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ABSTRACT The protooncogene c-fps/fes is a single verte-
brate locus homologous to both the fps transforming gene of
Fujinami avian sarcoma virus and thefes transforming gene of
two feline sarcoma virus isolates. The human c-fps/fes locus
has been previously cloned and characterized. We report that
a recombinant gene in which 3' human c-fps/fes sequences re-
place over 80% of the feline sarcoma virusfes sequences trans-
forms NIH 3T3 mouse fibroblasts and encodes a protein ki-
nase. Cells transformed by this recombinant possess increased
phosphotyrosine levels. These observations demonstrate that a
large carboxyl portion of a human c-fps/fes protein product
can functionally complement a retroviral transforming pro-
tein.

Several highly conserved cellular genes, called protoonco-
genes or c-onc genes, induce rapid malignancies in animals
when transduced by retroviruses (1, 2). Some of these genes
have been implicated in the genesis of a number of nonviral
animal and human tumors (3). The mechanism of activation
of these genes to a transforming state is of central interest in
understanding neoplastic processes. Moreover, studies of
human c-onc gene activation may be relevant to clinically
important malignant disease.
The Fujinami avian sarcoma virus (FSV) and the Gard-

ner-Arnstein and Snyder-Theilen feline sarcoma viruses
(GA-FeSV and ST-FeSV) have transduced host cell se-
quences (denoted fps and fes, respectively) that are neces-
sary for their transforming ability (4, 5). These sequences,
fused to 5' viral gag sequences, encode tyrosine-specific
protein kinases (6-9). The carboxyl portions of the FSV and
FeSV transforming products exhibit homology at the protein
level with other retroviral tyrosine kinases and a cAMP-de-
pendent protein kinase (10). Studies of deletion mutants
have established the importance of thefes product's carbox-
yl half in transformation (4, 5).
The genome of vertebrates possesses a single locus that

was transduced independently by FSV, ST-FeSV, and GA-
FeSV (11). The entire human region (c-fps/fes) homologous
to the transforming genes of these retroviruses is located
within a 14-kilobase (kb) EcoRI DNA fragment (Fig. 1) (11,
13-15). The regions of homology in the human genome are
discontinuous, suggesting an exon-intron structure with a
minimum of six exons homologous to the FSV transforming
gene (v-fps) (11).
Here we report the construction of a recombinant gene in

which 3' human c-fps/fes sequences replace the majority of
FeSV fes sequences necessary for transformation of NIH
3T3 mouse fibroblasts. This gene fully transforms NIH 3T3
cells and encodes a tyrosine kinase. These observations
demonstrate that a large carboxyl portion of a human c-
fps/fes protein product can functionally complement a retro-
viral transforming protein.

MATERIALS AND METHODS
Materials. Mycophenolic acid (MPA) was supplied gratis

by Eli Lilly.
Construction of Recombinants. Subclones of the appropri-

ate fragments of the 14-kb EcoRI human c-fps/fes clone
were made in pBR322 derivatives. Restriction enzyme diges-
tions were performed according to supplier's specifications
and, in cases where partial digestions were required, in the
presence of ethidium bromide. The integrity and in-phase na-
ture of the v-fes/c-fes recombinant junctions were deter-
mined by DNA sequence analysis (18, 19).
NIH 3T3 Transformation Assays. NIH 3T3 transfections

were performed as described (20). For tests of anchorage in-
dependence, transfected cells were treated with trypsin 3
days after transfection and seeded into medium supplement-
ed with 10% calf serum in the presence of xanthine and MPA
as described (16). Twenty randomly selected MPA-resistant
colonies as well as mixtures of total MPA-resistant popula-
tions from each transfection were suspended in Dulbecco's
medium/10% calf serum/0.25% agarose. Anchorage-inde-
pendent colonies were scored at 12-14 days. Positive colo-
nies reached 200-1000 cells at the time of scoring, whereas
negative transfectants exhibited no colonies greater than 3-4
cells. Tumorigenicity in nude mice was assessed by subcuta-
neous injection of approximately 5 x 105 cells into the flanks
of Swiss nu/nu males. Positive animals developed easily vis-
ible tumors within 2 weeks of injection and died due to tumor
growth within 5 weeks after inoculation. Negative animals
failed to develop palpable tumors within 8 weeks after injec-
tion.

RESULTS

Transformation Assays Using the Complete Human c-

fps/fes Locus. The ability of the human c-fps/fes locus to
transform cells was tested by transfection of NIH 3T3 fibro-
blasts with the 14-kb cloned DNA fragment inserted into
plasmids that contained the selectable marker pSV2gpt (Fig.
1) (16). Neoplastic transformation was assessed in two ways:
observation of focus formation against a background of a

contact-inhibited cell monolayer; or selection of colonies for
the pSV2gpt marker in MPA and xanthine and subsequent
evaluation of anchorage-independent growth in soft agar. A
15-kb EcoRI fragment containing a complete integrated GA-
FeSV provirus (12) served as a positive control in these as-

says.
Both the cloned 14-kb human c-fps/fes fragment alone and

the same fragment positioned 3' to strong transcriptional
promoters (the SV40 early promoter and the GA-FeSV LTR)
(Fig. 1, c-fps/fes and LTR c-fps) failed to transform NIH
3T3 fibroblasts. The inability to transform was not due to

Abbreviations: FSV, Fujinami avian sarcoma virus; FeSV, feline
sarcoma virus; GA-FeSV, Gardner-Amstein FeSV; ST-FeSV, Sny-
der-Theilen FeSV; SV40, simian virus 40; kb, kilobase(s); LTR,
long terminal repeat; MPA, mycophenolic acid.
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FIG. 1. Structures of recombinants and results of transformation assays. The structure of the cloned GA-FeSV provirus is shown along with
relevant restriction endonuclease sites (12). Viral fes sequences are illustrated by the black box. The structure of the cloned 14-kb EcoRI
fragment containing the entire human c-fps/fes locus is shown (11, 13-15). The maximal extent of regions with homology to the FSV, GA-
FeSV, and ST-FeSV transforming regions as defined by Southern blots of the cloned c-fps/fes locus are designated by horizontal bars beneath
the c-fps/fes restriction map. Regions of homology between v-fes and human c-fps/fes defined by DNA sequencing (our unpublished data) or

heteroduplex analysis (15) are depicted as open boxes above the restriction map. The DNA sequences across the recombinant junctions are as
follows:

v-fes Kpn I c-fes

Rec-Kpn CTG CAC GAG CAG CTG TGG TAC CAC GGG GCC ATC CCG AGG

GA-FeSV CTG CAC GAG CAG CTG TGG TAC CAC GGG GCC CTC CCA CCG

Sac I

Rec-Sac ATC TAC ATC GTC ATC GAG CTC CAA CTA GGG CGC GCA GCT

GA-FeSV ATC TAC ATC GTC ATC GAG CTC CTG CAG GGG GGC GAC TTC.

In addition to the sequences shown, each circular plasmid contains pBR322 sequences from the unique EcoRI site to the Pvu II site as well as

the pSV2gpt construction (see bottom structure) (16). These have been inserted at EcoRI sites (designated by asterisks) into the plasmids used
for transfection. The simian virus 40 (SV40) early region promoter and origin of replication [positions 5107 to 208 of the map of Reddy et al. (17)]
are denoted "SV40 early." The GA-FeSV long terminal repeat (LTR) and untranslated sequences 5' to the Bgl II site of the provirus are

designated "LTR." The SV40 small tumor antigen splice acceptor and polyadenylylation signal derived from the pSV2gpt vector (16) are

designated "poly A." "XGPRT" indicates the position of the Escherichia coli xanthine/guanine phosphoribosyltransferase gene in pSV2gpt.
"ori" marks the pBR322 origin of replication and "AMPR, the ampicillinase gene. Focus-forming efficiency equals the number of foci per 3 x

10i cells per ug of tested DNA. The percentage of mycophenolic acid (MPA)-selected clones that were anchorage independent is noted.
Tumorigenicity in nude mice represents the number of animals that developed tumors/number of inoculated animals. ND, not determined.

unsuccessful transfection, because Southern blot analysis of
MPA-resistant colonies revealed the presence of integrated
intact DNA from these constructs (Fig. 2, lanes 3 and 4);
however, only LTR c-fps transfectants produced detectable
levels offps/fes-related polyadenylylated RNA (Fig. 3, lanes
3 and 4). The RNA produced in these cells was polyadenylyl-
ated, probably from a signal within the human c-fps/fes lo-
cus itself, since no extrinsic signals of this sort were provid-
ed in the construction of the vector. The RNA was also
spliced, as it was 3.3 kb in length yet could be detected by
using probes from both the 5' and 3' ends of the v-fes gene
(data not shown). This RNA was of a size consistent with
that expected if v-fes homologous regions corresponded to
exons. Limited DNA sequence analysis of some of the
boundaries between the v-fps homologous and nonhomolo-
gous regions has revealed the presence of consensus se-

quences for eukaryotic splice donor and acceptor sequences

at appropriate sites (unpublished observations). Thus, the
RNA produced by this construction in NIH 3T3 cells ap-
pears to be consistent with a properly spliced and polyade-
nylylated message. These observations indicate that the hu-
man c-fps/fes fragment used in our studies is not transform-
ing, even when transcriptionally activated. An assessment of
the transforming potential of the complete human c-fps/fes
gene requires further study, because our cloned 14-kb EcoRI
fragment may not contain the entire gene.

Construction of Recombinants Between Human c-fps/fes
and GA-FeSV. To determine if portions of the human c-

fps/fes locus can complement regions of the viral fes gene,
recombinants between the c-fps/fes locus and GA-FeSV
were constructed. Recombinants were made at apparently
conserved restriction sites (Fig. 1). DNA sequence analysis
demonstrated that the Rec-Kpn and Rec-2 recombinants
possess in-phase protein-reading sequences across the
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FIG. 2. Southern blots of transfected cells. Ten micrograms of
high molecular weight DNA of the transfected cells was Southern
blotted and probed (21) with a nick-translated (22) Bgl II/HindIII
gag-fes fragment from GA-FeSV. Filters were washed as described
(13). DNA in lanes 1-7 was digested with EcoRI, that in lanes 8-11,
with Xho I. With the exception of cells derived from a Rec-Kpn
focus (lane 10), all NIH 3T3 cells were cloned and selected in MPA
and xanthine. The sources of the DNA are NIH 3T3 cells transfect-
ed,with pSV2gpt alone (lane 1); GA-FeSV (lane 2); c-fps/fes (lane 3);
LTR c-fps (lane 4); Rec-Sac (lane 5); Rec-Kpn, untransformed, but
MPA resistant (lanes 6 and 8); Rec-kpn, transformed (lanes 7 and
9); and Rec-Kpn, complete revertant (lane 11).

recombinant junctions (see legend to Fig. 1). The reading
frame was not conserved in the Rec-Sac construct, as liga-
tion occurred at a nonconserved Sac I site (within a putative
c-fps/fes intron).

Transfection Assays Using the Recombinants. The recombi-
nant plasmids containing pSV2gpt were transfected into NIH
3T3 cells. As noted in Fig. 1 pSV2gpt alone and the Rec-Sac
construction failed to transform NIH 3T3 cells. Southern
blot analysis revealed that MPA-resistant Rec-Sac-transfect-
ed colonies contained the entire integrated recombinant lo-
cus (Fig. 2, lane 5). Thus, the-viral sequences in Rec-Sac
alone are not sufficient for transformation of NIH 3T3 cells,
consistent with other studies of GA-FeSV deletion mutants
(4, 5).
The Rec-Kpn plasmid was able to induce foci on NIH 3T3

cells, though at a lower efficiency than occurs upon transfec-
tion with the GA-FeSV provirus. The foci induced by this
recombinant consisted of refractile fusiform cells. Three of

3 4 5 6
z ~~~kb

.. kb

-~~~~ 1.

FIG. 3. Blot hybridization of RNA from transfected cells. Cells
from MPA-resistant clones shown by Southern blotting to contain
intact plasmids were used for total RNA extraction by the guanidine
hydrochloride technique (23). Two to 10 Ag of polyadenylylated
RNA (24) was blotted (25), probed with a nick-translated Bgl II/
HindIII v-fes fragment, and washed as described (13). Sources of
RNA were NIH 3T3 cells transfected with pSV2gpt alone (lane 1);
GA-FeSV (lane 2); c-fps/fes (lane 3); LTR-c-fps (lane 4); Rec-Kpn,
untransformed but MPA resistant (lane 5); Rec-Kpn, MPA selected
and transformed (lane 6).

18 of the Rec-Kpn MPA-resistant clones were anchorage in-
dependent, as were all the foci tested. These anchorage inde-
pendent cells formed tumors that were easily visible in nude
mice 2 weeks after subcutaneous injection of less than 106
cells (Fig. 1). Injection of 106 untransformed NIH 3T3 cells
did not produce tumors in control experiments after 8 weeks
of observation.

Nucleic Acid Analysis of the Transformed Cells. To under-
stand why only some of the Rec-Kpn transfectants exhibited
a transformed phenotype, the structure of the Rec-Kpn se-
quences in the MPA-resistant colonies was examined. A 14-
kb EcoRI fragment and two 4.0-kb Xho I fragments, expect-
ed from integration of the intact recombinant locus, were de-
tected in the DNA of transformed cells (Fig. 2, lanes 7 and
9). Analysis of the integrated DNA of these clones by using
several other restriction endonucleases indicated that no de-
tectable rearrangements had occurred in the Rec-Kpn con-
struct during transfection and integration (data not shown).
On the other hand, substantial alterations in the structure

of the transfected Rec-Kpn plasmid were detected in the MPA-
resistant clones that were not transformed. In most cases, no
fps/fes-honmologous DNA (except for faint hybridization to
the endogenous mouse c-fps/fes locus at 6.0 kb) was detect-
ed (Fig. 2, lanes 6 and 8). In some cases substantial interrup-
tions of the Rec-Kpn construct had occurred during integra-
tion or transfection in the untransformed clones.
Examination of the anchorage-independent Rec-Kpn

transfectants forfes-related RNA species revealed the pres-
ence of a 4.5-kb RNA transcript that was detected by hybrid-
ization to DNA probes prepared from the GA-FeSV gag-fes
region (Fig. 3, lane 6). No fps/fes-related transcripts were
observed in untreated NIH 3T3 cells or in MPA-resistant,
untransformed clones that had been transfected with the
Rec-Kpn DNA (Fig. 3, lanes 1 and 5).

Protein Product of the Transforming Recombinant. To
characterize the protein product of the Rec-Kpn gene, total
cell protein lysates from transfected cells were immunopre-
cipitated by Uising monoclonal antibodies prepared against
the p15 gag- and the v-fes-specific regions of the GA-FeSV
p110 transforming protein (Fig. 4) (26). A protein that mi-
grates slightly slower on sodium dodecyl sulfate/polyacryl-
amide gels than does the p110 GA-FeSV transforming gene
product was precipitated by anti-p1S gag and one of the anti-
fes region monoclonal antibodies (F113) in the cells that
were transformed by the Rec-Kpn construct. No such pro-
teins were precipitated in extracts prepared from untreated
NIH 3T3 cells or MPA-resistant cells that were not trans-
formed but that had also been transfected with the Rec-Kpn
construct. An additional monoclohal antibody prepared
against the GA-FeSV pi10 protein that recognizes fes-spe-
cific determinants (F123) did not immunoprecipitate a pro-
tein from the Rec-Kpn-transformed cells (26). These data
demonstrate that the Rec-Kpn chimeric product possesses
fes-encoded antigenic determinants, some similar to and
some different from those of the GA-FeSV p110.
In Vitro Protein Kinase Activity. Immunoprecipitated GA-

FeSV p110 possesses the ability to phosphorylate a tyrosine
residue near its carboxyl terminus in vitro (9, 27). This func-
tion depends on intrinsic kinase ability and a seven amino
acid recognition sequence near the phosphorylated tyrosine
that is conserved in retroviral transforming proteins with ty-
rosine kinase activity (10, 28, 29). The phosphorylation of
p110 is readily seen after immuhoprecipitation with anti-p1S
gag monoclonal antibodies, but the activity is markedly re-
duced when anti-fes monoclonal antibodies are used (26). To
test whether the Rec-Kpn product exhibited kinase activity
in vitro, [32P]ATP was added to immunoprecipitates of the
Rec-Kpn-transformed cells formed by using anti-p15 gag
(F72) and anti-fes (F113) monoclonal antibodies, both of
which recognize the Rec-Kpn protein. As is seen in Fig. 4,
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FIG. 4. Immunoprecipitations and in vitro kinase assay. (A) For immunoprecipitation of transfected cells, [35S]methionine-labeled cells
were lysed and incubated at 40C overnight with monoclonal antibodies directed against feline leukemia virus or GA-FeSV determinants (gift of
J. R. Stephenson), goat anti-rat immunoglobulin G, and staphylococcal protein A-Sepharose (Pharmacia) as described (26). Precipitates were
washed and subjected to electrophoresis on sodium dodecyl sulfate/polyacrylamide gels as described (26). kDa, Kilodaltons. Immunopre-
cipitates formed by using monoclonal antibodies F113 (anti-v-fes) (lanes 1-6), F72 (anti-p15 gag) (lanes 7-11), F40 (which recognizes a p30 gag
determinant not found in the GA-FeSV polyprotein (lane 12), and F123 (anti-v-fes) (lane 13) are shown. Cell lysates were derived from NIH 3T3
cells transfected with pSV2gpt alone (lanes 1 and 7); GA-FeSV (lane 2); Rec-Kpn, MPA resistant, but untransformed (lanes 3 and 8); Rec-Kpn,
MPA resistant and transformed (lanes 4, 9, 12, and 13); Rec-Kpn focus (lanes 5 and 10); Rec-Kpn, partial revertant (lane 6); and Rec-Kpn,
complete revertant (lane 11). (B) For in vitro kinase assays, unlabeled cell lysates were immunoprecipitated with monoclonal antibodies and
incubated with [32P]ATP as described (26). Reactions were carried out for 15 min at 30°C, and the products were washed, electrophoresed in
sodium dodecyl sulfate/polyacrylamide gels, and autoradiographed (26). In vitro kinase assays using monoclonal antibodies F72 (anti-p15 gag)
(lanes 1, 3, and 5) and F113 (anti-v-fes) (lanes 2, 4, and 6) are shown. Cell lysates were derived from MPA-resistant NIH 3T3 cells transfected
with GA-FeSV (lanes 1 and 2); Rec-Kpn, MPA resistant but not transformed (lanes 3 and 4); and Rec-Kpn, MPA resistant and transformed
(lanes 5 and 6).

the Rec-Kpn product is phosphorylated in the transformed,
but not in control, cell lysates, indicating that the chimeric
product possesses in vitro kinase ability. This kinase reac-
tion is also diminished somewhat when anti-fes antiserum is
used for the immunoprecipitation.

Phosphotyrosine Content of the Transformed Cells. The
level of total cellular phosphotyrosine is increased in cells
transformed by a number of sarcoma viruses, including FSV
and FeSV (6-9, 28, 29). To determine whether the Rec-Kpn
product might possess tyrosine kinase activity in cells, total
phosphotyrosine in the cells transformed by this recombi-
naht was examined. Fig. 5 demonstrates that whereas only
minute quantities of total phosphotyrosine were detected in
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FIG. 5. Phospho amino acid analysis of transfected cells. Ly-
sates from 32P-labeled cells were hydrolyzed and electrophoresed in
two dimensions as described (27). Ninhydrin-stained phospho amino
acid markers (Ser, phosphoserine; Thr, phosphothreonine; Tyr, phos-
photyrosine) are shown in A. The remaining frames demonstrate
phospho amino acid content of cells transfected with Rec-Kpn,
MPA resistant but untransformed (B); GA-FeSV (C); and Rec-Kpn,
MPA resistant and transformed (D).

the transfected cells that had lost the Rec-Kpn gene, higher
levels are observed in cells transformed by Rec-Kpn or GA-
FeSV. We conclude that the Rec-Kpn product is responsible
for this phosphotyrosine increase.
Reduced Transforming Efficiency of the Rec-Kpn Gene.

Some of the factors potentially responsible for the lower
transforming efficiency of Rec-Kpn compared to the cloned
GA-FeSV provirus were examined. In-phase substitution of
Rec-Kpn c-fps/fes sequences 3' to a conserved Pst I site
with analogous GA-FeSV sequences (Fig. 1, Rec-2) did not
increase transformation efficiency. Thus, some of the c-
fps/fes sequences determining lower transformation effi-
ciency lie between the Kpn I and Pst I sites used to construct
Rec-2.
One observation suggesting that genetic instability or le-

thality of Rec-Kpn may contribute to low transformation ef-
ficiency is the high rate of reversion to the untrarnsformed
state compared to that of GA-FeSV-transformed cells. Anal-
ysis of reverted subclones revealed that whereas they re-
mained resistant to MPA, they no longer contained se-

qUences homologous to the Rec-Kpn gene (Fig. 2, lane 11;
Fig. 4). There may be some selection against the presence
and expression of the recombinant in NIH 3T3 cells.

DISCUSSION

The results presented here indicate that a large 3' portion of
the human c-fps/fes protooncogene can substitute function-
ally for the transforming region of the FeSV. In the oncogen-
ic recombinant (Rec-Kpn) more than 80% of the fps/fes-ho-
mologous sequences necessary for fibroblast transformation
are supplied by the human locus. The transfected cells pos-
sess a fully transformed phenotype, including focus-forming
ability, anchorage independence, and tumorigenicity in nude
mice. In addition, the transformants exhibit increased cellu-
lar phosphotyrosine levels. The Rec-Kpn product has asso-
ciated protein kinase activity that is probably supplied by
human determinants, which replace v-fps/fes regions exhib-
iting homology at the protein level to other retroviral tyro-
sine kinases (10).

In our transforming recombinants, three types of structur-
al changes in the human c-fps/fes locus were introduced,
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any combination of which may be critical to transforming
activity:

(i) Introduction of transcription initiation signals 5' to the
gene that function efficiently in NIH 3T3 fibroblasts. Sur-
veys by RNA blot hybridization of human hematopoietic and
solid tumor lines have failed to detect c-fps/fes transcripts
(ref. 30 and unpublished data). The cloned 14-kb human frag-
ment used in these studies is also transcriptionally silent
when introduced into a murine cellular environment. This
could be due to intrinsic properties of the human c-fps/fes
promoter or to the absence of the promoter from our cloned
fragment. Transcriptional activation is likely to be necessary
for transformation. To determine whether it is sufficient will
require more detailed characterization of the LTR c-fps con-
struction and potential products translated from the 3.3-kb
message observed in transfected cells.

(ii) Deletion of 5' portions of the protooncogene, including
probable exon regions. Functional exclusion of protoonco-
gene sequences, either by deletion or mutation, is a feature
of their activation to a transforming state in many instances
of retroviral transduction. Exclusion of protooncogene ex-
ons from the transforming v-onc gene may circumvent regu-
latory functions of the encoded domains on the c-onc prod-
uct, allowing transformation.

(iii) Substitution of the 5' end of the protooncogene with
viral translational initiation signals and AUG codon, gag de-
terminants, and a small part of viral v-fes. Deletion of gag
sequences does not appear to affect fibroblast transforma-
tion by the v-fps (31) or the Abelson murine leukemia virus
v-abl gene, but in the latter case, gag sequences may be nec-
essary for lymphocyte transformation (32). The importance
of viral gag and v-fes sequences to the activity of the trans-
forming Rec-Kpn gene could be assessed by substitution of
those sequences with an in-phase initiation codon. Further
studies should delineate which of the structural changes in
the human c-fps/fes gene are necessary for its conversion to
a transforming state.

We thank Dennis Perkins and Roberto Patarca for help with DNA
sequence analysis and John Blenis and Raymond Erikson for assist-
ance with phospho amino acid analysis. This work was supported by
National Institutes of Health Grants CA26716-04 and CA21082-04.
During the course of this work, J.G.S. was supported by fellowships
from the Damon Runyon-Walter Winchell Cancer Fund and the Na-
tional Institutes of Health. W.C.G. is supported by National Insti-
tutes of Health Grant T32 CA09361-04.

1. Fishinger, P. J. (1982) in Molecular Biology ofRNA Tumor Vi-
ruses, ed. Stephenson, J. R. (Academic, New York), pp. 162-
250.

2. Bishop, J. M. & Varmus, H. (1982) in Molecular Biology of
Tumor Viruses: RNA Tumor Viruses, eds. Weiss, R., Teich,

N., Varmus, H. E. & Coffin, J. (Cold Spring Harbor Labora-
tory, Cold Spring Harbor, NY), pp. 999-1108.

3. Duesberg, P. (1983) Nature (London) 304, 219-226.
4. Rosenberg, Z. F., Sahagan, B. G., Worley, M. B., Essex, M.

& Haseltine, W. A. (1981) Virology 112, 496-504.
5. Even, J., Anderson, S. J., Hampe, A., Galibert, F., I-owy, D.,

Khoury, G. & Sherr, C. J. (1983) J. Virol. 45, 1004-1016.
6. Feldman, R. A., Hanafusa, T. & Hanafusa, H. (1980) Cell 22,

757-765.
7. Hanafusa, T., Mathey-Prevot, B., Feldman, R. A. & Hana-

fusa, H. (1981) J. Virol. 38, 347-355.
8. Pawson, T., Guyden, J., Kung, T.-H., Radke, K., Gilmore, T.

& Martin, G. S. (1980) Cell 22, 767-775.
9. Reynolds, F. H., Jr., Van de Ven, W. J. M. & Stephenson,

J. R. (1980) J. Biol. Chem. 255, 11040-11047.
10. Hampe, A., Laprevotte, I., Galibert, F., Fedele, L. A. &

Sherr, C. J. (1983) Cell 30, 775-785.
11. Groffen, J., Heisterkamp, N., Shibuya, M., Hanafusa, H. &

Stephenson, J. R. (1983) Virology 125, 480-486.
12. Fedele, L. A., Even, J., Garon, C., Donner, IL. & Sherr, C. J.

(1981) Proc. NatI. Acad. Sci. USA 78, 4036-4040.
13. Trus, M. D., Sodroski, J. G. & Haseltine, W. A. (1982) J.

Biol. Chem. 257, 2730-2733.
14. Groffen, J., Heisterkamp, N., Grosveld, R., Van de Ven, W.

& Stephenson, J. R. (1982) Science 216, 1136-1138.
15. Franchini, G., Gelman, E. P., Dalla-Favera, R., Gallo, R. C.

& Wong-Staal, F. (1982) Mol. Cell. Biol. 2, 1014-1019.
16. Mulligan, R. C. & Berg, P. (1981) Proc. Natl. Acad. Sci. USA

78, 2072-2076.
17. Reddy, V. B., Thimmappaya, B., Dhar, R., Subramanian,

K. N., Zain, B. S., Pan, J., Ghosh, P. K., Celma, M. L. &
Weissman, S. M. (1978) Science 200, 494-502.

18. Maxam, A. M. & Gilbert, W. (1977) Proc. NatI. Acad. Sci.
USA 74, 560-564.

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

20. Graham, F. L. & Van der Eb, A. J. (1973) Virology 52, 456-
457.

21. Southern, E. M. (1975) J. Mol. Biol. 98, 503-517.
22. Maniatis, T., Jeffrey, A. & Kleid, D. G. (1975) Proc. NatI.

Acad. Sci. USA 72, 1184-1188.
23. Cox, R. A. (1967) Methods Enzymol. 12, 120-129.
24. Aviv, H. & Leder, P. (1972) Proc. Natl. Acad. Sci. USA 69,

1408-1412.
25. Thomas, P. S. (1980) Proc. Natl. Acad. Sci. USA 77, 5201-

5205.
26. Veronese, F., Kelloff, G. J., Reynolds, F. H., Hill, R. W. &

Stephenson, J. R. (1982) J. Virol. 43, 896-904.
27. Hunter, T. & Sefton, B. (1980) Proc. Natl. Acad. Sci. USA 77,

1311-1315.
28. Patschinsky, T., Hunter, T., Esch, F. S., Cooper, J. A. & Sef-

ton, B. M. (1982) Proc. NatI. Acad. Sci. USA 79, 973-977.
29. Shibuya, M. & Hanafusa, H. (1982) Cell 30, 787-795.
30. Gallo, R. C. & Wong-Staal, F. (1982) Blood 60, 545-557.
31. Foster, D. A. & Hanafusa, H. (1983) J. Virol. 48, 744-751.
32. Prywes, R., Foulkes, J. G., Rosenberg, N. & Baltimore, D.

(1983) Cell 34, 569-579.

Biochemistry: Sodroski et aL


