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A 12.0-kilobase EcoRI restriction fragment containing FBJ murine osteosar-
coma virus (FBJ-MSV) proviral DNA was identified in FBJ-MSV-transformed
nonproducer rat cells and molecularly cloned in bacteriophage Charon 30 (XFBJ-
1). A 5.8-kb HindIll fragment containing the entire FBJ-MSV proviral DNA was
isolated from XFBJ-1 and subsequently subcloned in plasmid pBR322 (pFBJ-2).
The DNA from recombinant plasmid pFBJ-2 was able to induce morphological
transformation of rat fibroblasts in tissue culture. Transfected cells contained the
p55 and p39 antigens specific for cells transformed by FBJ-MSV (T. Curran and
N. M. Teich, J. Virol. 42:114-122, 1982). The organization of the FBJ-MSV
provirus was analyzed by restriction endonuclease mapping, and a region of
nonhomology with the helper virus was delineated. Sequences specific for this
region (presumably the viral fos gene) were subcloned and used as a probe to
identify related sequences present in the normal genomes of cells from a variety of
mammalian species (cellularfos). A single-size (3.4 kilobases long) class of RNA
hybridizing to the viral fos probe was identified in FBJ-MSV-transformed cells.

The acutely oncogenic retroviruses encode
sequences responsible for cellular transforma-
tion in vitro and induction of neoplasia in vivo
(2, 3). It is now clear that these cellular se-
quences, referred to as onc genes, are related to
and derived from counterparts in the normal
cellular genome (3). Thus, viral oncogenesis is a
consequence of the expression of acquired cellu-
lar sequences. In the majority of cases, the
acquisition of normal cellular sequences occurs
at the expense of all or part of the viral structural
genes. Therefore, such viruses are defective for
replication and must be propagated in the pres-
ence of a helper virus. Two modes of viral
oncogene expression have been discerned in
cells infected with acutely oncogenic retrovi-
ruses. The acquired cellular sequences may be
expressed as an independent viral gene product
(6) or, alternatively, as a fusion protein contain-
ing peptides derived from the viral structural
proteins (44).
At present, over a dozen viral onc (v-onc)

genes have been distinguished, each differing in
nucleotide sequence and each with a distinct
corresponding cellular homolog (c-onc) (1, 12,
13, 15, 18, 19, 21, 26-28, 31, 34, 35). A major aim
of current retroviral research is the identification
and isolation of novel v-onc genes, since they
present an unique opportunity for the experi-
mental manipulation of specific cellular genes

the perturbation of which can result in neoplas-
tic growth.

In 1966, the FBJ murine osteosarcoma virus
complex was isolated by Finkel, Biskis, and
Jinkins (hence the name FBJ) from a spontane-
ous tumor in a 260-day-old CFI mouse (17).
Serial passage of cell-free tumor extracts in
newborn mice resulted in virus which induces
osteosarcomas with a latency as short as 3
weeks (17). The tumors can arise anywhere
along the bones, although they appear occasion-
ally in the abdominal peritoneum and the dia-
phragm, and they appear first as a cortical
thickening or as small areas of increased density
in the soft tissue adjacent to the bone (17, 43).
Proliferation appears to begin at the periosteum,
and growth proceeds peripherally, with late in-
volvement of the deep cortex. The FBJ virus
complex consists of a replication-competent
helper murine leukemia virus (FBJ-MLV) and
a replication-defective transforming murine sar-
coma virus (FBJ-MSV) (23, 24). The two com-
ponents of the FBJ virus complex have been
isolated separately in tissue culture: FBJ-MLV
by endpoint dilution and FBJ-MSV by the estab-
lishment of nonproducer transformed rat cells
(10). A 55,000-dalton phosphoprotein (p55),
which is a potential product of the FBJ-MSV
oncogene (v-fos), was identified by employing
sera from rats bearing tumors induced by inocu-
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lation of nonproducer cells (11). In addition to
p55, tumor-bearing rat sera (TBRS) also precip-
itated a 39,000-dalton protein (p39) presumably
of host origin (10, 11). These proteins could not
be precipitated from cells transformed by a
variety of other acutely oncogenic retroviruses,
which suggests that v-fos is a novel viral onco-
gene. To obtain more direct evidence for the
existence of the v-fos gene, we isolated a molec-
ular clone of the FBJ-MSV provirus by recombi-
nant DNA techniques. This clone, which proved
to be biologically active, was used to identify the
v-fos gene cellular homolog (c-fos) in a number
of different species. In addition, a single species
of FBJ-MSV-specific RNA of 3.4 kilobases (kb)
was detected in transformed cells.

MATERIALS AND METHODS
Cells and viruses. All cells were grown in Dulbecco

modified Eagle medium supplemented with 10%o heat-
inactivated calf serum and antibiotics. The following
cell lines were used: 208F (29), a thioguanine-resistant
variant of Rat-1 cells (25); NRK cells (14); RS2 (10),
FBJ-MSV-transformed nonproducer 208F cells; RKS3
(10), FBJ-MSV-transformed nonproducer NRK cells;
RLS1 (10), 208F cells infected with FBJ-MLV and
FBJ-MSV; and RL1 (10), 208F cells infected with FBJ-
MLV clone Li. Large-scale preparation of virus and
purification of 70S viral RNA was carried out as
previously described (11). FBJ-MLV was quantitated
by the XC plaque assay (32), and FBJ-MSV was
quantitated by a modification (11) of the focus assay of
Hartley and Rowe (20). DNA transfection by calcium
phosphate precipitation with NIH/3T3 DNA as the
carrier was essentially as described previously (9),
except that 208F cells, grown in the presence of 106
M dexamethasone, were used as recipients.

Preparation and analysis of cellular DNA and RNA.
High-molecular-weight cellular DNA was prepared in
the following manner. Confluent dishes of cells were
washed twice in buffer containing 10 mM Tris (pH
7.5), 1 mM EDTA, and 0.1 M NaCl and lysed in the
same buffer plus 1% sodium dodecyl sulfate (SDS).
The lysates were removed by scraping the dishes with
a rubber policeman, and the bulk of cellular proteins
was digested with 500 ,ug of pronase per ml at 37°C for
3 to 4 days. We extracted nucleic acids twice with
phenol and twice with chloroform and recovered DNA
by spooling it onto a glass rod after ethanol precipita-
tion. It was then suspended in buffer containing 10 mM
Tris (pH 7.5) and 1 mM EDTA and dialyzed for 2 to 3
days against a total of 2 liters of the same buffer.

Detection of specific DNA fragments was carried
out by agarose gel electrophoresis followed by the
transfer-hybridization procedure described by South-
em (37). Radioactive probes were prepared by nick
translation of cloned DNAs (30) or by calf thymus
DNA-primed reverse transcription of viral RNA (38).
Total cellular RNA was purified by guanidine thiocya-
nate lysis followed by centrifugation through CsCl as
described previously (8). Samples ofRNA (2 to 10 ,ug)
were lyophilized, dissolved in buffer containing 20mM
MOPS (morpholinopropanesulfonic acid; pH 7.0), 1
mM EDTA, 5 mM sodium acetate, 2.2 M formalde-

hyde, and 50% formamide, and denatured at 60°C for 5
min. After addition of sucrose to 5% and bromophenol
blue to 0.025%, the samples were applied to flatbed
agarose gels containing 0.8% agarose, 20 mM MOPS
(pH 7.0), 1 mM EDTA, 5 mM sodium acetate, and 2.2
M formaldehyde. Electrophoresis was carried out in
the same buffer without formaldehyde. After the gels
were run, they were stained for 30 min in electrophore-
sis buffer containing S jig of ethidium bromide per ml
and then destained for 30 min in the same buffer
without ethidium bromide. The gels were viewed
under UV light, and the positions of the 28S and 18S
rRNAs were noted. The RNA in the gels was then
transferred to nitrocellulose as described previously
(39), and hybridization was carried out as described
for the Southern transfer procedure.

Recombinant DNA procedures. A 300-,ug portion of
RKS3 cellular DNA was digested to completion with
EcoRI, and the resulting fragments were separated by
agarose gel electrophoresis. The region of the gel
containing fragments of approximately 12 kb each was
excised, and the DNA was purified by electroelution
and DEAE-cellulose chromatography (45). Charon 30
vector DNA was digested with EcoRI, and the left
(21.5-kb) and right (12-kb) arms were separated by
agarose gel electrophoresis. The separated arms were
eluted from the gel with glass powder as described
previously (42). Approximately 2 ,ug of the left arm, 1
,ug of the right arm, and 0.6 pug of target DNA were
ligated with T4 DNA ligase (21, 41). The ligated
chimeric DNA was packaged in vitro with an efficien-
cy of approximately 105 to 106 viable phage particles
per ,ug ofDNA (4). The 12-kb EcoRI fragment and the
5.8-kb HindlIl fragment from one recombinant phage
(XFBJ-3) were isolated by gel electrophoresis and
subcloned into the unique EcoRI and HindlIl sites of
plasmid pBR322 (41).

Immunoprecipitation. The preparation of TBRS2,
which recognizes p55, has been described elsewhere
(10). [35S]methionine labeling of cell cultures and
immunoprecipitation of cell lysates were performed as
described previously (10, 11). Immune complexes
were electrophoresed in the presence of SDS on slab
gels containing 10% polyacrylamide (22), and the gels
were processed for fluorography (5). The 14C-labeled
protein molecular weight markers (Amersham Interna-
tional) used were myosin (molecular weight, 200,000),
phosphorylase a (molecular weight, 92,500), bovine
serum albumin (molecular weight, 69,000), ovalbumin
(molecular weight, 45,000), carbonic anhydrase (mo-
lecular weight, 30,000) and lysozyme (molecular
weight, 14,300).

RESULTS
Identification and molecular cloning of FBJ-

MSV proviral DNA. All of the available virus-
producing cell lines release more FBJ-MLV
than FBJ-MSV (10, 23, 24), which makes it
difficult to prepare a radioactive probe specific
for FBJ-MSV sequences. However, it was as-
sumed that the FBJ-MSV genome, like those of
other MSVs, would have helper virus sequences
at its termini. Therefore, a probe was prepared
by reverse transcription of a mixture of FBJ-
MLV RNA and FBJ-MSV RNA (in which there
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was a 50-fold excess of FBJ-MLV). This probe
was hybridized to restriction enzyme digests of
high-molecular-weight DNA isolated from FBJ-
MSV-transformed nonproducer NRK cells
(RKS3) and control uninfected NRK cells. A
single DNA fragment (5.8 kb with HindIll, 12.0
kb with EcoRI) was identified in RKS3 DNA
(Fig. 1A, lanes 1 and 2). Other fragments, which
hybridized to a lesser extent, were also detected
in uninfected NRK cellular DNA and may repre-
sent FBJ-MLV-related endogenous rat virus se-
quences (lanes 3 and 4). If it is assumed that the
probe hybridized to MLV sequences present at
the termini of the FBJ-MSV genome, then the
data suggest that EcoRI and HindIll did not
cleave within the FBJ-MSV provirus and that an
entire copy of the FBJ-MSV genome was con-
tained within each restriction fragment.
A 300-,ug portion of RKS3 DNA was digested

with EcoRI, and the resulting fragments were
separated by agarose gel electrophoresis. The
approximate region of the gel containing the
12.0-kb restriction fragments was cut out, and
the DNA was purified by electroelution and
DEAE-cellulose chromatography. The DNA
was then ligated to EcoRI-cleaved Charon 30
vector DNA and packaged in vitro to generate
viable phage particles. Over 20,000 phage
plaques were screened with a cDNA probe
synthesized by reverse transcription of FBJ
complex viral RNA. Six plaques which hybrid-
ized to the probe were identified, and DNAs
from two recombinant phage clones were puri-
fied for further analysis. The EcoRI insert from
one of the recombinant phages, XFBJ-3, was
subcloned into the unique EcoRI site of plasmid
pBR322 (pFBJ-1) (Fig. 1A, lanes 5 and 7) by
procedures previously described (40). Digestion
of pFBJ-1 DNA with HindlIl generated a num-
ber of fragments, including a 5.8-kb fragment
similar in size to the fragment obtained from
proviral DNA (lanes 6 and 8). The HindlIl
fragment containing the entire FBJ-MSV provi-
ral DNA was also subcloned in the unique
HindIII site of plasmid pBR322 (pFBJ-2).

Figure 1B displays a detailed restriction endo-
nuclease map of plasmid pFBJ-2. This restric-
tion map is in close agreement with a partial
restriction map of the FBJ-MSV provirus gener-
ated by restriction endonuclease analysis of
RKS3 cellular DNA (T. Curran, Ph.D. thesis,
University of London, London, Great Britain,
1982). Recently, the complete nucleotide se-
quence of pFBJ-2 DNA has been determined (C.
Van Beveren, unpublished data), and the physi-
cal map shown here was generated by a combi-
nation of conventional methods and nucleotide
sequence analysis.

Biological activity of pFBJ-2. To assess wheth-
er cloned FBJ-MSV proviral DNA retained the

capability to induce transformation of rat fibro-
blasts in tissue culture, we introduced pFBJ-2
DNA into 208F cells by calcium phosphate
precipitation (9). The efficiency of morphologi-
cal transformation was approximately 150 focus-
forming units per pmol (Table 1). The morpholo-
gy of transformed 208F cells in a focus induced
by FBJ-MSV (Fig. 2A, panel i) closely resem-
bled that of 208F cells transformed by pFBJ-2
DNA (Fig. 2A, panel ii). To determine whether
the viral genome in pFBJ-2-transformed cells
could be rescued, we isolated an individual
focus of pFBJ-2-transformed 208F cells (TX.F1)

A
2 3 4 6 7 8

B

FIG. 1. Identification of FBJ-MSV provirus in
high-molecular-weight cellular DNA and in recombi-
nant plasmid DNA. (A) DNAs from RKS3 cells (lanes
1 and 2), uninfected NRK cells (lanes 3 and 4), and
recombinant plasmids pFBJ-1 (lanes 5 and 7) and
pFBJ-2 (lanes 6 and 8) were digested with HindIll
(lanes 1 and 3), EcoRI (lanes 2, 4, and 5), and Hindlll
plus EcoRI (lane 6). The resulting fragments were then
analyzed by agarose gel electrophoresis, Southern
transfer, and hybridization with a probe made by
reverse transcription of FBJ viral RNA. Lanes 5 and 6,
Same digests as in lanes 7 and 8 but visualized by
ethidium bromide staining. Bacteriophage X DNA di-
gested with HindIII was used for size standards (num-
bers in middle indicate lengths of the standard in kb).
(B) Physical map of recombinant plasmid pFBJ-2.
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FIG. 2. Morphology of pFBJ-2-transformed cells and immunoprecipitation with TBRS2. (A) Cells were
photographed under phase-contrast microscopy (x400). (i) Focus induced by FBJ-MSV on 208F cells at 2 weeks
postinfection. (ii) pFBJ-2-transformed 208F cells passaged once after transfection. (B) [35S]methionine-labeled
extracts of 208F cells (lanes 1 and 2), 208F cells transformed by pFBJ-2 (TX.F1) (lanes 3 and 4), and FBJ-MSV-
transformed nonproducer cells (RS2) (lanes 5 and 6) were immunoprecipitated with normal rat serum (lanes 1, 3,
and 5) and TBRS2 (lanes 2, 4, and 6) and analyzed by electrophoresis on a 10o SDS-polyacrylamide gel. Lane M,
Molecular weight markers; the numbers on the left indicate molecular weights (x 103).
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TABLE 1. Biological activity of cloned FBJ-MSV
provirus

Efficiency of
Procedure transformation

FFUa PFU/mlb

Transfection with:
Carrier DNA <0.2C
pFBJ-2 DNAd 150.Oc
pHi DNA' 20.0C

Infection with:
TX.F1 supernatantf <109 <10
TX.F1 clone Li super- 1.4 x 105g 3.7 x 106
natant h
a Focus-forming units (FFU) on 208F cells.
b XC plaque-forming units on NIH/3T3 mouse cells.
c Per picomole.
d The entire recombinant plasmid DNA shown in

Fig. 1B was used for transfection.
e This clone contains Harvey MSV circular DNA

permutated by cleavage at the EcoRI site (7).
f Harvest taken from a subconfluent culture of

pFBJ-2-transformed cells (TX.F1).
g Per milliliter.
h Harvest taken from a subconfluent culture of

TX.F1 cells 1 week after superinfection with FBJ-
MuLV (clone Li; multiplicity of infection, 0.1 to 0.5).

5 LTR v-fos

Bg 131 PvuU

A

Pst r PstI PstI StuI NcoI SstI Sall
I i 3 J.

by micromanipulation and superinfected it with
FBJ-MLV. Transforming virus could be readi-
ly detected in virus harvests from this culture
(Table 1). The rescue efficiency was comparable
to that obtained by superinfection of FBJ-MSV-
transformed nonproducer cells (10).

It has been previously demonstrated that sera
from rats bearing tumors induced by inoculation
of FBJ-MSV-transformed nonproducer rat cells
precipitate two proteins with molecular weights
of 55,000 (p55) and 39,000 (p39) from FBJ-MSV-
transformed cells (11). p55, which is a phospho-
protein, can also be detected among the in vitro
translation products of the virion RNA of the
FBJ complex and is a strong candidate for the v-
fos product. [35S]methionine-labeled extracts of
pFBJ-2-transformed cells were analyzed by im-
munoprecipitation, using TBRS to determine
whether these two antigens were also associated
with molecularly cloned FBJ-MSV proviral
DNA. Both p55 and p39 could be precipitated
from rat cells transformed by pFBJ-2 as well as
from FBJ-MSV-transformed rat cells (Fig. 2B,
lanes 4 and 6). p55 appeared as a broad band in
the gel because it is processed from a lower-
molecular-weight precursor protein (Curran,

3' LTR B

23.0 -

Pst I 9.6 -

6.6 -

4.3 -

2.4 -

2.1 -

FIG. 3. Restriction endonuclease analysis and subcloning offos-specific sequences. (A) Physical map of pfos-
1 showing the v-fos-specific region. pFBJ-2 was cleaved with BgIII and PvuII and subcloned into the PstI site of
pBR322 by deoxycytidine-deoxyguanosine tailing. (B) Southern transfer and hybridization analysis of BALB/c
mouse liver cell DNA with nick-translated fos-specific probe. High-molecular-weight DNA was digested with
EcoRI, and the resulting fragments were separated by electrophoresis on a 0.7% agarose gel before transfer and
hybridization. Bacteriophage A DNA digested with HindIll was used for size standards (numbers on left indicate
lengths of the standards in kb).
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FIG. 4. Identification of cellular sequences homologous to v-fos in vertebrate species. High-molecular-weight
DNAs were isolated from chicken (lanes 1, 5, 9, and 13), mink (lanes 2, 6, 10, and 14), mouse (lanes 3, 7, 11, and
15), and human cells (lanes 4, 8, 12, and 16) and digested with EcoRI, and the resulting fragments were analyzed
by agarose gel electrophoresis and Southern transfer. A nitrocellulose filter containing one set of samples was

hybridized with the nick-translated, 1.0-kb, Pstl fos-specific fragment and then washed under different
stringency conditions as indicated. Autoradiograms were exposed for 72 h. However, when washing was carried
out at 68°C in 0.1 x SSC, exposure was for only 24 h. Bacteriophage DNA digested with HindIll was used for
size standards (numbers on left indicate lengths of molecular weight [M.W.] standards in kb).

Ph.D. thesis). Thus, it appeared that recombi-
nant plasmid pFBJ-2 was capable of inducing
both the morphological transformation of rat
cells typical for FBJ-MSV and the expression of
the p55 and p39 antigens found only in FBJ-
MSV-transformed cells.
Cloning offos-specific probe. The transforming

gene of most retroviruses has a counterpart in
the normal cellular genome. To test whether the
oncogenic sequences encoded by FBJ-MSV
were also present in uninfected mouse or rat
cells, we needed a probe specific for thefos gene
sequences. The FBJ-MSV proviral DNA clone,
pFBJ-2, also contained helper viral sequences
and therefore could not be used as a specific
probe. However, by a combination of restriction

endonuclease analyses and nucleotide sequenc-
ing data, we found that a majority of the v-fos-
specific information resided in the region
between BglII and PvuII (Fig. 1B). The BglII-
PvuII fragment was isolated from pFBJ-2 DNA,
extended with oligodeoxycytidine residues by
using terminal transferase, and annealed to
deoxyguanosine-tailed PstI-cleaved pBR322
DNA (a kind gift from R. Muller, The Salk
Institute, San Diego, Calif.), as described previ-
ously (21). Figure 3A shows the structure of this
fos gene-specific probe. Cleavage of plasmid
pfos-1 with Pstl generates three fos-specific
fragments, one of 1.0 kb and two small frag-
ments of 60 and 260 nucleotides. A single major
band of 15.0 kb was identified in BamHI-cleaved

1 2 3 4
MW.
(kb)
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FIG. 5. Analysis of viral RNA in FB
formed cells. Samples of RNA from 208
ed with FBJ-MLV (lane 1), 208F cells
FBJ-MLV plus FBJ-MSV (lane 2), RS2
uninfected 208F cells (lane 4), RKS3 cell
uninfected NRK cells (lane 6) were an'
arose gel electrophoresis in the presei
formaldehyde. RNA was transferred to
filters and hybridized with radioactive
pared by reverse transcription of viral R
nick translation of the 1.0-kb PstI fos-sl
tion fragment from pfos-1 (B). A 2-,ug p

cellular RNA was analyzed in lanes 1 an

was analyzed in lanes 3 to 6. The positi4
and 18S rRNAs, 4.5 and 1.8 kb, respectil
visualized by ethidium bromide staining
cate the positions of faintly visible band

mouse liver DNA hybridized with
PstI fos-specific fragment (Fig. 3B)

Conservation of fos gene sequen

species. To determine if fos gene

quences are conserved during ev
hybridized the v-fos probe to Ect
DNAs from a variety of species un

hybridization conditions. A single
DNA fragment was detected, which
of human, mouse, and mink DNA
relatively unaffected by increased w
gencies, suggesting extensive seque

gy (Fig. 4). However, the c-fos
chicken genome appears to be less
since little or no hybridization could
after washing with 0.1 x SSC (1 x S'
NaCl plus 0.015 M sodium citrate)
4, lane 13). No hybridization was ol

DNAs isolated from amphibians an

cies, including species of Torpedo,
and Dictyostelium (data not shown
many other oncogenes, the fos gen

are relatively conserved during evo
Analysis of viral RNA in cells i

FBJ-MLV and FBJ-MSV. The mc
transcription in FBJ-MSV-transforn
analyzed by the Northern transfe
(39). Total cellular RNAs were p
uninfected cells, cells infected wit
alone, cells infected with FBJ-ML
infected with FBJ-MLV plus FBJ
ples of RNA were denatured with

fractionated on agarose-formaldehyde gels, and
3 4 5 6 transferred to nitrocellulose filters (39). The

filters were hybridized either to a cDNA probe
prepared by reverse transcription of the FBJ
complex viral RNA or to a nick-translated probe
prepared from cloned v-fos DNA. Hybridization
to the cDNA probe revealed two major size (8.2
and 3.2 kb) classes ofRNA in cells infected with
FBJ-MLV alone and also in cells infected with
FBJ-MLV plus FBJ-MSV (Fig. 5A, lanes 1 and
2). In contrast, RNA from FBJ-MSV-trans-

IJ-MSV-trans- formed nonproducer cells contained a single
F cells infect- species of virus-related RNA of 3.4 kb (lanes 3
infected with and 5), which was not present in uninfected cells
cells (lane 3), (lanes 4 and 6). When thefos-specific probe was
s (lane 5), and used, only the 3.4-kb species was detected in
alyzed by ag- nonproducer cells and in cells producing FBJ-
nietroelluloeM MSV (Fig. 5B, lanes 2, 3, and 5). Nofos-related
nprobes pre- RNA was detected in uninfected cells or in cells
.NA (A) or by infected with FBJ-MLV alone (lanes 1, 4, and 6).
pecific restric- Thus, it appeared that the v-fos gene was tran-
iortion of total scribed as an RNA molecule of 3.4 kb containing
Id 2, and 10 ,ug helper virus sequences. This RNA molecule
ons of the 28S presumably represented FBJ-MSV genome
vely (33), were RNA, since it was the only species detected by
Arrows indi- the v-fos probe in virus-producing cells, and its

Is. size corresponded to that predicted by restric-
tion endonuclease and nucleotide sequence anal-

the 1.0-kb ysis of pFBJ-2 (Fig. 1B; C. Van Beveren, unpub-
lished data).

Ices in other DISCUSSION
~-specific se- DSUSO

iolution, we Over the last few years, research into RNA
oRI-digested tumor viruses has made a substantial contribu-
der different tion to our understanding of neoplastic transfor-
fos-specific mation. In particular, characterization of the

l, in the case acutely oncogenic viruses has allowed the in-
Ls, remained vestigation of some of the basic mechanisms of
iashing strin- virus-induced oncogenesis at the molecular lev-
nce homolo- el. FBJ-MSV is an acutely oncogenic virus
gene in the which encodes a gene (v-fos) responsible for
s conserved, cellular transformation in vitro and osteosar-
be observed coma induction in vivo. The exclusive associa-
SC is 0.15 M tion of FBJ-MSV with osteosarcomas (10, 16,
at 68°C (Fig. 17, 43) suggests that v-fos is unrelated to other
bserved with known MSV oncogenes. In addition, two pro-
d lower spe- teins, p55 and p39, can be precipitated from
Drosophila, FBJ-MSV-transformed cells but not from cells
). Thus, like transformed by other MSVs (11). To study the
te sequences genome organization of FBJ-MSV and to obtain
lution. a molecular probe specific for the fos gene, we
infected with have molecularly cloned FBJ-MSV proviral
)de of v-fos DNA from transformed nonproducer rat cells.
ned cells was The FBJ-MSV provirus is approximately 4.0 kb
.r procedure in length. It is bounded by two long terminal
urified from repeats of approximately 600 bases and has a
th FBJ-MSV substituted region of approximately 1.5 kb. Al-
,V, and cells though no env-related proteins can be detected
-MSV. Sam- in FBJ-MSV-transformed nonproducer cells
formamide, (10), the genome does contain residual env se-
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quences (Van Beveren, unpublished data). Since
FBJ-MSV was isolated from a spontaneous tu-
mor, the parental virus from which these se-
quences were derived is not known. However, it
is hoped that nucleotide sequence analysis of the
most abundant helper virus in the FBJ complex,
which has recently been molecularly cloned (T.
Curran, unpublished data), will enable an accu-
rate delineation of these regions. Nucleotide
sequence analysis of helper virus regions in the
FBJ-MSV genome (Van Beveren, unpublished
data) suggests that the parental virus may be
related to AKR-MLV (40).
Evidence that the recombinant plasmid pFBJ-

2 contained an entire biologically active copy of
the FBJ-MSV provirus was obtained from DNA
transfection experiments. pFBJ-2 DNA trans-
formed rat fibroblast cells with an efficiency of
150 focus-forming units per pmol. The morphol-
ogy of the cells transformed by pFBJ-2 DNA
was identical to that of rat cells transformed by
FBJ-MSV. In addition, transforming virus could
be efficiently rescued from the transfected cells
by superinfection with FBJ-MuLV (Table 1).
We are currently examining the potential of this
rescued virus to induce osteosarcomas after
inoculation into newborn mice.

All of the v-onc genes isolated to date are
related to sequences present in the normal ge-
netic complement of vertebrate species (3). By
using a probe specific for the v-fos gene, a
cellular counterpart (c-fos) has been identified in
mouse, human, mink, and chicken chromosomal
DNAs. The reduced stability of the hybrid
formed between thefos probe and chicken DNA
suggested a lower degree of conservation in this
species (Fig. 4). However, unlike a probe specif-
ic for v-mos (I. Verma, unpublished data), the c-
fos probe formed a hybrid of high stability with
human DNA, suggesting a greater degree of
conservation. A single major DNA fragment was
detected in mouse DNA cut with EcoRI and
BamHI, suggesting that there is only a single
copy of the c-fos sequences in the mouse
genome. Recently, nucleotide sequence analysis
of the mouse c-fos gene indicated that it con-
tained at least four intervening sequences (F.
van Straaten, unpublished data).

In FBJ-MSV-transformed cells, the v-fos gene
was apparently transcribed as a single RNA
molecule of 3.4 kb which contained bothfos and
helper virus sequences (Fig. 5). Two RNA spe-
cies of 8.2 and 3.2 kb were identified in cells
infected with FBJ-MLV and were thought to
represent genome RNA and envelope mRNA,
respectively.
The fos gene of the FBJ-MSV is a novel

oncogene isolate. It does not cross-hybridize
with probes specific for mos, abl, rasHa, fes, src,
myc, myb, and erb oncogenes (R. Muller and

I. M. Verma, unpublished data). In addition, the
size of the mouse or human genomic DNA
fragment which was cleaved with BamHI (Fig.
3B) or EcoRI (Fig. 4) and which hybridizes with
the fos probe is different from that of the frag-
ments reported to hybridize with fms- or sis-
specific sequences (13, 15). Although expression
of some of these v-onc genes occasionally re-
sults in osteosarcoma development (36), v-fos is
exclusively associated with this specific and
somewhat rare disease (10, 16, 17, 43). Thus,
when expressed under the control of a viral
promoter, fos sequences stimulate the growth
and differentiation of bone tissue, albeit neoplas-
tic. Therefore, it is tempting to postulate that the
c-fos gene has a primary role in promoting the
growth and differentiation of normal bone tis-
sues. This hypothesis is supported by the recent
observation (R. Muller, D. J. Slamon, J. M.
Tremblay, M. J. Cline, and I. M. Verma, Nature
[London], in press) that c-fos is expressed at
relatively high levels in the bones of newborn
mice.
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ADDENDUM IN PROOF

We have now shown that virus rescued from TX.FI
cells induces osteosarcomas, with a latency and pa-
thology equal to those of tumors induced by FBJ-
MSV, after inoculation into newborn mice.
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