
mentation However, the rmding that the cellular oncogenes are expressed in cells other 
than those which are transformed by the appropriate v-onc-containing virus (Gonda et al. 
1982; Gra/and Stehelin 1982) means that the earlier hypotheses were probably too sim
plistic. Yet the concept remains an important one and may, in fact, tum out to be true for 
certain specific oncogenes. The AL V are proving to be invaluable tools for studying not 
only leukemogenesis, but also cellular differentiation This has recently been the subject 
of a specific review, and the interested reader is referred to this for more details (Beuget 
al.1982a). However, it is worthwhile here to outline the salient features of the system in 
order to point out what advantages the AL V provide over other systems. For this purpose 
I will use the AEV erythroid cell transformation system as an example, as this is the best 
studied. 

One of the major problems is studying the regulation of differentiating erythroid cells 
is obtaining enough cells from the early stages to analyze. The ability to transform cells in 
vitro with AEV and isolate large numbers of clonal populations of erythroblasts circum
vents this problem. These cells represent a cell population that normally constitute less 
than 1% of bone marrow cells; by a variety of different parameters the cells appear to be 
identical to the normal cells (Beug et al. 1979). Furthermore, virus mutants are available 
which are temperature-sensitive for transformation ( Gra/ et al. 1978; Palmieri et a1. 1982), 
and it has been shown that when the cells are grown at 41.5 ce, the virus is inactivated and 
the cells differentiated (Grqf et al. 1978). The important features of this differentiation 
are: (a) itis of a clonally pure population of cells; (b) the induction is by growth at 41.5 ce, 
the normal body temperature of a chicken, and not following the addition of nonphysio
logical chemicals; and (c) the differentiation is still under the control of normal cellular 
regulatory mechanisms, such as "erythropoietin-like" molecules (Beug et al. 1982a). 
Therefore, this system provides an excellent model to study the regulatory processes in
volved in erythropoiesis, and any key observations that are made can then be confrrmed 
in normal erythroid differentiation This system has already been exploited to produce 
monoclonal antibodies against cell surface molecules (Hayman et al. 1982a), to identify 
membrane glycoproteins that change on differentiation (Savin and Beug 1981), to study 
the regulation of globin gene expression (Weintraub et a1.1982), and I am sure that many 
more exciting features remain to be discovered. 

5 Summary and Concluding Remarks 

As stated at the outset, my intention in this review was to consider how studies on the 
AL V will help us understand normal growth control and even certain aspects of differen
tiation They represent a useful model system for studies of growth control, since they 
use ostensibly cellular genes, coones, under viral control of expression as v-ones, to bring 
about cell transformation Whether the cellular genes have in some way been mutated to 
make them oncogenic or whether it is the abundance of the virus-controlled gene 
product that leads to transformation is a problem that still needs clarification; the answer 
may indeed be different for different oncogenes. Nevertheless, an understanding of how 
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the various AL V v-oncogenes function will be a large step forward towards under
standing many of the mechanisms of normal growth control. 

In considering where within the cell interactions might take place that would be 
important for regulating the growth and differentiation of that cell, the major sites would 
be the plasma membrane, the CYtoplasm, and the nucleus. Interactions with the external 
environment via receptors in the plasma membrane would provide important signals 
that would be transported through the CYtoplasm to give rise eventually to signals in the 
nucleus that result in the regulation of gene expression. Examination of the localization 
of the different AL V oncogene products shows that they provide examples of regulating 
growth control from at least two of these sites. The MC29 v-mycgene product appears to 
function directly within the nucleus, where it may be controlling the expression of other 
genes. The AEV erb B gene product is a membrane glycoprotein, where it may be acting 
as a receptor molecule which interacts with normal cellular growth factors and therefore 
passes signals to the cell which lead to proliferation. The E26 v-myb gene product gives 
rise to transformed cells which are still dependent on normal growth factors and may 
indeed interact with them. Thus, the avian AL V have identified for us at least three genes 
that can play central roles in growth control, and each one provides a different example of 
an important regulatory molecule. An understanding of how just one of these important 
molecules functions will be a large step forward in understanding growth control in 
general. 
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A tremendous increase in our knowledge of the variety of retroviral transforming genes 
and their complexity of structure and function has been attained within the last decade. 
Rapidly transforming, replication-defective retroviruses have gained a prominent posi
tion as systems to exploit in the study of the interactions of specific growth control genes 
and their host cells. A large number of independent isolates of such viruses from diverse 
vertebrate species (see Coffin et al. 1980) have been documented. The phenomenon of a 
specific host cell gene being recombined with part of the sequences of a replication
competent retrovirus and, hence, generating a new viral form and function has been 
demonstrated at the biological and molecular levels for a number of cases. 

Three large and interrelated areas dominate much of this field. Certainly, the range 
and variety of transforming genes that can be documented, catalogued, and compared to 
the existing pool of retroviral forms is a major problem whose solution will take the 
concerted effort of many laboratories. Studies of the details ofthe mechanisms by which 
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the activity of the various retroviral genes influence the host cell's transformed pheno
type are still in their infancy and will be vigorously pursued. Finally, a number of this 
group of retroviruses, including the Abelson virus, have found special utility because of 
their ability to transform cell types that occur in well-studied developmental pathways. 
Thus, the ability of Abelson virus to transform cells of the B-lymphocyte pathway provi
des useful reagents (continuous transformed cell lines) for the molecular and cellular 
developmental immunologist. Conversely, detailed knowledge ofB-lymphocyte deve
lopment can be exploited to refme our attempts to study the interaction of Abelson virus 
with its host target cells both in vitro and in vivo. These latter points have genemted much 
of the intensity of experimental effort in the Abelson virus system. 

2 Isolation and Biological Studies 

The isolation of Abelson murine leukemia virus (A-MuL V) by Abelson and Rabstein 
(1970a, b) occurred unexpectedly during studies of the leukemogenic activity of the 
Moloney murine leukemia virus (M-MuL V). The particular experimental protocol used 
and the chamcteristics of A-MuL V-induced disease hold several key lessons. 

Moloney virus is a member of a group of replication-competent murine retroviruses 
that, after in vivo inoculation of susceptiable mice, give rise to thymic lymphomas with a 
latent period of 3-6 months. These tumors eventually spread to peripheral lymph nodes 
and spleen (Moloney 1960, 1962). Even prior to the discovery of the viral etiology of 
thymus-derived leukemias in certain inbred mouse strains (Gross 1951), it had been 
demonstrated that thymectomy could significantly reduce the incidence of spontaneous 
leukemias in such strains (Furth 1946; Kaplan 1950). 

Several groups had demonstrated that viral-induced thymic leukemias were reduced 
following inoculation if the thymus was physically removed. In such animals tumors with 
distinctive pathologies occasionally appeared (Moloney 1962; Gross 1960), including mye
loid and lymphosarcoma-type leukemias. 

Abelson and Rabstein (1970a, b) used a similar protocol, inoculating M-MuL V into a 
large number ofBALB/c Cr mice which had been treated with prednisolone (a potent 
corticosteroid) since birth. This drug treatment essentially performs a chemical thymec
tomy, since the thymus is particularly sensitive to the lympholytic effect of steroids 
(Branceni and Amason 1966). Of the original group of over 150 mice, only ten developed 
tumors; of the four animals examined in any detail, the cell-free extracts prepared from 
only one mouse showed some unusual (non-M-MuL V) properties. This single tumor 
extmct was the source of all prepamtions of Abelson murine leukemia virus. The original 
tumor was classified as a lymphosarcoma, and involved both cervical and inguinal lymph 
node groups and lymphoid tissue along the vertebral column. In addition, prominent 
inftltration of the marrow cavity of the calvaria with invasion into the meninges had 
occurred. These pathological fmdings were seen repeatedly 25-40 days following injec
tion of cell-free tumor extract into susceptible mice, whether or not they had been treated 
with steroids. In neither the original tumor nor in the secOndary recipients was there 
leukemic involvement of the thymus. 

This lack of thymic involvement was further supported by the observation that con
genitally athymic nude mice were good hosts for A-MuLV-induced lymphomas (Rasch
ke et al. 1975). This distinctive pathological spectrum of nonthymic lymphoma, of short 
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latent period, with early involvement of both bone marrow and peripheral lymphoid 
tissues, provided a unique experimental system. 

A close relationship between the derived A-MuL V and the inoculated M-MuL V was 
suggested from neutralization and dilution experiments of Potter et a1. (1973). Antisera 
specific for M-MuL V neutralized A-MuL V activity, and highly diluted preparations con
taining A-MuLV induced classic M-MuLV-like disease. This strongly suggested that 
A-MuLV contained M-MuLV-like envelope antigens, and that the virus preparations 
used were mixtures of both A-MuLV and M-MuLV. 

Although very young mice of most inbred strains were susceptible to A-MuLV
induced disease (Abelson and Rabstein 1970b), adult mice of most strains were resistant 
Risser et al. (1978a) have identified two unlinked genes (called Av-l and Av-2) that regu
late susceptibility to A-MuL V disease. AdultBALB/cmice are the best host for A-MuL V 
disease; they carry the dominant sensitivity alleles at both loci. Neither allele appears to 
regulate the M-MuL V component 

Since the early in vivo-passaged stocks were never cloned, the interpretations of 
some of the original work on the pathological characteristics and species-specific reaction 
to A-MuL V infection should be read with caution (Abelson and Rabstein 1970b; Rabstein 
et a1. 1971; Siegler et a1. 1972). 

A major improvement in the dissection of the A-MuL V /M-MuL V complex came 
from the work of Scherand Siegler(1975), who demonstrated that A-MuL V could directly 
transform established lines of mouse fibroblasts, like NllI3T3 cells. In particular, they 
could demonstrate that A-MuL V transformants in some cases were negative for release 
of virus (transformed nonproducers), but could release infectious A-MuLVafter super
infection with M-MuLV or a related virus. This pattern of a replication-incompetent, 
rapidly transforming virus that can be rescued and packaged in trans is certainly not 
unique to A-MuLV. This represents a form of transduction of new genetic information, 
as will be detailed in the following sections. One of the transformed nonproducer cell 
lines they isolated, called ANN-I (for Abelson NllI nonproducer number 1), became the 
source of clonally purified A-MuL V for a number of laboratories. 

3 In vitro Thansformation of Lymphoid Target Cells 

A critical advance in our ability to examine the interactions of A-MuL V during lymphoid 
transformation came with the development of suitable in vitro transformation assays. 
Two groups showed that in vitro infection of adult hematopoietic tissues with A-MuL V, 
followed by short-term culture and subsequent implantation in vivo, could produce 
Abelson lymphomas (Sklar et al. 1975; Raschke et a1. 1975). This clearly demonstrated 
that A-MuL V could initiate transformation in vitro; it was not a particularly useful proce
dure, however, because the in vivo passage was not quantitative. Some risk of virus 
spread to host tissues was always a relative drawback, and the complex selective environ
ment of the whole animal made interpretation of the tumors and their phenotypes diffi
cult 

The first in vitro system was developed by Rosenberg et al. (1975). They used fetal 
liver as a source of rapidly dividing hematopoietic cells. In a liquid culture system using 
fetal calf serum and a thiol reagent (2-mercaptoethanol), they were able to establish con
tinuous cell lines which could induce tumors in syngeneic animals. A more direct and 
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quantitative assay, employing direct plating of A-MuLV-infected young adult bone 
marrow in semisolid agarose media, was reported the following year (Rosenberg and 
Baltimore 1976). 

This agarose transformation system has proven to be of exceptional value in the com
parison of different A-MuL V stocks of wild-type and mutant strains, and as a source of 
clonal cell lines used in developmental and transformation phenotype studies (described 
below). Within 10-12 days postinfection with A-MuL V /M-MuL V, macroscopic colonies 
(2-4 rom) can be counted and, if desired, removed and expanded into continuous cell 
lines in liquid culture. Generally lymphoblastoid in morphology with a rapid doubling 
time (12-15 hours), these cell lines are easily frozen, can be grown to high cell density 
(3-5 X 106/ml), and maintain a normal diploid chromosome complement (Rosenbergand 
Baltimore 1976; Klein et al. 1980). Although many ofthe cell lines derived in this manner 
do not produce virus, all examined to date (a total of over 500 in several laboratories) con
tain the A-MuL V genome and express its transforming gene product (Rosenberg and 
Baltimore 1976; 1978; Witte et al. 1978; N. Rosenberg and O. Witte, unpublished). This 
strong correlation suggests a direct transforming effect on a susceptible target cell for 
A-MuLV. Those cell lines which do not produce A-MuLV occasionally show no evi
dence of the helper virus used in the infection. These cell lines can be easily superinfected 
with M-MuL V or another helper virus; they then produce A-MuL V at normal titer. A 
major fraction ofthe cell lines appear to contain a defective helper virus which is capable 
of releasing a low number of particles into the supernatant fluids (Shields et al. 1979). The 
precise molecular defects in the helper are not clear, but the released particles contain 
very small amounts of genomic RNA and surface glycoproteins. Generally, these defec
tive particle producers can be superinfected with helper virus to rescue the A-MuL V 
genomic RNA to a higher titer. 

Amost surprising, and as yet unexplained, observation has been made about the role 
of the helper virus component in the Abelson lymphoid transformation system, both in 
vitro and in vitro (Rosenberg and Baltimore 1978; Scher 1978). Only those helper viruses 
which are themselves oncogenic (like the thymoma-inducing M-MuL V) serve as good 
helpers for lymphoid transformation. Nononcogenic helper viruses can serve to replicate 
A-MuLV and transform fibroblast lines, but they are very inefficient in the lymphoid 
transformation process. The molecular mechanism for this difference is not known, but 
it may involve a difference in the rate and duration of replication of each helper virus in 
lymphoid cells. Superinfection of a lymphoid A-MuLV-transformed nonproducer line 
with an inefficient helper leads to a transient, low-level release of A-MuL V over a few 
days (Witte et al. 1978). 

4 Biochemical Characterization of the A-MuLV Genome and Gene 
Product 

A close relationship between A-MuL V and M-MuLV was indicated both by the history 
ofisolation (Abelson and Rabstein 1970a), and by the neutralization studies of Potteret al. 
(1973). The replication defect of A-MuLV, coupled with the helper activity ofM-MuLV, 
suggested that A-MuL V genomic RNA contained sufficient sequences to be recognized, 
reverse transcribed, and packaged in trans by M-MuL V. The first demonstration of such 
sequences came from the study of Parks et al. (1976). They used an A-MuL V-trans-
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formed nonproducer cell line as a source of viral RNA, and a representative small frag
ment cDNA probe preparation ofM-MuLV sequences to demonstrate by liquid hybridi
zation that A-MuLV retained about 25% of the sequences of M-MuLV. The precise 
arrangement of retained M-MuLV sequences was demonstrated by Shields et al. (1979). 
First, they were able to demonstrate by agarose-gel electrophoresis of virion RNA that 
A-MuL V /M-MuL V stocks contained a new RNA species of 5.6 kilobases, in addition to 
the 8.8-kilobase M-MuLV form. Using a full length minus strand cDNA probe from 
M-MuLV, they formed heteroduplexes between the A-MuL V /M-MuL V RNA and the 
M-MuL V DNA They then analyzed them by electron microscopy, and with gel electro
phoresis of fragments following digestion with sing!e-strand-specific nuclease Sl. This 
combination of techniques clearly demonstrated that A-MuL V had retained sequences 
closely homologous to M-MuL Vat its 5' end (about 1320 bases), and at its 3' end (about 
730 bases). A large central region of 3500 bases had no homology to M-MuLV, and was 
presumed to have derived from a normal mouse cellular sequence via a recombination 
event (Fig. 1). Many other rapidly transforming retroviruses have now been shown to 
have arisen by such a recombination event with distinct cellular genes (reviewed by 
Bishop 1980). 

Prior to such studies demonstrating that a large region of new genetic information 
was contained in the A-MuLV RNA, an alternative hypothesis, in which A-MuLV re
presented a more subtly mutated form of M-MuLV, was entertained. Cell lines con
taining A-MuLV were examined for the expression of proteins serologically related to 
those expressed by the parental M-MuLV strain. M-MuL V, like all replication-compe
tent retroviruses, expresses its genetic information in three major precursor polyprotein 
groups, gag, gag-pol, and env (Bishop 1978; Shinnick et al. 1981). The initial translation 
product of the M-MuL V gag gene, called Pr65gag, contains sequences encoding the major 
virion structural proteins pIS, p12, p30, and plO, in that order, from amino- to carboxyl
terminus. Using monospecific antisera for these four gag gene products, reverse trans
criptase (the pol gene), and gp70 (the env gene), metabolically labeled cellular lysates 
from a large number of A-MuLV-transformed nonproducer and producer fibroblast and 
lymphoid cell lines were examined by direct immunoprecipitation and gel electro
phoresis (Witte et al. 1978). A new protein of 120 000 molecular weight (called P120) was 

Moloney MuLV 
gag pol env c 

5'-----------------~ AAA 3' 8.3kb 
Prl80 ------------; ....... 

p85 
Pr65 )0 

pl5 pl2 p30 plO 

gp70 P15{ Pr80 

Abelson MuLV 

5'--... ----... -+~ AAA 3' 5.5kb 
PI20------~)o 

Fig. 1. RNA genome structures of Moloney and Abelson virus. The homologous 5' and 3' regions 
are shown in the medium dark line. The central abl-specific portion of A-MuLV (about 3500 bases) is 
the heavy dark line. The approximate map position of the proteins encoded from each virus is shown 
in thin line 
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seen in all A-MuL V-transformed cell lines examined PUO could be precipitated byanti
sera specific for pIS, pU, and some anti-p30 sera, but not by antipolymerase or anti
envelope reagents. In addition, A-MuL V -containing virion RNA preparations could be 
translated in vitro in a reticulocyte lysate system to generate a PUO-size molecule with 
identical serological reactivities (Witte et al. 1978). 

Using a competition radioimmunoassay system and column size fractionations of 
cellular lysates, Reynolds et al. (1978a) independently observed a high-molecular-weight 
gag-related polyprotein in A-MuLV-transformed cells. They subsequently demon
strated in vitro translation ofPUO by ocyte injection and immunoprecipitation (Reynolds 
et at. 1978b). 

Both sets of studies, in conjunction with the RNA structural work of Shields et at. 
(1979), strongly suggested that the PUO protein was a direct product of the A-MuL V 
genome which was a fusion between a portion of the gag gene of M-MuL V containing 
pIS, pU, and a portion of p30, and the newly acquired, centrally located sequences speci
fic to A-MuL V (called v-abl). 

When molecular clones of A-MuL V representing proviral circles (Goff et al. 1980) 
and cellular integrated forms (Srinivasan et al. 1981) became available, the relationship 
between M-MuL V and A-MuL V could be compared more directly. The junction 
between M-MuL V gag gene sequences and the v-abl sequences occurs in phase, early in 
the reading frame for the p30 portion of the gag gene when restriction map analysis and 
direct DNA sequence for M-MuL V (Shinnick et al. 1981) is compared to A-MuL V (dis
cussed in Goff and Baltimore 1982). 

The unique information expressed in the PUO protein from the v-abl sequences was 
identified serologically by preparation of mouse syngeneic tumor regressor serum that 
could immunoprecipitate P120 even in the presence of excess gag-i"elated proteins (Witte 
et al. 1979). Almost all Abelson-induced tumors progress and kill the host in syngeneic 
challenges, but some tumors derived from the CS7L strain would be rejected after sub
cutaneous inoculation. After a lengthy immunization protocol, some mice will produce 
antibodies of sufficient titer to use in immunoprecipitation and immunofluorescent 
studies (Witte et al. 1979; N. Rosenberg and O. Witte unpublished). 

5 Abelson Protein has an Integral Tyrosine Kinease Activity 

The key observation of Collett and Erikson (1978) that Rous sarcoma virus (pp6(Y~ could 
phosphorylate the heavy chain of immunoglobulin in an immunoprecipitate kinase 
reaction gave the frrst hint to a potential function for any retroviral transforming gene 
product. Although, this type of nonphysiological reaction is far removed from describing 
the mechanism of a transformation pathway, it has provided a major clue and established 
a standard against which to compare other viral transforming genes and cellular enzy
mes. 

Immunoprecipitates of A-MuL V PUO also contain a kinase activity, but its properties 
are distinct from those of pp60src (Witte et al. 1979c, 1980a; van de Yen et al. 1980). Either 
anti-gag gene sera or anti-Abelson tumor sera was used to precipitate PUO. When washed 
immunoprecipitates were incubated with 32p_ATP and Mn ++ (or, less efficiently, Mg +l, 
the PUO protein itself became phosphorylated, but the heavy chain of immunoglobulin 
did not The reaction was extremely fast, and not augmented by the addition of cyclic 
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nucleotides. In addition, partially purified soluble preparations of P120 also apparently 
autophosphorylated in an in vitro kinase reaction (Witte et al. 1980a). 

Most striking was the observation that the end product of this phosphorylation 
reaction was phospho tyrosine (Witte et al. 1980a). This phosphoamino acid had not pre
viously been detected in any biological system. At the same time, work by Eckhart et al. 
(1979) on polyoma middle T antigen, and by Hunter and Sifton (1980) on pp60src also 
demonstrated phosphotyrosine as the end product of in vitro kinase reactions. The list of 
other retroviral transforming gene kinases, as well as cellular kinases that utilize tyrosine 
as a substrate, has grown exponentially since that time (for review see Bishop 1980). 

For each retroviral kinase, it is necessary to show that the kinase activity is an integral 
part of the viral gene product, and not a contaminating cellular activity that is using the 
viral protein as a substrate. Also, the relationship of the kinase activity to the trans
forming activity needs to be established. For the A-MuLV protein a number of types of 
evidence can be used. First, a variety of partial and complete transformation-defective 
mutants of A-MuL V have been isolated from several laboratories (detailed in a following 
section). In each case, the relative transforming potency and in vitro kinase activity have 
been well correlated (Rosenberg et al. 1980; Reynolds et al. 1980; Witte et al. 1980b). 
Second, strain variants whose proteins can be electrophoretically distinguished were 
used to demonstrate a trans labeling reaction between two A-MuLV proteins in vitro 
(Witte et al. 1979c) and recently in vivo (Ponticelli et al. 1982). 

Amore direct demonstration of intrinsic kinase activity for A-MuLV proteins comes 
from analysis oflabeling of synthetic peptide substrates that resemble the in vivo phos
photyrosine sites of some transforming proteins (Patschinsky et al. 1982; Hunter 1982) by 
preparations of wild-type and mutant strains (1. Konopka and O. Witte, unpublished). 
The extent of labeling of a synthetic peptide containing a tyrosine acceptor site by a large 
number of mutant and wild-type A-MuL V strains paralleled the biological potency of 
each strain. By comparing the reaction efficiency on this secondary substrate, one elimi
nates the problem of the putative enzyme and substrate being one and the same mole
cu1e. Perhaps the most direct demonstration comes from the analysis of Abelson protein 
expressed in E. coli (unpublished observations of C. Queen, 1. Wang, and D. Baltimore, 
discussed in Goff and Baltimore 1982). Even in this circumstance, the abl protein can 
phosphorylate on tyrosine residues. 

Very little is known about the precise nature of the in vivo phosphorylations carried 
out by P120 in fibroblasts or lymphoid cells, but Sifton et al. (1981) have shown a large 
increase in the total cellu1ar level of phosphotyrosine following A-MuL V transformation. 
This increase is much larger for the fibroblast lines than the lymphoid ones examined. 
Some information is available from the work of Cooper and Hunter (1981) on potential 
cellu1ar substrates. In fibroblasts transformed by A-MuLV and several other retro
viruses, a few common phospho tyrosine-containing proteins can be detected by two
dimensional gel electrophoresis. Little is known about any of these proteins and their 
role in transformation. One, called 36Kfor its apparent size in kilodaltons, is not detected 
in some lymphoid transformants, and its role in this process is probably unimportant 
(1. Cooper, personal communication). 
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6 Viral Mutants 

The relative simplicity of the A-MuL V genome and gene expression made the search for 
viral mutants by conventional approaches a difficult task. Since only a single protein with 
one dermed function (transformation) was known, it was not possible to isolate mutants 
in transformation by selection for any linked marker using standard virological approa
ches. Almost all work on the molecular biology of A-MuL V had been carried out with 
virus stocks and cell lines derived from a transformed nonproducer fibroblast line called 
ANN-I isolated by Scherand Siegler(I975). When virus and cell lines were prepared from 
earlier in vivo passaged stocks, a new A-MuL V strain, which encoded a protein of160 000 
daltons (P160), was found (Fig. 2). Serological analysis with anti-gagand anti-abl reagents 
showed that the PI60 and P120 strains were closely related (Rosenberg and Witte 1980; 
Rosenberg et a1. 1980). A comparison of the genome structures by Southern blot techni
que showed that a single major deletion of800 base pairs in the abl region ofP120was the 
only major difference between these two strains (Goff et a1. 1981). This has been con
firmed by heteroduplex analysis between cloned DNA copies of each strain (S. Latt, 
S. Goff, J. Wang, and D. Baltimore, unpublished observations, discussed in Goffand 
Baltimore 1982). 

These data would suggest that an in phase deletion must have occurred to generate 
P120. Both proteins would have very similar amino-and carboxyl-terminal portions. This 
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Fig. 2. Structure of wild-type and mutant strains of A-MuL V. Each virus strain is represented as the 
RNA form in a 5' to 3' orientation. Regions I and V are the retained M-MuL V sequences that are 
unchanged in all cases shown. Region IT contains the kinase-essential sequences which are deleted 
in the P92td strain. Region ill is found in the PI60 strain, but deleted in P120 without markedly affec
ting transformation efficiency. Region IV encodes the carboxy terminal portion of the A-MuLV 
protein, and is required for expression of the lethal phenotype. From Ziegler et al. (1981) 
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has been confmned by peptide mapping using partial fragmentation (Witte et al. 1981) 
and complete tryptic digestion (Grunwald et al. 1982; Ponticelli et a1. 1982). Although 
some other minor differences (probably point mutations or very small deletion substi
tutions) may be present, the P160 and P120 strains are closely related 

Since both P120 and P160 strains are wild-type for kinase activity, and transformation 
of fibroblasts and lymphoid targets in vitro and in vivo, one must assume that the deleted 
sequences lost in P120 are not essential for transformation, as measured by these assays 
(Rosenberg and Witte 1980; Rosenberget al.1980). A number of different mutants isolated 
from both P160 and P120 strains have further confmned this concept of nonessential 
sequences in the abl region. Spontaneous mutants isolated by nonselective cloning from 
P120 stocks have P120-sized genomes but carboxyl-terminal-truncated proteins that are 
still able to efficiently transform fibroblasts in vitro. These mutants, called P90 and P100, 
which presumably have premature stop codons secondary to point mutations or small 
deletions, show a reduced kinase activity and proportional decrease in lymphoid trans
formation efficiency both in vitro and in vivo (Rosenberg and Witte 1980; Rosenberg et a1. 
1980; Goffet al.1981). These partially transformation-defective mutants have proved use
ful in establishing a correlation between the kinase activity and the transformation 
behavior. A number of other carboxyl-terminal-truncation mutants have been prepared 
by site-directed mutagenesis of cloned P160 and P120 genomes (Watanabe and Witte 
1982; R Prywes and D. Baltimore, unpublished observations, personal communication) 
with very similar results to the spontaneous mutants like P90. One mutant isolated from 
P160, called P87, has lost expression of over half of the abl sequences, yet still transforms 
fibroblasts (Watanabe and Witte 1982). 

The correlation between amount of kinase activity and biological activity was further 
substantiated by the isolation of transformation-defective mutants which express serolo
gically cross-reactive, but functionless, A-MuL V proteins (Witte et al.1980b; Reynolds et 
al. 1980; Ponticelli et al. 1982). The molecular defect of one mutant, called P92td, has been 
determined by Southern blot analysis and peptide mapping ( Goff et a1. 1981; Ponticelli et 
al. 1982). This mutant was derived from P120 by an in phase deletion of 700 base pairs 
from the 5' region of the abl sequences. This locates essential sequences for kinase and 
transformation in this portion of the abl segment 

An alternative mapping of sequences required for transformation comes from the 
work of Srinivasan et a1. (1981), who used restriction enzyme inactivation patterns of 
direct DNA-mediated fibroblast transformation to defme essential abl sequences. This 
analysis is limited by the available restriction sites, but the results are in good agreement 
with mutants recovered as virus and mapped by other means. 

Most mutants described above were isolated by mass screenings of clonal lines by 
immunological techniques. In order to select mutant strains of A-MuL V, it was neces
sary to defme a secondary function, other than transformation, carried by the A-MuL V 
protein. An unexpected variation in the stability of A-MuL V infection on different 
mouse fibroblast lines has provided such a secondary function (Ziegler et a1. 1981). We 
observed that when some sublines ofBALB3T3 were infected with wild-type strains of 
A-MuL V and cultured on tissue-culture-grade dishes, the cells would transform but over 
a period of a few weeks, the nontransformed population would overgrow. In fact, a direct 
lethal effect of the A-MuL V gene product could be demonstrated Cells which lost 
expression of wild-type A-MuL V had a selective advantage. Transformation-defective 
mutants could stably infect such cell lines. 
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Wild-type A-MuL V stocks were used to infect such sensitive indicator cell lines, and 
a continued selection pressure for transformed cells (growth on bacterial-grade petri 
dishes which do not allow substratum adherance) was applied. This selected cell popula
tion contained a very high frequency of A-MuL V mutants. This class of mutants, called 
lethal minus, had lost expression of most carboxyl-terminal abl sequences, leading to 
truncated proteins which were still kinase- and transformation-positive at near wild-type 
levels (Ziegler et al. 1981). 

Using site-directed mutagenesis on cloned DNA copies ofthe PI60 A-MuLV, further 
separation of the sequences essential for kinase activity and transformation, and those 
additionally required for the lethal effect on fibroblasts, have been mapped (Watanabe 
and Witte 1982). Although the function required for the lethal phenotype is not under
stood, the genetic data from mutants and coinfections imply that it must work synergisti
cally in cis with the kinase function to exert its effect. 

An independent demonstration of the lethal capability of A-MuL V is seen in direct 
transfection of fibroblasts with cloned viral DNA The efficiency of transfection of a 
selectable metabolic marker could be reduced by cotransformation with A-MuLV DNA 
Presumably, many cells that took up multiple copies of each DNA succumbed to the 
lethal effect, and were never recovered (Goffet al. 1982). It is interesting that many of the 
recovered transformants from wild-type A-MuL V DNA transfections express truncated 
proteins that resemble the lethal-minus variants described above (Watanabe and Witte 
1982; R Prywes and D. Baltimore, personal communication). 

Since the A-MuLV protein is a fusion between a portion of the gaggene sequences of 
M-MuLV and the cellular abl gene, it is possible that the transforming properties ofP120 
are partly due to the amino-terminal gag gene portion. One could imagine a number of 
conformational or cell localization properties regulated in some manner by the retained 
M-MuLV piece. To test this directly, R Prywes and D. Baltimore (personal communi
cation) have prepared site-directed A-MuL V mutants that lack almost all of the gag gene 
sequences. Such mutants are clearly able to transform fibroblasts. Their lymphoid-trans
forming capability in vivo and in vitro is not yet clear. Interestingly, these mutants lack 
detectable autokinase activity as measured in the immunoprecipitate assay, but they are 
able to label synthetic peptide substrates in vitro (J. Konopka and R Prywes, unpublished 
observations). 

An additional complication regarding the nature of sequences regulating transfor
mation efficiency comes from the work ofN. Rosenberg (personal communication) on 
the in vivo selection of mutants of higher oncogenic potential. When highly susceptible 
mice are inoculated with A-MuLV P90 strain virus with M-MuL V helper, the incidence 
and rate of tumor appearance is very low compared to wild-type (Rosenbergetal.1980). In 
those animals who get tumors, a very large proportion contain a new mutant A-MuL V 
virus which makes an 85 OOO-dalton protein, P85. This appears to be a further carboxyl
terminal truncation from wild-type. Although P85 stocks are as inefficient as P90 in 
lymphoid transformation in vitro, P85 stocks are highly efficient on in vivo inoculation. 
The molecular mechanism of this difference is unclear, but the role of host environment 
and defenses will need to be sorted out. 

Afmal note is the absence of useful temperature-sensitive transformation mutants in 
the A-MuL V system. A number of laboratories have been unsuccessful using standard 
biological approaches and have now turned to in vitro mutagenesis on cloned DNA 
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7 Posttranslational Modification of the A-MuLV Protein 

7.1 Phosphorylation 

Because of the in vitro and probable in vivo kinase activity of the A-MuL V protein, the 
details of phosphorylation have been examined. When P120 labeled by the in vitro auto
kinase reaction is examined by partial proteolysis- and large-fragment mapping, and 
complete tryptic digestion and two-dimensional peptide mapping techniques (Witte et al. 
1981), a number of tyrosine phosphorylation acceptor sites are seen. All of these sites 
cluster in the amino-termina140 OOO-dalton region, which includes the gag gene sequen
ces and some abl sequences. The sites utilized in the in vivo phosphorylations are 
different, and are mainly found in the abl region (Witteet al.1981). Sifton et al. (1981) have 
analyzed each site of phosphorylation for specific phosphorylated amino acids, and 
found two unique tyrosine acceptor sites and a number of serine and threonine sites. A 
series ofP120 and P160 derived deletion/truncation mutant strains were examined by the 
same two-dimensional mapping technique (Ponticelli et aI. 1982), and all transformation
competent strains showed the same tyrosine acceptor sites, but could differ slightly in 
their serine/threonine sites. From the known structure of the apoprotein truncation of 
several mutants, these tyrosine acceptor sites fall near the sequences encoded by the 
kinase-essential region. Two transformation defective (ttl) mutant strains were exa
mined and found to lack both phospho tyrosine peptides. However, when an electropho
retical1y distinguishable transformation-competent strain was coinfected with the 
mutant, the td-encoded protein did contain the same two phosphotyrosine-containing 
peptides as all competent strains. This strongly suggested that one A-MuL V protein 
might function in vivo to trans-kinase another. Coinfection with several other trans
forming retroviruses does not show this trans labeling (Ponticelli et al. 1982; E. Scolnick, 
F. Ponticelli and O. Witte, unpublished). This in vivo trans-kinase is similar to the in vitro 
trans-kinase described previously by Witteetal. (1979c) in the immunoprecipitate system. 
Both systems suggest a dimer or oligomer association between A-MuL V protein mole
cules may be occurring in vivo as well as in detergent extracts. We suspect that the gag 
gene sequences that normally mediate core structure formation during retrovirus 
budding playa role in this association. 

7.2 Glycosylation 

Carbohydrate modification was not found using several criteria when P120 or mutan~ 
proteins derived from this strain were examined. P120 was insensitive to endoglycosidase 
H or tunicamycin blockade, and no incorporation of radioactive sugar precursors into this 
protein could be detected (Witte et al. 1979a). 

The 5' region of the A-MuLV genome, including a part of the gag gene coding 
sequences, is very closely related to its M-MuLV parent (Shields et al. 1979; Goff et al. 
1980; Srinivasan et al. 1981). The M-MuLV gag gene is primarily expressed as a nongly
cosylated form (Pr65gaK) which initiates with the coding sequence of core structural 
protein, pIS (Shinnick et aI. 1981). A second gag-containing translation product initiates at 
an upstream site which has not been precisely determined despite knowledge of the com
plete nucleotide sequence. This upstream translation start site generates an apoprotein 
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form with a "leader" piece amino-terminal, and in phase with the normal Pr6Sgag reading 
frame results in a protein of about 70000-75000 daUons. This apoprotein form is modi
fied by carbohydrate additions of the asparagine-linked high-mannose-type which fmally 
leads to complex sugar processing, cell surface deposition, and some proteolytic variants 
(see Edwards and Fan 1981; Schultz et al. 1981 for general discussion and references). 

Although P120 did not express this carbohydrate-modified form utilizing an alter
native start site, the PI60 strain and mutants derived from it do express both protein 
forms (Ziegleret al.1981). P160 and mutants derived from it which have lost expression of 
carboxyl-terminal abl sequences all express two protein forms separable on low-percen
tage acrylamide gels. The lower molecular weight component of each doublet appears to 
utilize the PIS start site analogous to Pr6Sgag• The higher molecular weight form is car
bohydrate modified, shifts after endoglycosidase H digestion or tunicamycin blockade, 
and contains extra protein sequences at its amino-terminus (p. Ponticelli, C. Whitlock, 
S. Ziegler, and O. Witte, unpublished observations). It appears analogous to the form of 
the M-MuL V gag gene which becomes glycosylated. Since both P120 and PI60 are wild
type for transformation, this carbohydrate-modified form probably has no major role in 
oncogenicity but does provide a useful marker to distinguish these strains. A possible 
explanation for this difference between P160 and P120 was found in comparing the DNA 
sequence upstream from the PIS ATG start site in both strains. The PI60 sequence 
corresponds to the open reading frame of M-MuL V, while P120 has a single base muta
tion which would terminate any proteins started upstream prematurely in the "leader" 
piece. The PIS ATG start would not be affected (D. Robertson and O. Witte, un
published observations). 

7.3 Subcellular Localization 

Any evaluation of subcellular localization should recognize that the hybrid nature of the 
A-MuLV protein containing both gag and abl sequences, potential alternative start sites, 
phosphorylation, carbohydrate modifications, and major differences in abl sequence 
between PI60 and P120 and their mutants will complicate the picture. 

Using simple fractionation schemes of differential centrifugation following homo
genization of A-MuL V-transformed fibroblasts orlymphoid cells, P120 was largely recov
ered in the particulate-membrane fraction (Witte et al. 1979a; Rotter et al. 1981). A large 
proportion of this membrane-associated form can be removed by high salt wash, indi
cating a more peripheral attachment (p. Ponticelli and O. Witte, unpublished). Some of 
this pool may be related to P120 which remains bound to cytoskeletal structures in deter
gent permeabalized cells (Boss et al. 1981). 

A portion of the abl region ofP120 and P160 appears to cross the cell membrane and 
become exposed on the cell membrane for serological detection by immunofluores
cence using anti-Abelson tumor sera (Witteet al. 1979a). In our original study, none of the 
anti-gag sera we tried were able to the stain surface of A-MuL V transformed cells 
strongly. Recently L. Schiff-Maker and N. Rosenberg (personal communication) have 
prepared anti-gag protein-specific hybridoma antibodies which bind to the surface of 
P120 and P160 A-MuLV-transformed nonproducer cell lines. Determining the precise 
orientation and extent of sequences exposed outside the membrane has been hindered 
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by lack of labeling of A-MuL V proteins with standard surface iodination procedures 
(Witte et al. 1979a). 

A very recent development that may be related to this issue is the demonstration that 
the A-MuL V protein can occur as a lipoprotein-modified form by covalent attachment of 
fatty acid derivatives (B. Sefton, personal communication). Whether this alteration or 
other modifications regulates the fmal subcellular localization remains to be tested. 

8 The Cellular abl Gene and Protein 

The earlier studies of RNA (Shields et al.1979) and protein structure for A-MuL V (Witte 
et al.1978; Reynolds et al. 1978a) suggested that new sequences from the mouse genome 
were recombined with M-MuL V. The formal demonstration of this required molecular 
clones of A-MuL V and preparations of subclones to use as viral-Abelson-specific (v-abl) 
probes (Goff et al. 1980). Using these v-abl probes, it was demonstrated that mice con
tained a unique copy gene (called c-abl for cellular form) that cross-hybridized. These 
sequences are highly conserved throughout evolution, being detected at high stringency 
in all vertebrates and at lower stringency even in Drosophila (Goffet al. 1980; Dale and 
Ozanne 1981; Shilo and Weinberg 1981). 

A detailed analysis of these c-abl sequences isolated in cloned DNA form from the 
mouse has been carried out by S. Goff, J. Wang, and D. Baltimore (unpublished obser
vations discussed in Goffand Baltimore 1982). These c-abl sequences are spread out over 
a 25-30-kiIobase region. Their studies have utilized a number of v-ablprobes in Southern 
blot analysis, heteroduplex mapping, and some DNA sequencing. The overall picture 
that has emerged suggests that the sequences of v-abl represent a portion of the exon 
sequences of the c-abl gene. 

These v-abl and c-abl probes have been used to detect two large RNA species (5.3 
and 6.5 kiIobases) oflow copy number in lymphoid and fibroblastic tissues and cell lines 
that presumably represent the transcription products of the c-abl gene (I. Wang, un
published observations). The large size of either of these mRNA species is consistent 
with the single identified c-abl gene product, called NCP150 (for normal cell protein 
150000 molecular weight), identified by Witte et al. (1979b) in lymphoid tissues by direct 
immunoprecipitation using anti-Abelson-tumor serum. Very small amounts ofNCP150 
can be detected in fibroblast cell lines if32p-orthophosphate-labeling is utilized (F. Ponti
celli and O. Witte, unpublished observations). 

More direct evidence that NCP150 is a product of c-abl sequences has come from 
comparison of two-dimensional tryptic peptide maps of the cellular and viral phospho
proteins (Ponticelli et al. 1982). Although a number of homologous peptides for the c-abl 
and v-abl proteins were seen, the c-abl gene product did not contain detectable phospho
tyrosine. This suggests that a qualitative difference between these two proteins in func
tional tyrosine kinase activity may be present. To date, NCP150 has failed to show any 
kinase activity (0. Witte, unpublished observations); however, the assays utilized are so 
artificial that negative results are difficult to interpret 

Recently, a number of laboratories have utilized specific v-ablprobes to examine the 
expression of c-abl mRNA in tumors and normal tissues. No specific correlation of abl 
expression and tumor phenotype was apparent, although many tumors do contain abl 
RNA (Westin et al. 1982). When fetal mouse tissues at different stages of gestation are 
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examined, an increase in obi expression is seen around day 10 (Mul/eret aI. 1982). Since a 
variety of cultured cell types and tissues including adult testis express c-abl, it seems 
likely that its expression may be related more to active cell growth than to any specific cell 
lineage. 

9 Variation in Hematolymphoid Transformation by A-MoLV 

A large amount of data has been accumulated to derme the most common cell phenotype 
of A-MuL V transformants as pre-B lymphoid cells (Pratt et aI. 1977; Siden etaI. 1979; Boss 
et aI. 1979). Using in vitro transformation of adult bone marrow or fetal liver to generate a 
large number of continuous clonal cell lines, Alt et aI. (1981) showed evidence of rearran
gements in the mu heavy chain gene, but infrequent rearrangements at either light chain 
locus. A similar differentiation phenotype is recovered from in vivo transformants in 
most cases. A small number of A-MuL V transformants produce both mu heavy chain 
and kappa light chain. Many of these cell lines express the early lymphoid marker ter
minal deoxynucleotidyl transferase (Silverstone et aI. 1980, Fig. 3). 
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Fig. 3. Lymphoid differentiation and viral gene markers expressed in A-MuL V transformants. Two 
A-MuLV transformed BALB/c clones lymphoid transformants were labeled with 3H-Ieucine and 
extracted for immunoprecipitation-gel electrophoresis analysis with a polyvalent goat anti-Mo
loney virion serum (lane 1), a rabbit anti-mouse immunoglobulin serum (lane 2), or a rabbit anti
terminal-deoxynucleotidyl transferase (Tdn serum (lane 3). One cell line (Panel A) exhibits a B-cell 
phenotype with expression of both membrane and secreted mu immunoglobulin heavy chains and 
kappa light chain, and no detectable expression of TdT. Both A-MuL V PI60 and helper virus 
proteins Pr80 and Pr65 are seen. Another clone (Panel B) expresses the more common pre-B cell 
phenotype with intracellular mu chains, no light chain, and positive TdT reactivity. In this line very 
low helper virus protein levels are seen with good expression ofthe A-MuLV PI60 gene product 
Details of the experimental techniques are found in Whitlock and Witte (1981) and prior references 
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How the A-MuL V /M-MuLV complex determines this preference is not clear. Since 
the cell surface receptor specificity is determined by the M-MuL V env gene components 
which can mediate infection of a wide variety of cell types, this seems unlikely to deter
mine the tumor phenotype. Alternative explanations would center on specific interac
tions of the A-MuL V gene product with different cell types. Since NCPl50 appears in a 
variety of cell types, unless P120 has a unique function, it is hard to imagine a unique 
specificity of the tyrosine kinase activity determining selection of target cells. Although 
difficult to quantitate, the growth rate, passage efficiency, and available numbers of 
different target cell types could mediate the efficiency of recovery of different pheno
types. 

A number of unusual phenotypes for A-MuLV transformants have been reported 
when the transformation is carried out under special conditions. By explanting in vivo 
derived tumors and cloning, Raschke et al. (1978) were able to derive cell lines with 
macrophage characteristics. The relationship of this phenotype to those in the B cell 
lineage is not clear. Recently, Boyd and Schrader (1982) have reported that one A-MuLV
transformed pre-B type cell line could be induced to acquire macrophagelike charac
teristics. 

If the initial conditions of A-MuL V infection are varied it is possible to derive 
unique phenotypes. Using a pristane priming system followed by A-MuL V in vivo in
fection, Potter et al. (1973) were able to isolate cell lines with plasmacytoma characteri
stics. Most striking is the recent report of Cook (1982) that direct intrathymic injection of 
A-MuLV IM-MuLV could induce thymic tumors ofT cell origin. In earlier work thymo
cytes were not able to be transformed in vivo or in vitro (Abelson and Rabstein 1970b; 
Rosenberg and Baltimore 1976). An intriguing further expansion of the range of cell types 
that A-MuLV can stimulate to grow was observed by Waneck and Rosenberg (1981). 
When very early feta1liver cells were infected with A-MuL V and plated in agarose media, 
a portion of the colonies obtained were red in color when observed macroscopically. 
Further analysis clearly demonstrated that these colonies contained cells at various 
stages of erthyropoiesis, and that A-MuLV was required for the effect. 

Thus, the growth of cells of the T, B, macrophage, and erythroid lineages, as well as 
cultured fibroblasts, is altered by A-MuLV. It is not possible from such tumor pheno
typing studies to firmly establish the nature of the target cell in the feta1liver or bone 
marrow that was initially transformed. It is possible that a target cell at a much earlier 
stage of development is able to undergo further limited differentiation before fIXing at a 
particular stage in one cell lineage. 

One indirect approach has been to compare the target cell frequencies in normal and 
mutant strains of mice carrying defects in T cell, late B cell, or hematopoietic microen
vironment. In all cases examined, the number of A-MuLV targets was unchanged 
(N. Rosenberg and V. Sato, unpublished, discussed in Baltimore et al. 1979). 

An alternative approach has been to search for antisera or monoclonal antibodies 
with specificity for A-MuL V target cells that could be used to enrich such populations. 
Shinfjeld et al. (1980) have prepared monoclonal antibodies in rats immunized with 
mouse brain tissue. The antibodies have the ability to recognize surface antigens on 
A-MuL V target cells in bone marrow. The antibodies clearly recognize other cell types as 
well, but are a promising start to this type of purification. 

Any physical purification of a specific cell type from bone marrow is a difficult job, 
since the complexity of the mixture is so great. We have recently begun a long-range 
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project to biologically purify nontransformed cell types in the B cell lineage by selective 
culture techniques. These highly enriched or pure clonal lines could then be used as 
target populations for A-MuL V transformation. Using a modification of the long-term 
marrow culture technique developed by Dexter et al. (1977), we have established long
term cultures of cells and their precursors from murine bone marrow (Whitlockand Witte 
1982a). These cultures continuously produce pre-B and B cells with random rearrange
ments of their heavy and light chain genes over many months. These cultured cells serve 
as excellent targets for A-MuL V transformation. 

Recently, we have been able to derive clonal lines of normal pre-B and B cells from 
such cultures. Both cell types serve as targets for A-MuL Vas evidenced by agar growth 
assays (C. Whitlock, S. Ziegler, J. Stafford, and O. Witte, unpublished observations). 

10 CeHuIar Changes During A-MuLV Transformation 
Following A-MuL V transformation of fibroblastic cells, there is a loss of functional 
receptors for the peptide hormone epidermal growth factor (EGF, Blomberg et al. 1980). 
Recently Twardzik et a1. (1982) have reported that A-MuLV-transformed fibroblasts 
release a low-molecular-weight peptide called TGF, for tumor growth factor. TGF com
petes with EGF for binding. The specific biological relevance for transformation of 
lymphoid cells remains to be determined. 

Another cell change induced by A-MuL V is the appearance of new cell surface 
antigens. In two different systems, animals with regressing syngeneic A-MuL V tumors 
produce antibodies reactive with nonviral cell surface antigens. In one system (Rotteret 
al. 1980, 1981), a protein of 50 000 daltons is expressed at increased level and antigenic 
accessibility compared to normal cells. This protein, or a close analogue, is found on the 
surface of tumors induced by a variety of biological or physical agents. A second system 
has identified an antigen present on some normal hematopoietic cells and in high 
amounts on A-MuLV-transformed lymphoid tumors (Risser et al. 1978b). Although, 
initially thought to be a viral gene product, this antigen is clearly encoded by cellular 
information (Grunwald et al. 1982). No functional significance for either cell surface 
antigen is known. 

A complication to consider when trying to derme such cellular changes is that 
A-MuLV lymphoid transformation does not appear to be a synchronous, all-or-none 
effect. It is possible to show that most A-MuL V -infected lymphoid target cells are poorly 
oncogenic early after infection. They require weeks to months to progress to a highly 
oncogenic state, as monitored by in vivo and in vitro growth assays (Whitlock and Witte 
1981) This progression pattern is seen even when clonal cell lines are examined (Whitlock 
et al. 1983). The nature of the secondary cellular changes that presumably occur as 
a part of the transformation process is not known. In an extreme case, one reported 
tumor has lost all expression of A-MuL V after long-term passage in vivo ( Grunwald et a1. 
1982). 

11 Future Studies 

The utilization of molecular genetic techniques should rapidly expand our knowledge of 
certain aspects of A-MuL V biology. Details of protein structure, genetic regions, and 
relationships to other viruses should be forthcoming from direct sequence and other 
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structural studies now in progress. A number of expression vector systems should 
provide an ample supply of both v-abl and c-abl gene products to analyze and use in 
deduction of intracellular function. 

The expanded host range of cell types able to be transformed by A-MuL V will be use
ful for studying developmental aspects of hematopoiesis and perhaps other organ 
systems. The perplexing problems of viral transformation specificity and efficiency will 
require some new approaches that can quantitate the effects of A-MuL Vat early and late 
times after infection on defmed populations of target cells. 

Finally, although the role of the phosphotyrosine kinase function in fibroblast and 
hematopoietic transformation is well established, there is no direct clue as to its mode of 
action. The demonstration of the cellular target molecule(s) for the kinase would be a 
frrst step in seeing the path of its action. 
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