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ABSTRACT Protooncogenes when transduced by retrovi-
ruses may undergo structural modifications that render their
gene products oncogenic. The c-fms gene encodes a transmem-
brane protein with tyrosine kinase activity that is very similar
or identical to the receptor for the monocyte-macrophage
colony-stimulating factor. Its transforming homologue (v-fms)
in the Susan McDonough strain feline sarcoma virus causes
fibrosarcomas in cats. Molecular cloning and sequence analysis
of the cDNA that encodes the cytoplasmic domain of the human
c-fms gene shows that the product of the transduced viral
homologue, v-fms, is truncated at the COOH-terminal end.
The COOH-terminal 40 amino acids of the c-fms gene product
are replaced in the v-fms gene product by 11 amino acids
encoded by the retroviral genome. Hybrid v-fms/c-fms genes,
in which either the entire cytoplasmic domain or the COOH-
terminal coding sequences of the v-fms gene were replaced by
the corresponding segments of the c-fms gene, had a reduced
ability to transform fibroblasts despite a high level of encoded
protein on the cell surface. These data indicate that the
COOH-terminal modifications contribute to the transforming
potential of the v-fms viral oncogene product.

Protooncogenes have critical roles in cell growth and differ-
entiation. However, when transduced by retroviruses,
protooncogenes are modified to yield transforming onco-
genes (1, 2). The introns of the cellular genes are removed by
RNA splicing of the retroviral genome. More important are
alterations in the coding regions-e.g., modifications ofthe 5'
and/or 3' end of the coding sequence, deletions, and point
mutations. Recombination with coding regions of a retroviral
genome may generate a translation product that is a fusion
protein. Thus, retroviral oncogenes exhibit several structural
differences from their cellular homologues potentially rele-
vant to their capacity for cell transformation. Our work has
focused on the comparison of the c-fms protooncogene to its
transforming retroviral homologue, v-fms.
The c-fms protooncogene encodes a 165-kDa transmem-

brane glycoprotein that is very similar or identical to the
receptor for a hematopoietic growth factor, monocyte-
macrophage colony-stimulating factor (M-CSF) (3). M-CSF
acts on progenitor and mature cells of the monocyte-macro-
phage lineage to induce cell proliferation, maintain cell
viability, and induce biochemical differentiation (4-7). The
c-fms gene product is also expressed in placenta and chori-
ocarcinoma cells and indeed may have a wider role in cell
growth and differentiation beyond the monocyte-macro-
phage lineage (8, 9). The v-fms oncogene is part of the
genome of the Susan McDonough strain of feline sarcoma
virus (SM-FeSV), a virus that causes fibrosarcomas in cats
(10-12). The v-fms gene product is synthesized as part of a
180-kDa fusion protein that includes NH2-terminal sequences

encoded by the gag region of the retroviral genome. The
180-kDa product is enzymatically cleaved to yield a partially
glycosylated 120-kDa protein; that is further glycolsylated to
yield a transmembrane glycoprotein of 140 kDa that binds
M-CSF (13) and is found in clathrin-coated pits and endocytic
vesicles (14). Membrane expression of the v-fms protein is
necessary for cell transformation (14-18). Both the v-fms and
c-fms gene products have tyrosine kinase activity (19, 20).
Comparison of other cellular and viral oncogene

homologues within the tyrosine kinase family reveal differ-
ences at the 5' or 3' end or point mutations relevant to the
transforming potential of the viral oncogene (21-32). We have
molecularly cloned the cDNA sequences encoding the
transmembrane and cytoplasmic domains of the human c-fms
gene product. Structural and functional comparison suggest
that modifications at the COOH-terminal end of the v-fms
oncogene are relevant to its transforming potential.

MATERIALS AND METHODS
Isolation and Structural Characterization of the Human

c-fms cDNA. A library of human liver cDNA, cloned into
XGT11 (Meloy Laboratories, Springfield, VA) was screened
with nick-translated DNA fragments (33, 34) of the v-fms
oncogene (11). Hybridization and washing conditions were as
described (29) except that the filters were washed at 650C.
DNA fragments were isolated from phage clones positive on
tertiary screening, subcloned into pUC12, mapped using
several restriction enzymes, and sequenced, with the
dideoxy-chain termination (35, 36) and Maxam-Gilbert (37)
methods of analysis. To create hybrid v-fms/c-fms genes,
specific restriction endonuclease fragments derived from the
human c-fms cDNA were substituted for the corresponding
fragments of the v-fms gene in the SM-FeSV proviral genome
(11).

Analysis for Cell Transformation. NIH 3T3 cells were
passaged in medium containing 10% fetal calf serum, while
the transforming focus assay (38, 39) was performed in 2.5%
fetal calf serum. Plasmid DNA was introduced by the calcium
phosphate precipitation technique (40). Four hours after
transfection, the precipitate was removed and cells were
given a glycerol shock (41). Twenty-four hours later the cells
were trypsinized and split 1:8. After 10-14 days of incuba-
tion, transformed foci were scored by staining the plates with
Giemsa solution. In certain experiments, 106 cells were
harvested 48 hr after transfection by trypsinization and
injected into nude mice (42, 43). The animals were scored for
tumor formation 6 weeks later. Clones expressing either the
v-fms protein or one of the hybrid v-fms/c-fms proteins were
obtained after cotransfection of NIH 3T3 cells with a plasmid

Abbreviations: M-CSF, monocyte-macrophage colony-stimulating
factor; SM-FeSV, Susan McDonough strain feline sarcoma virus; kb,
kilobase(s).
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FIG. 1. Restriction endonuclease map and sequencing strategy
for the c-fms cDNA clone. Shown above the map are the landmarks
of protein structure; the transmembrane and tyrosine kinase domains
and the termination codon. The positions of these landmarks were
deduced from the DNA sequence and its comparison to the v-fms
gene (12). The numbering system begins arbitrarily at the 5' end of
the cDNA clone. The segment at the right end of the map between
the BamHI and HindIII sites is part of the polylinker of the pUC
vector into which the EcoRI/BamHI c-fms fragment had been
subcloned. The solid and dashed lines shown below indicate opposite
strands read from the DNA sequencing gels.

containing the appropriate proviral genome and pSV2neo
with subsequent selection in geneticin (G-418) (44).

Characterization of the Hybrid v-fms/c-fms Protein. A rat
monoclonal antibody (2.6.3) directed against the external
domain of the v-fms protein was obtained from C. Sherr (45).
For immunofluorescence analysis, goat anti-rat IgG labeled
with fluorescein isothiocyanate was used, whereas unlabeled
goat anti-rat IgG was used for immunoprecipitations
(Calbiochem). For flow cytometric analysis with the Epics
753 system, single cell suspensions were prepared by expo-
sure of monolayers to phosphate-buffered saline (PBS) with-
out calcium and magnesium, and containing 1 mM EDTA.
These cells were incubated at 4°C with the monoclonal
antibody, 2.6.3, and then with the anti-rat IgG fluorescein

isothiocyanate (46, 47). For analysis of protein synthesis,
confluent monolayers of cells were incubated with
[35S]methionine (500 gCi/ml; >1000 Ci/mmol; 1 Ci = 37
GBq) in methionine-free medium for 3 hr. Immunopre-
cipitates were formed from cell extracts by standard methods
(15-17, 45) and analyzed on a 7.5% polyacrylamide gel.

RESULTS

Isolation and Characterization of a c-fms cDNA Clone. A
1.53-kilobase (kb) c-fms cDNA clone was isolated from the
human liver cDNA library (Fig. 1). Using the strategies
displayed in Fig. 1, the DNA sequence of 1346 nucleotides
was determined extending from the Pst I site (position 183) to
the BamHI site. After this work was completed, the sequence
of the human c-fms cDNA was published (48). The region we
sequenced is homologous to the entire cytoplasmic domain
and transmembrane portion of the v-fms encoded protein.
Shown in Fig. 2 is a comparison of the v-fms and c-fms

COOH-terminal coding sequences beginning at a position
corresponding to nucleotide 1059 on Fig. 1. There was 92%
homology at the nucleotide sequence level and 95% homol-
ogy at the amino acid sequence level (data not shown) until
the sequences diverge near the 3' end of the coding region.
The homology ends 33 nucleotides before the v-fms termi-
nation codon. Hence the last 11 amino acids of the v-fms
protein are different from the amino acids found in the
corresponding region of the c-fms protein. The coding region
of the c-fms gene continues 87 nucleotides beyond the point
that corresponds to the end of the coding region of the v-fms
gene. Therefore, the c-fms protein is 29 amino acids longer at
the COOH-terminal end than the v-fms gene product.

Transforming Potential of the v-fms Protein Requires the
COOH-Terminal Modifications. Hybrid genes were created
that combine coding sequences of both genes (Fig. 3). Two
constructions were made; in the first, the coding sequences
for the entire cytoplasmic domain of the v-fms protein were
replaced with the corresponding coding sequence ofthe c-fms

End Catalytic Domain

AA
V-fms

C-fms
AA

ARG
C C T G

I ~~~~~~~II
CAA ATG GCC CAG CCT GCA TTT GCC CCA AAG AAT ATA TAC AGC ATC ATG CAG GCC TGC TGG GCC TTG GAG CCC ACC CAC AGA CCC ACC TTC 1148
GLN MET ALA GLN PRO ALA PHE ALA PRO LYS ASN ILE TYR SER ILE MET GLN ALA CYS TRP ALA LEU GLU PRO THR HIS ARG PRO THR PHE

* * * * * * * * * *

AA LEU ARG VAL PRO ASN ARG
V-fms C C A T C A C C T A C A G

IIIIC A A ACI
C-fms CAG CAG ATC TGC TCC TTC CTU CAG GAG CAG GCC CAA GAG GAC AGG AGA GAG CGG GAC TAT ACC AAT CTG CCG AGC AGC AGC AGA AGC GGT 1238
AA GLN GLN ILE CYS SER PHE LEU GLN GLU GLN ALA GLN GLU ASP ARG ARG GLU ARG ASP TYR THR ASN LEU PRO SER SER SER ARG SER GLY

AA LEU LEU ARG PRO TRPARG GLY PRO PRO LEU END -- V-fms
V-fms CT CTT A G CTT T G C A G A CCC CC CT T Termination Codon

II II 1 1 1 1 1 1 1 1 1 1 1 1 1 I I I I
C-fms GGC AGC GGC AGC AGCAGC AGT GAG CTG GAG GAG GAG AGC TCT AGT GAG CAC CTG ACC TGC TGC GAG CAA GGG GAT ATC GCC CAG CCC UG 132
AA GLY SER GLY SER SER SER SER GLU LEU GLU GLU GLU SER SER SER GLU HIS LEU THR CYS CYS GLU GLN GLY ASP ILE ALA GLN PRO LEU

C-fms CTG CAG CCC AAC AAC TAT CAG UC TGCIGGA GT GAC GAC AGG GAG TAC CAC TCT CCC CTC CCA CAA ACT TCA ACT CCT CCA TGG ATG 1418
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FIG. 2. A comparison of the c-fms and v-fms coding sequences corresponding to the COOH-terminal regions of the protein. The nucleotide
sequence begins at position 1059 on the map shown in Fig. 1. This position corresponds to amino acid 1364 in the v-fms sequence as published
by Hampe et al. (12). Asterisks below amino acids indicate conserved residues in proteins with tyrosine kinase activity (30, 55). Nucleotide 1110
is the Bgl I site used to construct PVC-196.
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FIG. 3. Construction of the v-fms/c-fms hybrid genes. The
constructions were made in the parent plasmid, pSM-FeSV (10, 11),
that contains the entire proviral genome. pVC-195 as constructed in
two steps. First, the 1365-base-pair Pvu II/HindIlI fragment con-
taining the c-fms coding sequences (Fig. 1) was subcloned into a
9.3-kb vector fragment that extends from the Pvu II site in the coding
sequences to the HindIII site in the plasmid vector of pSM-FeSV. In
the second step, the 4.6-kb HindIII fragment that includes the 3' long
terminal repeat (LTR) was added. pVC-196 was also constructed in
two steps. In the first, an 8.8-kb Cla I/HindIlI vector fragment, a
2.1-kb Cla I/Bgl I fragment containing most of the coding sequences
of the v-fms gene, and a 0.45-kb BgI I/HindIII fragment from the
c-fms gene (Fig. 1) were ligated together and a subclone was
obtained. To this subclone was added the 4.6-kb HindIII fragment
that includes the 3' LTR. The structure ofpVC-195 and pVC-196 was
verified by a series of restriction endonuclease digestion. Particularly
useful were Sst I and Xho I; these enzymes cut at different sites in
the c-fms compared to the v-fis coding sequences.

gene (Fig. 3, pVC-195); in the second, the v-fms tyrosine
kinase domain was left intact and only the coding sequences
for the COOH-terminal end of the protein were replaced with
the corresponding portion of the c-fms gene (Fig. 3, pVC-
196).
Neither pVC-195 or pVC-196 exhibited significant trans-

forming potential (Fig. 4 and Table 1). Various proportions of
pSM-FeSV DNA were mixed with either pVC-195 or pVC-
196 DNA and a total of 20 ,g was used to transfect 106
3T3 cells. The number of foci observed was directly propor-
tional to the content ofpSM-FeSV DNA (Fig. 4). The hybrid
v-fms/c-fms genes lacked transforming potential when as-
sayed in vivo in nude mice. All mice injected with 3T3 cells
transfected with pSM-FeSV developed tumors, whereas no
tumors were formed in mice injected with cells transfected
with either pVC-195 or pVC-196 (Table 1).
The Hybrid v-fms/c-fms Proteins Are Processed and Ex-

pressed at the Cell Surface. The proviral genome contained in
plasmid pSM-FeSV, pVC-195, or pVC-196 was introduced
into 3T3 cells by cotransfection with pSV2neo and selection
in G-418. After 12 days, cell-surface expression of the fms
proteins was determined on cells derived from '100 G-418-
resistant colonies using the fluorescence-activated cell sorter
(Fig. 5). There was a significant shift in the mean fluorescence
of cells transfected with plasmids containing the v-fms
oncogene or one of the hybrid v-fms/c-fms genes compared
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FIG. 4. Assay of the transforming potential of the v-fms and
hybrid v-fms/c-fms genes by focus formation in 3T3 cells. Cells were
transfected with the indicated proportions of pSM-FeSV and pVC-
195 (A) or pVC-196 (B). Foci were scored 10 days later.

to fluorescence of control cells that had not been incubated
with the fms-specific monoclonal antibody. In contrast, cells
transfected with pSV2neo alone exhibited no shift in mean
fluorescence when thefms-specific antibody was added (Fig.
5A).

Individual clones of G-418 cells expressing either the v-fms
or hybrid v-fms/c-fms proteins were isolated. Immunopre-
cipitates of [35S]methionine-labeled cell extracts were ana-
lyzed by NaDodSO4 gel electrophoresis. A band analogous
to the glycoprotein 120-kDa v-fms-encoded protein was seen
in cells expressing the hybrid v-fms/c-fms genes, although its
molecular mass was increased slightly, consistent with its
longer COOH terminus. The glycoprotein 140-kDa band was
obscured by a comigrating radiolabeled band seen in extracts
of control 3T3 cells (Fig. 6, lane 1), although a distinct
glycoprotein 180-kDa band was observed in extracts of cells
expressing the v-fms or a hybrid v-fms/c-fms protein (lanes
2 and 3). These data indicate that the hybrid v-fms/c-fms
proteins are processed and expressed on the cell surface in a
manner quite analogous to that of the v-fms oncogene
product. Expression of the hybrid v-fms/c-fms proteins
resulted in a reduced capacity to induce cellular transforma-
tion.

DISCUSSION
The v-fms protein is modified at the COOH-terminal end
compared with the protein encoded by the c-fms gene. The

Table 1. Comparison of transformation potential of the v-fms
and hybrid v-fms/c-fms proteins

Tumor formation
Plasmid 3T3 cell foci* in nude micet

pSM-FeSV 1200 ± 150 5/5
pVC-195 30 ± 4 0/5
pVC-196 32 ± 4 0/5

*Expressed as foci per 20 Ag of DNA per 106 cells. This assay was
performed four times, and the number of foci shown represent the
mean ± SD.

tCells (106) transfected with 20 /ig of DNA were injected subcuta-
neously into each animal and scored for the tumor formation after
6 weeks.

Proc. Natl. Acad. Sci. USA 83 (1986)
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FIG. 5. Surface expression of the v-fms and hybrid v-fms/c-fms proteins as determined by fluorescence analysis. In each experiment, 2 x
101 3T3 cells (two 10-cm plates) were transfected with 20 Aug of pSV2neo (A), or 4 Aug of pSV2neo and 16 ,ag of pSM-FeSV (B), pVC-195 (C),
or pVC-196 (D). After 24 hr. each plate was split 1:4 and G-418 was added to a concentration of 1 mg/ml. The medium was changed every 3
days; after 9 days, there were 40-50 G-418-resistant colonies per plate. The colonies were removed by trypsinization, passaged, and grown again
to confluency prior to harvesting for fluorescence analysis. The cells were recovered in PBS containing EDTA and prepared for flow cytometric
analysis. Shown are the results obtained with cells that underwent reaction with the fluorescein isothiocyanate goat anti-rat IgG only (-)or
first with the fms-specific monoclonal antibody 2.6.3 followed by the fluorescein isothiocyanate-labeled antibody ( )

terminal 40 amino acids of the c-fins-encoded protein are

replaced by 11 different amino acids in the v-fms protein.
Other than the striking changes at the COOH-terminal end,
the cytoplasmic domains of the v-fms- and c-fins-encoded
products are highly conserved, including those residues that
are part of the tyrosine kinase catalytic unit. Reconstruction
of the fins gene to "correct" the COOH-terminal modifica-
tions by assembly of hybrid v-fms/c-fms genes reduced the
transforming potential. Tumor formation in nude mice was
abolished. This reduction of transforming capacity occurred
even though the hybrid v-fms/c-fms proteins were expressed
on the cell surface as transmembrane proteins. In addition,
the v-fms/c-fms hybrid proteins have been shown to exhibit
in vitro protein kinase activity (D. Kaplan and P.J.B.,
unpublished observations).
The protein encoded by c-fins, possibly the M-CSF recep-

tor (3, 8, 9, 20), has many structural similarities to the
epidermal growth factor (EGF) receptor (29). Both are

transmembrane proteins with a large external ligand binding
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FIG. 6. Synthesis and processing of
the v-fms and hybrid v-fms/c-fms pro-
teins. Radiolabeled immunopre-
cipitates from control 3T3 cells (lane 1),
from cells expressing the v-fms gene
(lane 2), or a hybrid v-fms/c-fms gene
(pVC-196) (lane 3) were analyzed by
NaDodSO4/polyacrylamide gel elec-
trophoresis. The molecular masses
shown on the right were estimated by
comparison to the migration position of
simultaneously run high molecular
weight protein standards (Bethesda Re-
search Laboratories).

domain and a cytoplasmic domain that contains a tyrosine
kinase catalytic unit. Beyond the catalytic domain there are
COOH-terminal segments of 254 amino acids in the EGF
receptor and 74 amino acids in the M-CSF receptor. The EGF
receptor gene has been transduced at least twice to create a
retroviral oncogene, v-erbB (49, 50). The v-fms gene product
resembles v-erbB in that both have undergone COOH-
terminal modifications compared to the protein encoded by
their cellular homologues. The terminal 32 amino acids of the
EGF receptor are replaced by 4 amino acids encoded by the
retroviral genome in the transforming v-erbB gene product
(29). A similar modification has occurred on transduction of
the c-src gene to create the v-src oncogene (23). Indeed, a
tyrosine residue near the COOH-terminal end of c-src un-
dergoes phosphorylation; this residue is absent in v-src (51).
COOH-terminal modifications may contribute to oncogenic
potential by eliminating the dependence on ligand binding for
catalytic activity, by altering access of substrate to the
catalytic domain, or by changing substrate specificity.

In most retroviral oncogenes, transduction is accompanied
by several alterations in the coding sequences of the cellular
homologue, any or all of which may contribute to transform-
ing potential (21-32). In contrast to v-erbB, in which the
external domain is missing, most or all of the ligand binding
domain of c-fms is structurally preserved in v-fms (11, 48) and
has been shown to bind M-CSF (13). Unlike the transmem-
brane and tyrosine kinase domains, the ligand-binding do-
main of human c-fms when compared to v-fms has 25%
scattered amino acid differences. The c-fms sequence data
are from the human genome, whereas the v-fms gene was
transduced from the cat genome. Many of the amino acid
differences are likely to represent neutral evolutionary sub-
stitutions. Our data appear to establish the overall impor-
tance of the COOH-terminal modification of the v-fms gene
product with respect to the transforming potential, although
more subtle assays may be required to evaluate the signifi-
cance of specific amino acid substitutions. The frequent
amino acid differences in the ligand-binding domains may
also be functionally relevant to transformation by v-fms by
uncoupling ligand activation of the kinase domain. Finally,

Cell Biology: Browning et al.
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the tyrosine residue found that four amino acids from the end
of c-fms could be a site for regulatory phosphorylation (30,
51); site-directed mutagenesis might be used to study the
significance of this and other amino acid differences between
c-fms and v-fms.
At present there is no direct evidence implicating muta-

tions in the c-fs gene in human neoplasia. The v-fms gene
causes fibrosarcomas in cats, but this species and tissue
selectivity is likely to reflect properties of the viral envelope
and transcriptional promoter. Expression of the c-fms gene in
hematopoietic cells makes them potential targets for any
oncogenic potential of mutated genes. The c-fms gene is
deleted from the 5q- chromosome found in patients with
refractory anemia, who have a high risk for leukemic evolu-
tion (52, 53). A 5q- chromosome is also often found in
patients with secondary leukemia that develops after inten-
sive chemotherapy (54). Perhaps deletion of one c-fms gene
renders mutations in the residual c-fms allele more likely to
contribute to neoplastic transformation. Study of c-fms gene
structure in such patients might uncover mutations analogous
to those found in v-fms that are relevant to the pathogenesis
of leukemia.
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preparation of the manuscript. P.J.B. is a Fellow of the Robert Wood
Johnson Foundation, Minority Medical Faculty Development Pro-
gram. H.F.B. was a Fogarty Scholar in residence at the National
Institutes of Health and is an investigator of the Howard Hughes
Medical Institute.

1. Bishop, J. M. & Varmus, H. E. (1982) in Molecular Biology of
Tumor Viruses, eds. Weiss, R. A., Teich, N. M., Varmus,
H. E. & Coffin, J. M. (Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY), pp. 999-1108.

2. Varmus, H. (1986) in Molecular Basis of Blood Disease, eds.
Stamatoyannopoulos, G., Nienhuis, A. W., Leder, P. &
Majerus, P. (Saunders, Philadelphia), in press.

3. Sherr, C. J., Rettenmier, C. W., Sacca, R., Roussel, M. F.,
Look, A. T. & Stanley, E. R. (1985) Cell 41, 665-676.

4. Stanley, E. R., Guilbert, L. J., Tushinski, R. J. & Bartelmez,
S. H. (1983) J. Cell. Biochem. 21, 151-159.

5. Tushinski, R. J. & Stanley, E. R. (1985) J. Cell. Physiol. 122,
221-228.

6. Tushinski, R. J., Oliver, I. T., Guilbert, L. J., Tynan, P. W.,
Warner, J. R. & Stanley, E. R. (1982) Cell 28, 71-81.

7. Moore, R. N., Hoffeld, J. T., Farrar, J. J., Mergenhagen,
S. E., Oppenheim, J. J. & Shadduck, R. K. (1981) in The
Lymphokines, ed. Pick, E. (Academic, New York), Vol. 3, pp.
119-148.

8. Rettenmier, C. W., Sacca, R., Furman, W. L., Roussel,
M. F., Holt, J. T., Nienhuis, A. W., Stanley, E. R. & Sherr,
C. J. (1986) J. Clin. Invest., in press.

9. Wolford, J., Rothwell, V. & Rohrschneider, L. (1985) Mol.
Cell. Biol. 5, 3458-3466.

10. Heisterkamp, N., Groffen, J. & Stephenson, J. R. (1983)
Virology 126, 248-258.

11. Donner, L., Fedele, L. A., Garon, C. F., Anderson, S. J. &
Sherr, C. J. (1982) J. Virol. 41, 489-500.

12. Hampe, A., Gobet, M., Sherr, C. J. & Galibert, F. (1984)
Proc. Natl. Acad. Sci. USA 81, 85-89.

13. Sacca, R., Stanley, E. R., Sherr, C. J. & Rettenmier, C. W.
(1986) Proc. Natl. Acad. Sci. USA 83, 3331-3335.

14. Manger, R., Najita, L., Nichols, E. J., Hakomori, S. &
Rohrschneider, L. (1984) Cell 39, 327-337.

15. Anderson, S. J., Gonda, M. A., Rettenmier, C. W. & Sherr,
C. J. (1984) Virology 51, 730-741.

16. Rettenmier, C. W., Roussel, M. F., Quinn, C. O., Kitching-
man, G. R., Look, A. T. & Sherr, C. J. (1985) Cell 40,
971-981.

17. Roussel, M. F., Rettenmier, C. W., Look, A. T. & Sherr,
C. J. (1984) Mol. Cell. Biol. 4, 1999-2009.

18. Nichols, E. J., Manger, R., Hakomori, S., Herscovics, A. &
Rohrschneider, L. R. (1985) Mol. Cell. Biol. 5, 3467-3475.

19. Barbacid, M. & Lauver, A. V. (1981) J. Virol. 40, 812-821.
20. Rettenmier, C. W., Chen, J. H., Roussel, M. F. & Sherr, C. J.

(1985) Science 228, 320-322.
21. Shalloway, D., Coussens, P. M. & Yaciuk, P. (1984) Proc.

Natl. Acad. Sci. USA 81, 7071-7075.
22. Johnson, P. J., Coussens, P. M., Danko, A. V. & Shalloway,

D. (1985) Mol. Cell. Biol. 5, 1073-1083.
23. Parker, R. C., Varmus, H. E. & Bishop, J. M. (1984) Cell 37,

131-139.
24. Iba, H., Takewa, T., Cross, F. R., Hanafusa, T. & Hanafusa,

H. (1984) Proc. Natl. Acad. Sci. USA 81, 4424-4428.
25. Prywes, R., Foulkes, J. G., Rosenberg, N. & Baltimore, D.

(1983) Cell 54, 569-579.
26. Srinivasan, A., Dunn, C. Y., Yuasa, Y., Devare, S. G.,

Premkumar Reddy, E. & Aaronson, S. A. (1982) Proc. Natl.
Acad. Sci. USA 79, 5508-5512.

27. Yamamoto, T., Nishida, T., Miyajima, M., Kawai, S., Ooi, T.
& Toyoshima, K. (1983) Cell 35, 71-76.

28. Downward, J., Yarden, Y., Mayes, E., Scrace, G., Totty, N.,
Stockwell, P., Ullrich, A., Schlessinger, J. & Waterfield,
M. D. (1984) Nature (London) 307, 521-527.

29. Ullrich, A., Coussens, L., Hayflick, J. S., Dull, T. J., Gray,
A., Tam, A. W., Lee, J., Yarden, Y., Libermann, T. A.,
Schlessinger, J., Downward, J., Mayes, E. L. V., Whittle, N.,
Waterfield, M. D. & Seeburg, P. H. (1984) Nature (London)
309, 418-425.

30. Hunter, T. & Cooper, J. A. (1985) Annu. Rev. Biochem. 54,
897-930.

31. Konopka, J. B., Watanabe, S. M. & Witte, 0. N. (1984) Cell
37, 1035-1042.

32. Konopka, J. B., Watanabe, S. M., Singer, J. W., Collins, S. J.
& Witte, 0. N. (1985) Proc. Natl. Acad. Sci. USA 82,
1810-1814.

33. Benton, W. D. & Davis, R. W. (1977) Science 196, 180-183.
34. Maniatis, T., Fritsch, E. F. & Sambrook, J. (1982) Molecular

Cloning: A Laboratory Manual (Cold Spring Harbor Labora-
tory, Cold Spring Harbor, NY).

35. Sanger, F., Nicklen, S. & Coulson, A. R. (1977) Proc. Natl.
Acad. Sci. USA 74, 5463-5467.

36. Smith, A. J. H. (1980) Methods Enzymol. 65, 560-580.
37. Maxam, A. M. & Gilbert, W. (1980) Methods Enzymol. 65,

499-559.
38. Shih, C., Shilo, B., Goldfarb, M., Dannenberg, A. & Wein-

berg, R. A. (1979) Proc. Natl. Acad. Sci. USA 76, 5714-5718.
39. Weinberg, R. A. (1984) Blood 64, 1143-1145.
40. Wigler, M., Pellicer, A., Silverstein, S. & Axel, R. (1978) Cell

14, 725-731.
41. Gopal, T. V. (1985) Mol. Cell. Biol. 5, 1188-1190.
42. Pollack, R. S., Chen, S. P. & Verderame, M. (1984) Adv. Viral

Oncol. 4, 3-28.
43. Shin, S. L., Freedman, V. H., Risser, R. & Pollack, R. (1975)

Proc. Natl. Acad. Sci. USA 72, 4435-4439.
44. Southern, P. J. & Berg, P. (1982) J. Mol. Appl. Genet. 1,

327-341.
45. Anderson, S. J., Furth, M., Wolff, L., Ruscetti, S. K. &

Sherr, C. J. (1982) J. Virol. 44, 696-702.
46. Herzenberg, L. & Herzenberg, L. (1978) in Handbook of

Experimental Immunology, ed. Weir, D. M. (Blackwell, Lon-
don), Vol. 2, pp. 1-21.

47. Greco, B., Bielory, L., Stephany, D., Hsu, M. S., Gascon, P.,
Nienhuis, A. W. & Young, N. S. (1983) Blood 52, 1047-1054.

48. Coussens, L., VanBeveren, C., Smith, D., Chen, E., Mitchell,
R. L., Isacke, C. M., Verma, I. M. & Ullrich, A. (1986)
Nature (London) 320, 277-280.

49. Privalsky, M. L., Ralston, R. & Bishop, J. M. (1984) Proc.
Natl. Acad. Sci. USA 81, 704-707.

50. Yamamoto, T., Hihara, H., Nishida, T., Kawai, S. &
Toyoshima, K. (1983) Cell 34, 225-232.

51. Cooper, J. A., Gould, K. L., Cartwright, C. A. & Hunter, T.
(1986) Science 231, 1431-1434.

52. Nienhuis, A. W., Bunn, H. F., Turner, P. H., Gopal, T. V.,
Nash, W. G., O'Brien, S. J. & Sherr, C. J. (1985) Cell 42,
421-428.

53. LeBeau, M. M., Westbook, C. A., Diaz, M. O., Larson,
R. A., Rowley, J. D., Gasson, J. C., Golde, D. W. & Sherr,
C. J. (1986) Science 231, 984-987.

54. Wisniewski, L. P. & Hirschhorn, K. (1983) Am. J. Hematol.
15, 295-310.

55. Martin-Zanca, D., Hughes, S. H. & Barbacid, M. (1986)
Nature (London) 319, 743-748.

Proc. Natl. Acad. Sci. USA 83 (1986)


