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The viral oncogene v-fms encodes a transforming glycoprotein with in vitro tyrosine-specific protein kinase
activity. Although most v-fims-coded molecules remain internally sequestered in transformed cells, a minor
population of molecules is transported to the cell surface. An engineered deletion mutant lacking 348 base pairs
of the 3.0-kilobase-pair v-fms gene encoded a polypeptide that was 15 kilodaltons smaller than the wild-type v-
Jfms gene product. The in-frame deletion of 116 amino acids was adjacent to the transmembrane anchor peptide
located near the middle of the predicted protein sequence and 432 amino acids from the carboxyl terminus. The
mutant polypeptide acquired N-linked oligosaccharide chains, was proteolytically processed in a manner
similar to the wild-type glycoprotein, and exhibited an associated tyrosine-specific protein kinase activity in
vitro. However, the N-linked oligosaccharides of the mutant glycoprotein were not processed to complex
carbohydrate chains, and the glycoprotein was not detected at the cell surface. Cells expressing high levels of
the mutant glycoprotein did not undergo morphological transformation and did not form colonies in semisolid
medium. The transforming activity of the v-fms gene product therefore appears to be mediated through target

molecules on the plasma membrane.

Retroviral oncogenes, acquired by recombination between
viruses and protooncogenes found in the DNA of normal
cells, encode proteins which morphologically transform cul-
tured cells and induce tumors in animals. Several of the
known viral oncogene products appear to affect cell growth
by mechanisms which mimic the response of cell surface
receptors to regulatory polypeptide hormones (or growth
factors). For example, the product of the v-sis oncogene is
homologous and possibly identical to the A chain of platelet-
derived growth factor (8, 37) so that cells acquiring v-sis
elaborate an autoendocrine signal. In contrast, the v-erbB
gene encodes a glycoprotein closely related to a portion of
the epidermal growth factor receptor (9) and may provide
receptor signals in the absence of the extracellular ligand. It
appears, then, that aberrant hormone or receptor signals at
the plasma membrane can stimulate uncontrolled cell prolif-
eration, leading to subsequent tumor formation.

The v-fms oncogene of the Susan McDonough strain of
feline sarcoma virus (SM-FeSV) encodes a glycoprotein (1,
31) which is predicted to be an integral transmembrane
protein (13; C. J. Sherr, S. J. Anderson, C. W. Rettenmier,
and M. F. Roussel, in G. F. Vande Woude, W. Topp, A. J.
Levine, and J. D. Watson [ed.], Cancer Cells, vol. 2. Onco-
genes and Viral Genes, in press). Potential sites for glycosy-
lation cluster in regions amino-terminal to the putative
transmembrane anchor peptide, whereas carboxyl-terminal
regions distal to the anchor sequence show striking homolo-
gy to enzymes with tyrosine-specific protein Kinase activity
(13). Tyrosine-specific phosphorylation of the v-fims-coded
glycoproteins themselves has been detected under certain
assay conditions in immune complex kinase assays per-
formed in vitro (3). However, only serine and threonine were
phosphorylated in the glycoproteins metabolically labeled in
vivo (3). In transformed cells, most v-fms-coded polypep-
tides remain internally sequestered and appear to be blocked
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in their intracellular transport through the Golgi complex (2).
The internal sequestration of the glycoprotein is associated
with reorganization of intermediate filaments. The major
form of the v-fms glycoprotein is characteristic of molecules
that remain within the endoplasmic reticulum, since it con-
tains mannose-rich, N-linked oligosaccharide chains lacking
fucose and sialic acid. A minor population of molecules
undergoes further remodeling of its carbohydrates, acquiring
terminal sugars in the Golgi complex; some of the processed
molecules appear at the cell surface and can be detected by
surface radiolabeling of intact cells or by immunofluores-
cence techniques (2). The polypeptides on the plasma mem-
brane are presumed to be oriented with their amino-terminal
portions outside of the cell and their carboxyl-terminal
kinase domains interior to the plasma membrane (13; Sherr
et al., in press).

It has not yet been possible to determine whether trans-
formation is due to the vast majority of v-fms-coded poly-
peptides which are internally sequestered within trans-
formed cells or to the minor population of glycoproteins on
the plasma membrane. We have now engineered a nontrans-
forming deletion mutant of the v-fms gene which encodes a
smaller form of the glycoprotein that exhibits the in vitro
tyrosine-specific protein kinase activity characteristic of
wild-type v-fms-coded molecules. The mutant glycoprotein
was not processed to mature forms of the molecule contain-
ing complex N-linked oligosaccharide chains and was not
detected at the cell surface, suggesting that the plasma
membrane is the site of action of the transforming glycopro-
tein.

MATERIALS AND METHODS

Preparation of an SM-FeSV deletion mutant. A 10-kilo-
base-pair Eco-RI fragment containing the complete 8.5-
kilobase-pair SM-FeSV provirus cloned into a bacteriophage
A\ vector (7) was excised and recloned in two orientations at
the Eco-RI site of the plasmid pBR322. Figure 1 shows a
restriction map of the parental plasmid (pSM-FeSV) and
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FIG. 1. Construction of a ApSM-FeSV DNA deletion mutant. The parental pPSM-FeSV DNA is shown at the top. The viral long terminal
repeat sequences are indicated by unshaded boxes, and the v-fms gene is indicated by the shaded rectangle. The location of the sequences
deleted in the formation of ApSM-FeSV DNA is designated by the solid shaded area between the Sacl sites. Mink cellular sequences which
flank the complete provirus are indicated by wavy solid lines, and vector sequences (pBR322) are indicated by the dashed line. The 5' to 3’ ori-
entation of the provirus with respect to viral RNA is indicated. Three subclones representing different, nonoverlapping portions of pSM-FeSV
DNA are shown below the parental DNA construct. After deletion of the small Sacl fragment, the v-fims gene was reconstructed by inserting
the Clal-BamHI fragment into the plasmid (shown at the left) containing 5' long terminal repeat and v-fms sequences. A recloned plasmid
containing the deleted v-fims gene was restricted with BamH]I, and a BamHI fragment containing the 3' SM-FeSV sequences (from the plasmid
shown at the right) was inserted to generate ApSM-FeSV (bottom).
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summarizes the construction of a deletion mutant (ApSM-
FeSV) lacking a 348-base-pair segment of the v-fms gene. In
brief, three subclones of pSM-FeSV were cloned in pBR322.
The clone containing the major portion of the v-fms gene was
digested with Sacl, and the small Sacl fragment was elimi-
nated by reclosure. An intact provirus was then reconstruct-
ed, first by reconstituting the v-fms gene by ligation at the
Clal site and then by the addition of the env and long
terminal repeat sequences 3’ to the single proviral DNA
BamHI site. Plasmids containing the appropriate deletion
were mapped with restriction enzymes. Bona fide super-
coiled ApSM-FeSV DNA was purified by extraction, banded
isopycnically in cesium chloride, and desalted by gel filtra-
tion on Sepharose CL2B (Pharmacia Fine Chemicals, Pis-
cataway, N.J.).

Transfection of NIH/3T3 cells. pSM-FeSV and ApSM-
FeSV DNAs were assayed by transfection with the calcium
phosphate precipitation method (12) as modified by Lowy et
al. (21). In brief, 35-mm petri dishes were seeded with 3 X
10° cells one day before transfection, resulting in cells at 80%
confluency the following day. Fresh medium was added 4 h
before transfection. The test DNA, usually at 0.01 to 0.5 pg
per plate, was added to S ng of sheared carrier NIH/3T3
DNA and suspended in 190 pl of solution containing 137 mM
NaCl, 5 mM KCl, 0.7 mM Na,HPO,, 6 mM dextrose, and 20
mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesul-
fonic acid) at pH 6.92. The DNA was then precipitated for 30
min at room temperature by the addition of 1 M CaCl, in 0.01
M HEPES buffer, pH 5.5, to a final concentration of 10 M
and then added to the culture. After 18 h of incubation with
the DNA precipitate, the cells were trypsinized and seeded
into three 60-mm dishes. With pSM-FeSV DNA, microscop-
ic foci of transformed cells appeared within S to 8 days after
transfection.

Cotransfection experiments were performed with a plas-
mid (pSV2) containing the dominant selectable marker, eco
gpt; transfected colonies were selected in hypoxanthine-
aminopterin-thymidine medium containing mycophenolic
acid (24) before metabolic labeling or cell sorting experi-
ments. To allow the spread of SM-FeSV genomes in trans-
fected cultures, cotransfection was also performed with
pSM-FeSV DNA and proviral DNA from a molecularly
cloned, amphotropic murine leukemia virus (pA-MuLV).
Transfected culture supernatants, shown to produce infec-
tious virus with a test for virion-associated, RNA-dependent
DNA polymerase, were filtered and used to infect rat NRK
cells. Virus infection, polymerase assays, and titration of
focus-forming SM-FeSV were performed as described previ-
ously (32) with 10-fold serial dilutions of virus-containing
culture supernatants.

Metabolic radiolabeling of glycoproteins, preparation of cell
lysates, and immunoprecipitatation. Metabolic radiolabeling
medium consisted of Dulbecco modified Eagle medium
supplemented with 2% dialyzed fetal calf serum. Subcon-
fluent cell cultures in 75-cm? flasks were incubated for 1 h at
37°C either in 2 ml of methionine-free medium containing 1.0
mCi of L-[**S]methionine (1,200 Ci/mmol) or in 2 ml of
Dulbecco modified Eagle medium containing p-[2-*H]man-
nose (15 Ci/mmol). An additional 5 ml of complete medium
was then added, and the incubations were continued for an
additional 2h. For metabolic labeling in the presence of
tunicamycin, cultures were incubated in methionine-free
medium containing 25 pg of drug per ml for 30 min before the
addition of L-[>*Slmethionine for an additional 30 min.
Monolayers were lysed in RIPA buffer (50 mM Tris-hydro-
chloride [pH 7.4] containing 150 mM NaCl, 20 mM EDTA,
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1% Triton X-100, 1% sodium deoxycholate, and 0.1% sodi-
um dodecyl sulfate [SDS]) with 2% Aprotinin (Sigma Chemi-
cal Co., St. Louis, Mo.) and 1 mM phenylmethylsulfonyl
fluoride as protease inhibitors. Immunoprecipitation was
carried out in RIPA buffer with protein A-Sepharose CL-4B
(Pharmacia) as the immunoadsorbant. Labeled proteins
were separated on 7.5% polyacrylamide slab gels containing
0.1% SDS (18) and analyzed by fluorography. Apparent
molecular weights of the proteins were estimated from their
electrophoretic mobilities relative to those of marker protein
standards.

Peptide mapping. Metabolically radiolabeled polypeptides
in polyacrylamide gel slices were oxidized with performic
acid and digested with L-(tosylamido 2-phenyl) ethyl chloro-
methyl ketone-treated trypsin as previously described (26).
Eluted peptides were separated in two dimensions on cellu-
lose-coated thin-layer plates (20 by 20 cm; EM Laboratories,
Elmsford, N.Y.) by electrophoresis at 1,000 V for 20 min in
acetic acid—formic acid-water (15:5:80; pH 1.9), followed by
ascending chromatography in 1-butanol-pyridine-acetic
acid—-water (65:50:10:40) containing 7% (wt/vol) 2,5-
diphenyloxazole. Dried plates were exposed to Kodak XAR-
S film for fluorography.

Immune complex kinase assay. Subconfluent cultures in 75-
cm? flasks were lysed in 2 ml of RIPA buffer, and the nuclei
were removed by centrifugation. To prepare immune com-
plexes, 1 ml of lysate was incubated with 10 pl of polyvalent
rat antiserum to v-fms-coded glycoproteins for 30 min at
22°C and then overnight at 4°C. Protein A-Sepharose was
added, and the immune complexes were collected by centrif-
ugation, washed five times with RIPA buffer containing 2
mM EDTA, and then washed twice with S0 mM Tris-
hydrochloride (pH 7.4). Kinase reactions were initiated by
adding 10 pl of S0 mM HEPES (pH 7.4) containing 10 mM
MnCl, and 10 uCi of [y-**P]JATP (7,000 Ci/mmol). The
precipitates were gently suspended and incubated 10 min at
30°C. Reactions were terminated by the addition of electro-
phoresis sample buffer (62.5 mM Tris-hydrochloride [pH 6.8]
containing 3% SDS, 10% glycerol, and 50 mM dithiothreitol)
and heating at 100°C for 2 min. Products were separated by
electrophoresis in SDS-polyacrylamide gels and detected by
autoradiography of the dried gel slab.

Monoclonal antibodies and antiserum. Polyvalent antise-
rum was raised in Osborn-Mendel rats inoculated with SM-
FeSV-transformed NRK cells (29). Monoclonal antibodies
were previously prepared by fusing the spleen from a
responding animal to rat myeloma cells (1). Two monoclonal
antibodies described previously, SMS5.15.4 and SM3.19.4
(both vy1 isotype), were used for cell surface immunofluores-
cence and immunoblotting studies, respectively (see below).
An additional monoclonal antibody, SM2.6.3 (y2a isotype),
was derived by similar methods and was also used in surface
staining studies.

Immunoblotting analysis. Cell lysis, electrophoresis, and
transfer of proteins from polyacrylamide gels to nitrocellu-
lose were performed as previously described (1). The filters
were preadsorbed in buffer A (0.15 M NaCl, 0.05 M Tris-
hydrochloride [pH 7.4], S mM EDTA, 0.25% swine skin
gelatin, 0.05% Nonidet P-40) for 60 min at room tempera-
ture. The filters were incubated for 30 min at 4°C with 10 pg
of rat monoclonal antibody per ml, washed twice in buffer A,
and incubated for 2 h at 4°C in buffer A containing 10 pg of
rabbit antibody (immunoglobulin G fraction) to rat immuno-
globulin G per ml. The filters were washed as above and
incubated for 30 min at room temperature in buffer A
containing 0.2 wCi of ’I-labeled protein A (30 wCi/mg;
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Amerham Radiochemicals, Arlington Heights, Ill.) per ml.
The filters were then washed three times in buffer A adjusted
to 1.0 M NaCl and 0.4% Sarkosyl (Sigma) and three times in
distilled water, dried, and subjected to autoradiography.
Immunofluorescence analysis by flow cytometry. Subcon-
fluent cell cultures were released from the plastic substrate
by incubation for 20 min in Ca?*- and Mg?*-free phosphate-
buffered saline (PBS) containing 0.6 mM EDTA, followed by
a 5-min treatment with 10 pg of buffered trypsin (GIBCO
Laboratories, Grand Island, N.Y.). The cells were collected
by centrifugation and suspended in staining medium (Dul-
becco modified Eagle medium containing 5% fetal calf
serum, 10 mM HEPES, and 2 mM sodium azide), and 50-pl
samples, each containing 10° cells, were incubated for 30
min at 4°C with 10 pg of monoclonal antibody or isotype-
matched, control rat myeloma protein. The cells were
washed three times and resuspended at the same concentra-
tion in staining medium containing a titered excess of
affinity-purified, fluorescein isothiocyanate-conjugated goat
antibody to rat immunoglobulin G (Tago Inc., Burlingame,
Calif.). After incubation for 30 min at 4°C, the stained cells
were washed three times and resuspended in 0.5 ml of
staining medium containing 0.25 mM propidium iodide. Cells
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were analyzed at a rate of 500 cells per sec on an EPICS-V
flow cytometer (Coulter Electronics, Hialeah, Fla.) with a
laser output of 800 mW at 488 nm. Dead cells labeled with
propidium iodide were excluded from the analysis (15).
Fluorescein fluorescence was detected with a 510-nm inter-
ference filter, followed by a 525/40 band-pass filter. Frequen-
cy distribution profiles of the log;o fluorescence of 20,000
cells per sample were plotted, assigning a modal value of 1.0
to the cells stained with control myeloma protein. The
control profile was identical to autofluorescence measured in
the absence of antisera. Transfected NIH/3T3 cells were
sorted into negative and positive subpopulations based on
their fluorescence profile, and 25,000 cells, sorted in 35-mm
petri dishes containing Dulbecco modified Eagle medium
and 10% fetal calf serum, were grown up and analyzed.

RESULTS

The v-fms deletion mutant is inactive in transformation.
Plasmids containing either wild-type (pSM-FeSV) or altered
(ApSM-FeSV) proviral DNA sequences were tested for their
ability to transform NIH/3T3 cells in a DNA transfection
assay. Figure 2 shows that the two DNA constructs differ
only with respect to a region of 348 nucleotides 5’ to the
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FIG. 2. Transforming activity of pSM-FeSV and ApSM-FeSV DNA. Restriction maps of the two plasmids shown in the center designate
the location of Sacl sites used in deleting v-fms sequences and define the position of the adjacent sequence encoding the transmembrane
anchor peptide. The initiation (ATG) and termination (TGA) codons of the open reading frame encoding the gag-fms fusion protein are
indicated. The solid line S’ to the v-fins gene defines the gag sequences. The deletion restores the first leucine codon of the 26-amino-acid, hy-
drophobic anchor peptide. Amino acid abbreviations are as follows: A, alanine; C, cysteine; F, phenylalanine; I, isoleucine; L, leucine; M,
methionine; P, proline; S, serine; T, threonine; V, valine; and Y, tyrosine. NIH/3T3 cells transfected with 0.03 pg of pSM-FeSV DNA (left) or
with 0.2 pg of ApSM-FeSV DNA (right) and stained with Giemsa 21 days later are shown at the bottom.
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sequence encoding the putative hydrophobic membrane
anchor peptide of the v-fms glycoprotein. Although the 3’
Sacl site used to delete the 348-nucleotide fragment occurs
within the first leucine codon of the anchor peptide, this
codon is restored in ApSM-FeSV DNA, leaving the anchor
peptide intact. When wild-type pSM-FeSV DNA was tested
in the transfection assay, numerous microscopic foci of
transformed cells were detected within S days after transfec-
tion, and macroscopic foci were visible by 10 days. Figure 2
(bottom left) shows a representative culture transfected with
30 ng of pSM-FeSV DNA and stained with Giemsa 21 days
later. Transfection with serial dilutions of DNA showed that
the number of foci was a linear function of pSM-FeSV DNA
dose within the range of 0.01 to 0.1 pg of DNA per culture
and that the efficiency of focus formation in this dose range
was ca. 2,000 focus forming units per ng of plasmid DNA.
By contrast, foci of transformed cells were not detected with
mutant ApSM-FeSV DNA at DNA doses of up to 1 png per
culture dish (Fig. 2, bottom right). These results show that
proviral DNA containing the deletion in the v-fms gene is at
least three orders of magnitude less active than wild-type
DNA in this transformation assay.

To increase the sensitivity of the transformation assay,
NIH/3T3 cells were cotransfected with pSM-FeSV proviral
DNA and a second plasmid (pA-MuLV) containing proviral
DNA of a replication-competent, amphotropic murine leuke-
mia virus. It was reasoned that as many as 80% of the cells
which took up DNA would acquire both proviruses (25) and
would generate infectious FeSV that would spread through
the culture and produce additional foci of transformed cells.
Indeed, cotransfection with both plasmids generated visible
foci within 3 days and resulted in completely transformed
cultures within 8 days. When filtered supernatants from the
transformed NIH/3T3 cultures were assayed for infectious
transforming virus by titration of rat NRK cells, more than 2
x 10° U of focus forming virus per ml were detected. Even
under these conditions, cotransfection of NIH/3T3 cells with
mutant ApSM-FeSV and pA-MuLV DNAs neither generated
detectable foci nor yielded competent transforming virus in
the supernatants of the infected cultures.

To test whether NIH/3T3 cells transfected with ApSM-
FeSV DNA produced a variant glycoprotein, it was first
necessary to select those cells which acquired the nontrans-
forming DNA. We therefore performed cotransfection ex-
periments with ApSM-FeSV and the dominant selectable
marker, eco gpt, and selected eco gpt-positive colonies in
hypoxanthine-aminopterin-thymidine medium containing
mycophenolic acid (24). These experiments were performed
both in the presence or absence of pA-MuLV DNA. Colo-
nies transfected with wild-type pSM-FeSV and eco gpt DNA
underwent transformation in the presence of the selective
media. Again, cotransfection of mutant ApSM-FeSV DNA
with eco gpt in the presence or absence of pA-MuLV did not
yield transformed colonies. Cells containing pSM-FeSV
DNA formed colonies in agar (cloning efficiency, >40%),
whereas cells derived by transfection with ApSM-FeSV
DNA and eco gpt did not. As shown below, cells containing
ApSM-FeSV express an altered v-fms gene product. Hence,
the in-frame deletion of 116 amino acids renders this protein
inactive as a transforming gene product.

The mutant v-fins gene encodes a variant glycoprotein.
Because the formation of SM-FeSV involved the recombina-
tion of oncogene sequences into the gag gene of feline
leukemia virus (7), SM-FeSV RNA specifies a polyprotein
with amino-terminal residues encoded by gag sequences and
carboxyl-terminal amino acids encoded by the v-fms gene (4,
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29, 35). The primary translation product (gP180%%¢¥™) is
cotranslationally glycosylated (1, 31) and then proteolytical-
ly cleaved to yield an amino-terminal gag-coded polypeptide
(p55%°%) and a carboxyl-terminal glycoprotein (gp120™)
specified by the v-fins gene (4, 29). The v-fms-coded glyco-
protein contains mannose-rich, N-linked oligosaccharide
chains which, during the intracellular transport of the pro-
tein, are remodeled to complex oligosaccharides containing
fucose and sialic acid (2). The latter product (gp140™) can
be recognized by a greater apparent molecular weight in
SDS-containing polyacrylamide gels (1, 2).

Cells containing either pSM-FeSV or ApSM-FeSV DNA,
together with the eco gpt selectable marker, were incubated
with [**SImethionine, and detergent lysates were analyzed
for products which could be precipitated with antibodies
directed to v-fms-coded antigens. Figure 3A (lane 1) shows
the typical pattern of v-fms polypeptides in transformed
cells. These include gP1808%¢™ gp120/™, and gp140’. In
cells containing DNA from the SM-FeSV deletion mutant
(lane 2), the polyprotein AgPl653“3'f'"‘, which could also be
precipitated by antiserum to gag-coded antigens, had an
apparent molecular weight which was 15 kilodaltons smaller
than the corresponding wild-type product. The mutant fu-
sion protein was processed to a glycoprotein (Agpl105™)
which was also ca. 15 kilodaltons smaller than gp120™.
Hence, ApSM-FeSV codes for proteins of reduced molecu-
lar weights, which is consistent with the in-frame deletion of
116 amino acids. However, no analog of gpl40/™ was
detectable in phenotypically flat cells containing ApSM-
FeSV. Immunoprecipitation of the culture medium revealed
no evidence for secretion of either the mutant or wild-type
gene products.

The glycoprotein nature of these molecules was confirmed
by labeling the polypeptides with [’H]mannose. As shown in
Fig. 3B, both the wild-type (lane 1) and mutant (lane 2)
polypeptides were glycosylated. Although the mature form
of the wild-type glycoprotein is inefficiently labeled with
mannose due to remodeling of its N-linked oligosaccharide
chains (1, 2), a low level of gp140’"" was detected (lane 1).
Consistent with the amino acid labeling experiment shown in
Fig. 3A, no analog of gp140 was seen in cells containing
ApSM-FeSV.

The deleted amino acid sequences of ApSM-FeSYV include
three (of a total of 13) potential sites for the addition of N-
linked oligosaccharide chains (13). To demonstrate that the
alteration in molecular weight of the ApSM-FeSV gene
products was due to differences in the polypeptides them-
selves and not simply in their carbohydrate moieties, meta-
bolic radiolabeling with [**S]methionine was performed in
the presence of tunicamycin, an antibiotic which inhibits the
addition of N-linked oligosaccharides. Figure 3C (lane 1)
shows that the apparent molecular weights of the wild-type
gene products were reduced in the presence of tunicamycin
due to inhibition of glycosylation; in addition, no further
processing of the unglycosylated polypeptides was ob-
served, reflecting the fact that gp140™ and gp120™ differ
only in the structure of their carbohydrate moieties. The size
of the unglycosylated polypeptides encoded by ApSM-FeSV
was 10 to 15 kilodaltons smaller than the corresponding wild-
type molecules (Fig. 3C, lane 2), which was consistent with
the expected deletion of 116 amino acids. However, due to
the experimental error in estimating apparent molecular
weights, we cannot exclude the possibility that one or more
sites within the deleted region are glycosylated in wild-type
molecules.

Another series of experiments took advantage of the fact
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FIG. 3. Analysis of v-fms-coded glycoproteins in transfected NIH/3T3 cells. Each panel shows radiolabeled immunoprecipitated proteins
obtained from cells containing wild-type pSM-FeSV (lanes 1) and from mutant ApSM-FeSV (lanes 2) constructs. (A) Proteins metabolically
labeled with [>*S]methionine. The position of the wild-type glycoproteins in lane 1 are indicated at the left margin; the labeled band above
gP18022¢™s is myosin. (B) Polypeptides metabolically labeled with [*H}mannose. (C) [>**SImethionine-labeled polypeptides obtained from
tunicamycin-treated cells; the positions of the unglycosylated polyproteins (circles) and cleavage products (triangles) are indicated by solid
(wild-type) and open (mutant) symbols. Results of the in vitro protein kinase assay are shown in D. The positions of mutant glycoprotein

molecules are indicated at the right margin.

that immune complexes containing v-fms-coded molecules
exhibit an associated tyrosine-specific protein kinase activi-
ty which phosphorylates the v-fms products themselves (3).
In these assays, all forms of the glycoprotein are active as in
vitro substrates and become phosphorylated at tyrosine
residues. As shown in Fig. 3D for wild-type v-fms transform-
ants (lane 1), the addition of [y-*PJATP to an immune
complex kinase assay labeled gP180%%4¥™ gp120/, and
gp140"™. By contrast, when the assay was performed with
immune complexes pre})ared from cells containing ApSM-
FeSV DNA, AgP165¢°¢¥™ and Agp105™* were readily phos-
phorylated, whereas no gp140™ analog was detected. Phos-
phoamino acid analyses demonstrated that both wild-type
and mutant molecules were phosphorylated exclusively at

gp120 ™S
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-
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.
- -
B3 ) "
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tyrosine residues under the conditions of the in vitro assay
(data not shown). Hence, the product of the mutant v-fms
gene retains its associated protein kKinase activity in vitro
even though it is nontransforming in vivo.

To further compare the product of the deleted gene with
the wild-type glycoprotein, the polypeptides were labeled
with [**S)methionine and subjected to tryptic peptide analy-
ses. Figure 4 shows that Agp105™ (right panel) rendered a
pattern of tryptic peptides which were indistinguishable from
those of wild-type gp120" molecules (left panel). A mixing
experiment in which labeled tryptic peptides of gp120/™ and
Agpl05™ were analyzed concurrently (center panel) con-
firmed that the two polypeptides could not be distinguished
by these criteria. The absence of differences among the

Agp1057™
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-
-
-

o
® -

FIG. 4. Tryptic peptide analysis of [>*S]methionine-labeled, v-fims-coded glycoproteins. The proteins analyzed are noted at the top of each
panel. The origin is at the lower left of each panel, with electrophoresis from left to right (anode at left) and ascending chromatography from

bottom to top.
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labeled peptides of wild-type and mutant glycoproteins is
probably due to the fact that trypsin digestion was performed
in polyacrylamide gel slices. The predicted deletion affects a
single, large, labeled peptide which is very hydrophobic and
would not be readily eluted from the gel. However, the
results clearly show that gp120™ and Agpl05™ are chemi-
cally related molecules and strongly support the conclusion
that Agp105™ was derived by an in-frame deletion which
maintained the correct reading frame distal to the deleted
sequence (a segment predicted to contain 432 amino acids).

The above experiments showed that cells containing
ApSM-FeSV synthesize a truncated v-fms-coded product
which is not converted to a mature form of the glycoprotein
analogous to gp140™. To examine the possibility that the
relative stability of Agpl05™, and hence its processing,
might be affected by the deletion, the turnover of the mutant
glycoprotein was studied (Fig. 5). Parallel cultures of NIH/
3T3 cells containing either pSM-FeSV or ApSM-FeSV DNA
were labeled for 15 min with [>*S]methionine and then
incubated in fresh medium containing the nonradioactive
amino acid precursor. Cell lysates prepared at various
intervals were subjected to immunoprecipitation, and the v-
fms-coded glycoproteins were examined. In cells trans-
formed by pSM-FeSV, gp120™ was detected after the 15-
min labeling period, and as previously reported (2), a
minority of gpl20™* molecules was processed to gpl140/™
during the chase period (Fig. SA). In cells containing ApSM-
FeSV, Agpl05™ molecules were not processed to mature
glycoprotein forms, although their turnover was similar to
that of wild-type gp120’™ molecules. As suggested by these
analyses, immunoblotting experiments (Fig. SB) showed that
cells transfected by pSM-FeSV DNA (lane 1) and ApSM-
FeSV DNA (lane 2) expressed gpl20* and Agpl05™,
respectively, at similar steady-state levels. These data show
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FIG. 5. Kinetic (A) and immunoblotting (B) analyses of v-fms-
coded glycoproteins in wild-type pSM-FeSV (lane 1) and mutant
ApSM-FeSV (lane 2) transfected NIH/3T3 cells. (A) Cells were
pulse-labeled with [**S]methionine for 15 min and then incubated in
the presence of a 100-fold excess of nonradioactive methionine for
chase intervals as follows: 0 h (a), 2 h (b), 4h (c), and 6 h (d).
Radiolabeled v-fms-coded glycoproteins were immunoprecipitated,
separated by SDS-gel electrophoresis, and detected by fluorogra-
phy. The panel is a composite of lanes run on the same gel. The
mobilities of the relevant bands are noted in the margins. (B) Equal
quantities of protein from pSM-FeSV (lane 1) or ApSM-FeSV (lane
2) transfected cells were separated electrophoretically, transferred
to nitrocellulose, and assayed with a monoclonal antibody
(SM3.19.4) specific for a v-fms-coded epitope. Binding was detected
by an indirect procedure with '*I-labeled protein A.
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that the failure to detect a mature form of the v-fms-coded
glycoprotein in cells containing ApSM-FeSV (Fig. 3) is not
due to an increased turnover of Agp105™:.

The mutant v-fms glycoproteins are not detected at the cell
surface. Immunofluorescence experiments performed with
fixed cells and either polyvalent antisera or monoclonal
antibodies specific for v-fms gene products showed that a
small proportion of v-fms-coded molecules were localized to
the plasma membrane. Although gp120™ is the major form
of the glycoprotein in transformed cells, lactoperoxidase-
catalyzed iodination of live cells showed that only gp140™*
molecules were detected at the cell surface (2). We have now
used two different monoclonal antibodies (SM2.6.3 and
SMS5.15.4) to detect v-fms-coded epitopes on the surfaces of
live transformed cells by fluorescence-activated flow cytom-
etry. In control experiments, these two antibodies were
shown to specifically react with v-fms transformants but not
with untransformed control cells nor with cells transformed
by another FeSV strain containing the oncogene v-fes.
Positive fluorescence results were obtained with these anti-
bodies with either mink, rat, or mouse cells transformed by
SM-FeSV, showing that localization of the v-fms-coded
glycoprotein to the cell surface was an intrinsic property of
the molecule independent of the cell type and genetic
background.

Figure 6 shows representative flow cytometric analyses of
surface immunofluorescence detected with the monoclonal
antibody SM2.6.3. Mink cells transformed by wild-type SM-
FeSV uniformly showed high levels of antibody binding to
surface molecules compared with the same cells stained with
an isotype-matched rat myeloma protein (Fig. 6A). By
contrast, NIH/3T3 cells cotransfected with pSM-FeSV and
the dominant selectable marker eco gpt exhibited two subpo-
pulations of cells based on binding of the same monoclonal
antibody (Fig. 6B). One subpopulation, which accounted for
18% of the cells, showed a background level of fluorescence
that was indistinguishable from the binding of the control
myeloma protein. The second population, which accounted
for 82% of the cells, showed specific binding of the antibody
which was similar to that observed for v-fms-transformed
mink cells. When fluorescence-activated sorting was used to
individually separate the two subpopulations, cells showing
no antibody binding were found to exhibit a phenotypically
flat, contact-inhibited growth pattern, whereas the antibody-
binding subpopulation was morphologically transformed.
The fluorescence-negative flat cells could not be subcloned
in agar (cloning efficiency, <1%), whereas the cells with
detectable antibody binding gave rise to continuously grow-
ing agar colonies (cloning efficiency, >40%). Representative
transformed NIH/3T3 subclones expressed SM-FeSV-coded
proteins and showed uniformly high levels of antibody
binding to surface molecules.

We assumed that the population of nonfluorescent cells
seen in Fig. 6B represented those which had acquired the
dominant selectable eco gpt marker in the absence of pSM-
FeSV DNA (25). To test this possibility, cells were cotrans-
fected with pSM-FeSV, eco gpt, and pA-MuLV DNA.
Under these conditions, cells acquiring the selectable mark-
er in the absence of the transforming pSM-FeSV DNA could
be subsequently infected with the transforming virus. A
more homogeneous population of fluorescent cells was ob-
tained when the transforming virus was allowed to spread
through the culture (Fig. 6C). These experiments suggest,
then, that fluorescence-activated flow cytometry can be
used to identify and select cells of the transformed pheno-
type, based on surface expression of v-fms-coded molecules.
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FIG. 6. Cell surface expression of v-fms-coded antigens detected by flow cytometry. In each panel, the fluorescence recorded with a
monoclonal antibody (SM2.6.3) directed to a v-fms-coded epitope (solid line) was compared with the control fluorescence profile obtained
with an isotype-matched rat myeloma protein (dotted line). The results shown are as follows: mink cells transformed by SM-FeSV virus (A);
NIH/3T3 cells transfected with pSM-FeSV DNA and eco gpt (B); NIH/3T3 cells transfected with pSM-FeSV, pA-MuLV, and eco gpt (C); and
NIH/3T3 cells transfected with ApSM-FeSV, pA-MuLV, and eco gpt (D). All cells transfected with eco gpt were grown in hypoxanthine-
aminopterin-thymidine medium containing mycophenolic acid for 3 weeks before analysis of surface fluorescence. The cells analyzed in C and
D were shown to be producing virus with an assay for supernatant virion-associated, RNA-dependent {)JNA polymerase.

Cells transfected by ApSM-FeSV and eco gpt in the
presence or absence of pA-MuLV showed no v-fms-specific
surface fluorescence. Figure 6D shows that the profile
obtained with the SM2.6.3. monoclonal antibody was identi-
cal to that obtained with the control rat myeloma protein.
Similar results were also obtained with monoclonal antibody
SMS.15.4. To rule out the possibility that the lack of surface
fluorescence of ApSM-FeSV-containing cells reflected the
inability of these particular monoclonal antibodies to react
with mutant v-fims-coded glycoproteins, the cells were la-
beled with [>*SImethionine, and lysates were subjected to
immune precipitation (Fig. 7). Both monoclonal antibodies
specifically precipitated gp120™ and AgplOS’”“, indicating
that the epitopes recognized by these two antibodies were
expressed on mutant glycoprotein molecules. Thus, cells
containing ApSM-FeSV neither express the transformed
phenotype nor exhibit v-fims glycoproteins at their surface.

DISCUSSION

Few v-fms-coded glycoproteins are processed to mature
gp140/™ molecules that appear at the surface of SM-FeSV-

transformed cells (2). Indeed, in early studies, gp140""‘
molecules were not detected by metabolic labeling (4, 29,
35), nor were v-fms-coded antigens demonstrated on the
plasma membrane by fluorescent staining of fixed cells (1).
Kinetic studies showed that the half-life of gp140™* mole-
cules is relatively short compared with gp120/™ which turns
over more slowly. Hence, the steady-state level of gp120™*
in transformed cells is considerably higher than that of
gpl40, and it seems likely that relatively few gpl140/™
molecules appear at the cell surface at any time (2). Never-
theless, as shown here, the presence of the glycoprotein on
the plasma membrane correlates with the transformed phe-
notype. As compared with wild-type v-fms-coded mole-
cules, the truncated glycoprotein synthesized by the SM-
FeSV deletion mutant was even more inhibited in its
processing and transport, as judged by the failure to undergo
remodeling of its N-linked oligosaccharides and to reach the
cell surface. The deletion could have itself included a domain
necessary for transport through the Golgi complex or, alter-
natively, may have altered processing signals elsewhere in
the molecule. Mutants of vesicular stomatitis G protein,
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FIG. 7. Immune precipitation of v-fms-coded glycoproteins with
monoclonal antibodies. NIH/3T3 cells transfected with DNAs from
pSM-FeSV (lanes 1) or ApSM-FeSV DNA (lanes 2) were labeled for
30 min with [>**SImethionine, and detergent lysates were precipitated
with monoclonal antibodies SM2.6.3. (A) or SM5.15.4 (B). Because
the monoclonal antibodies do not bind protein A, immune precipi-
tates were prepared with protein A-Sepharose beads coated with
goat antiserum to rat immunoglobulin G. The heavy labeled band
near the top of each lane is myosin, which obscures the position of
the gag-fms polyproteins; gpl40™ is not visualized in a 30-min
labeling period (Fig. S and reference 2). The positions of gp120/™*
and Agpl05™ are indicated.

when altered at carboxyl-terminal sequences adjacent to the
membrane anchor sequence, were also found to be retarded
in intracellular transport and no longer localized to the
plasma membrane (28).

Immune complexes containing v-fms-coded glycoproteins
exhibit a tyrosine-specific protein kinase activity under some
assay conditions (3; C. W. Rettenmier, unpublished data)
but not others (27, 36). By contrast, the glycoproteins
metabolically labeled in vivo with 3?P; contain phosphoser-
ine and lesser amounts of phosphothreonine but lack detect-
able phosphotyrosine (3). Although the 200 carboxyl-termi-
nal amino acids of the glycoprotein were predicted to show
close homology to retrovirus-transforming proteins that
specify tyrosine-specific protein kinase activity (13), it is not
known whether the glycoproteins themselves act as enzymes
or, rather, serve as efficient substrates for a coprecipitating
kinase in vitro. In the studies reported here, the wild-type v-
fms gene products were active as substrates in immune
complexes and were phosphorylated only at tyrosine. The
amino acids deleted from the mutant glycoprotein were
derived from a region of the polypeptide nearly 300 residues
amino-terminal to the kinase domain and did not affect the in
vitro enzyme activity. If kinase activity proves to be an
intrinsic property of the v-fms-coded glycoprotein, then the
enzymatic function in itself must be insufficient for transfor-
mation. The possibility that the deletion ablated an addition-
al functional domain unrelated to kinase activity but required
for transformation cannot be formally excluded. However,
we suggest that an interaction between the v-fms-coded
glycoprotein and specific target molecules at the plasma
membrane is important in transformation.

Viral tyrosine-specific protein kinases such as the proto-
type Rous sarcoma virus transforming protein pp60° asso-
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ciate with the cytoplasmic surface of the plasma membrane
in transformed cells (6, 17, 38). The v-src gene product is
synthesized on free polyribosomes (19), is post-translational-
ly modified by the covalent attachment of fatty acid (11, 30),
and becomes membrane associated through its modified
amino terminus (11, 16), thereby orienting the carboxyl-
terminal kinase domain in the cytoplasm (20). Rous sarcoma
virus mutants encoding pp60*’ proteins that contain critical
amino-terminal deletions are less tumorigenic in birds, sug-
gesting that the association of pp60*¢ with the plasma
membrane is important in transformation (16). Unlike
pp60*", the v-fms-coded product is synthesized as an inte-
gral transmembrane glycoprotein on membrane-bound poly-
ribosomes and is then transported through the endoplasmic
reticulum and Golgi complex to the cell surface. Although
the carboxyl-terminal kinase domain of gp140™ is oriented
in the cytoplasm in a manner analogous to pp60°‘, the
amino-terminal half of the polypeptide is exteriorized at the
cell surface and can be detected after lactoperoxidase-
catalyzed radioiodination of intact cells or by live cell
immunofluorescence (2). Analogous findings have been re-
ported with the v-erbB-coded glycoprotein, the expression
of which at the cell surface is correlated with transformation
).

The presence of v-fms-coded glycoproteins at the cell
surface can be used to select transformed cells from pheno-
typically normal ones by fluorescence-activated cell sorting.
When NIH/3T3 cells were transfected with wild-type pSM-
FeSV and a dominant selectable marker, eco gpt, a pheno-
typically flat subpopulation containing eco gpt alone and a
morphologically transformed subpopulation containing
pSM-FeSV and the selectable marker were obtained. The
transformed population could be purified by flow cytometry
and gave rise to cells which formed colonies in agar and
uniformly expressed v-fms-coded antigens at the cell sur-
face. Fluorescence-activated cell sorting might therefore be
used to screen for morphologically revertant populations of
SM-FeSV-infected cells which no longer express surface
antigens. Conversely, it might be possible to select pheno-
typically flat cellular mutants which continue to express v-
fms antigens but are refractory to transforming signals.

Relatively high levels of RNA encoded by the c-fms
protooncogene are expressed late in mouse embryogenesis
(22) and can be detected in both mouse and human placental
trophoblasts (23) and in certain human tumors (33). Howev-
er, the protein product of the c-fms locus has not been
identified. To date, the only candidate is a 200-kilodalton
polypeptide detected in normal mink cells with a single
monoclonal antibody (2), and this protein has not been
further characterized. Given the ability to detect tyrosine-
specific protein kinase activity associated with the v-fims
gene product in vitro, the simplest model is that the c-fms
protooncogene is a member of a class of receptor genes that
encode similar enzymatic functions. The latter include the
epidermal growth factor receptor (34), now known to be
homologous to the v-erb gene product (9), as well as the
platelet-derived growth factor and insulin-like growth factor
receptors, each of which exhibits an associated tyrosine-
specific protein kinase activity (10, 14). If c-fms encodes a
receptor, then antibodies to v-fins-coded epitopes expressed
at the cell surface may have the potential of binding these
molecules and mimicking ligand-mediated signals.
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