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The biosynthesis of macrophage colony-stimulating factor 1 (CSF-1) was examined in mouse NIH-3T3
fibroblasts transfected with a retroviral vector expressing the 554-amino-acid product of a human 4-kilobase
(kb) CSF-1 cDNA. Similar to results previously obtained with a 1.6-kb human cDNA that codes for a
256-amino-acid CSF-1 precursor, the results of the present study showed that NIH-3T3 cells expressing the
product of the 4-kb clone produced biologically active human CSF-1 and were transformed by an autocrine
mechanism when cotransfected with a vector containing a human c-fms (CSF-1 receptor) cDNA. The 4-kb
CSF-1 ¢cDNA product was synthesized as an integral transmembrane glycoprotein that was assembled into
disulfide-linked dimers and rapidly underwent proteolytic cleavage to generate a soluble growth factor.
Although the smaller CSF-1 precursor specified by the 1.6-kb human cDNA was stably expressed as a
membrane-bound glycoprotein at the cell surface and was slowly cleaved to release the extracellular growth
factor, the cell-associated product of the 4-kb clone was efficiently processed to the secreted form and was not
detected on the plasma membrane. Digestion with glycosidic enzymes indicated that soluble CSF-1 encoded by
the 4-kb ¢cDNA contained both asparagine(N)-linked and O-linked carbohydrate chains, whereas the product
of the 1.6-kb clone had only N-linked oligosaccharides. Removal of the carbohydrate indicated that the
polypeptide chain of the secreted 4-kb cDNA product was longer than that of the corresponding form encoded
by the smaller clone. These differences in posttranslational processing may reflect diverse physiological roles for

the products of the two CSF-1 precursors in vivo.

Colony-stimulating factors have been identified by their
ability to induce the production of mature hematopoietic
cells from bone marrow progenitors (2, 9). The macrophage
colony-stimulating factor, CSF-1, is a glycosylated polypep-
tide homodimer that stimulates the proliferation, differenti-
ation, and survival of mononuclear phagocytes (28, 29).
CSF-1 also enhances the effector functions of mature mo-
nocytes and macrophages, including tumoricidal activity
(17), the ability to resist viral infection (8), and the produc-
tion of other cytokines (10, 32). The effects of CSF-1 are
mediated by its binding to a specific cell surface receptor,
now known to be the product of the c-fms proto-oncogene
(25).

Human CSF-1 is encoded by a single gene that maps at
band q33.1 on the long arm of chromosome 5 (13). Alterna-
tive splicing of the primary CSF-1 transcript generates
multiple mRNAs, and human cDNAs coding for two dif-
ferent biologically active products have been molecularly
cloned (5, 7, 33). The amino acid sequences deduced from
the nucleotide sequences of the cDNA clones suggest that
the primary CSF-1 translation product is an integral mem-
brane protein. A 1.6-kilobase (kb) human cDNA encodes a
256-amino-acid product consisting of an amino-terminal sig-
nal peptide, a biologically active growth factor sequence of
ca. 150 to 165 amino acids, a presumptive membrane-
spanning segment, and a short carboxyl-terminal tail (5). The
554-amino-acid product of a 4-kb CSF-1 cDNA includes the
entire polypeptide sequence specified by the smaller clone,
but unique coding sequences derived by alternative splicing
contribute a segment of 298 additional amino acid residues
on the amino-terminal side of the putative transmembrane
segment (7, 33).

* Corresponding author.

5026

High-level expression of cDNAs in viral vector systems
has permitted a direct analysis of CSF-1 biosynthesis. When
introduced into mouse NIH-3T3 cells, the 1.6-kb human
cDNA directs the synthesis of a 34-kilodalton (kDa) CSF-1
glycoprotein that is rapidly assembled into 68-kDa disulfide-
linked dimers (19). The latter molecules are transported to
the plasma membrane where proteolytic cleavage slowly
releases a soluble 44-kDa dimeric growth factor composed of
22-kDa subunits. Insertion of a termination codon upstream
of the putative transmembrane segment in the coding se-
quence of the 1.6-kb cDNA results in the synthesis of a
soluble glycosylated product that, following removal of the
amino-terminal signal peptide, assembles into biologically
active dimers and is directly secreted from cells (4). The
truncated molecule is similar in size to the soluble growth
factor generated by proteolysis of the full-length 1.6-kb
cDNA product, a fact suggesting that the site of proteolysis
in the membrane-bound precursor is close to the carboxyl
terminus of the truncated form. To determine whether the
additional coding sequences of the 4-kb cDNA affect the
processing of the CSF-1 precursor, we expressed the larger
human cDNA in NIH-3T3 cells. Rapid cleavage of the 4-kb
cDNA product prevented the stable expression of this mol-
ecule at the cell surface and resulted in the efficient and rapid
secretion of a biologically active, soluble growth factor
larger than that encoded by the 1.6-kb cDNA.

MATERIALS AND METHODS

Vector constructs. Clone pcDBCSF-4 (7), consisting of a
1.8-kb insert that included the complete coding sequences of
a human 4-kb CSF-1 cDNA and was cloned into a modified
Okayama Berg expression vector, was kindly provided by
Martha Ladner of Cetus Corporation, Emeryville, Calif. The
Susan McDonough (SM) retroviral vector derived from the
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SM strain of feline sarcoma virus, from which the gag-v-fms
sequences were removed, has been previously described
(22). The BamHI cloning site of the SM vector was con-
verted to an Xhol site by digestion with BamHLI, filling in the
single-stranded overhang with the Klenow fragment of Esch-
erichia coli DNA polymerase, blunt-end ligation of Xhol
linkers, and reclosure after Xhol digestion. This vector
construct was prepared and kindly provided by J. M. Heard.
The 4-kb CSF-1 cDNA with adjacent 5’ and 3’ pcDB vector
sequences was excised from pcDBCSF-4 by digestion with
Xhol, purified by electroelution, and ligated at the Xhol
cloning site in the modified SM vector. Restriction enzymes,
Xhol linkers, and the Klenow fragment of DNA polymerase
were purchased from New England Biolabs, Inc., Beverly,
Mass. SM vectors containing inserts of the human 1.6-kb
CSF-1 cDNA (5), human c-fms cDNA (3), and a c-fins gene
containing a mutation substituting phenylalanine for the
normal tyrosine residue at position 969 (22) have been
previously described (4, 22). Vector DN As were transfected
into NIH-3T3 cells by using the calcium phosphate precipi-
tation technique (23). For some experiments, cells were
cotransfected with pSV2neo (26) and selected in G418 (Ge-
neticin; GIBCO Laboratories, Grand Island, N.Y.).

Digestions with glycosidic enzymes. To determine the oli-
gosaccharide composition of radiolabeled glycoproteins,
washed immunoprecipitates were incubated for 16 h at 37°C
with one or more of the following enzymes in a 20-pl volume
of the indicated buffer: 0.02 IU of Vibrio cholerae neuramin-
idase (Calbiochem-Behring, La Jolla, Calif.) in 50 mM so-
dium acetate (pH 5.5) containing 150 mM NaCl and 4 mM
CaCl,; 1 mU of Diplococcus pneumoniae endo-a-N-acetyl-
galactosaminidase (31) (O-glycanase; Genzyme, Boston,
Mass.) in 100 mM sodium phosphate (pH 6.0) containing 10
mM dithiothreitol, 10 mM EDTA, and 1% Nonidet-P40; or
0.5 U of Flavobacterium meningosepticum peptide: N-glyco-
sidase F (14, 30) (N-glycanase; Genzyme) in 100 mM sodium
phosphate (pH 8.6) containing 10 mM dithiothreitol, 10 mM
EDTA, 0.1% sodium dodecyl sulfate (SDS), and 1% Triton
X-100. For sequential digestions with multiple enzymes, the
protein A-Sepharose beads with adsorbed immune com-
plexes were centrifuged into a pellet and the buffer of the
previous glycosidase was removed prior to addition of the
next enzyme; in these instances, enzymes were added in the
following order: neuraminidase, O-glycanase, and then N-
glycanase. For digestions with N-glycanase, samples were
heated in buffer for 30 min at 60°C prior to the addition of the
enzyme.

Other analytical methods. The procedures for metabolic
radiolabeling with L-[3**S]methionine, immunoprecipitation,
and SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
(1, 23), and cell surface iodination (21) are described in detail
in the references cited. For metabolic labeling in the pres-
ence of tunicamycin (6), cells were preincubated for 4 h in
complete medium containing 2 pg of tunicamycin per ml
prior to labeling and chase in the continued presence of the
drug.

Membrane fractions were prepared, and protease protec-
tion experiments were performed as previously described
(20). NIH-3T3 cells expressing the 4-kb human CSF-1 cDNA
were pulse-labeled for 15 min with [>*S]methionine and
homogenized in hypotonic buffer (10 mM Tris hydrochloride
[pH 7.4] containing 10 mM NaCl). Sucrose was added to a
final concentration of 0.25 M, and the samples were centri-
fuged at 1,000 x g for S min at 4°C to obtain a nuclear pellet
and a postnuclear supernatant. The supernatant was then
centrifuged for 30 min at 100,000 X g to yield a crude

DIFFERENTIAL PROCESSING OF CSF-1 PRECURSORS 5027

microsomal pellet which was suspended in 50 mM Tris
hydrochloride (pH 7.6) containing 50 mM KCl and 5 mM
MgCl,. Aliquots were incubated for 30 min at 37°C in the
absence or presence of 100 pg of L-(tosylamido-2-phen-
yl)ethyl chloromethyl ketone-treated trypsin (Worthington
Biochemical Corp., Freehold, N.J.) per ml with or without
detergents (1% Triton X-100-0.5% sodium deoxycholate).
Soybean trypsin inhibitor (100 pg/ml) was then added, and
the samples were lysed in detergent, immunoprecipitated,
and analyzed by SDS-PAGE.

Immune precipitation of human CSF-1 molecules was
performed with the rat YYG-106 monoclonal antibody (27)
which binds a polypeptide epitope shared by the murine and
human growth factors. Protein A-Sepharose (Pharmacia
Fine Chemicals, Piscataway, N.J.) precoated with a com-
mercial rabbit anti-rat immunoglobulin G (Organon Teknika-
Cappel, Malvern, Pa.) was used as immunoadsorbant. The
levels of mouse CSF-1 produced by control NIH-3T3 fibro-
blasts were too low to be detected by immunoprecipitation
with this antibody in our radiolabeling experiments. Sepa-
rate incubations with an isotype-matched rat myeloma pro-
tein were performed in parallel as a control for nonspecific
precipitation.

RESULTS

Expression of human 4-kb CSF-1 cDNA in NIH-3T3 cells.
Coding sequences of the human 4-kb CSF-1 cDNA were
cloned into a retroviral vector consisting of a provirus from
an SM strain of feline sarcoma virus from which the gag-v-
fms sequences had been deleted (22). Transcriptional control
elements in this vector are provided by the viral long
terminal repeat. Although the vector is not rescuable by
retroviral superinfection because of an apparent defect in its
packaging sequences, cloned inserts are expressed at high
levels in mouse NIH-3T3 fibroblasts after transfection of this
vector DNA by the calcium phosphate technique. In previ-
ous studies, human c-fms and the 1.6-kb CSF-1 cDNAs were
expressed in NIH-3T3 cells with this vector (4, 22).

Coexpression of the human c-fms (CSF-1 receptor) and
1.6-kb CSF-1 cDNAs transforms NIH-3T3 cells by an auto-
crine mechanism (22). Cotransfection of the 4-kb human
CSF-1 cDNA with that of c-fms also yielded transformed
foci (Table 1). The transforming efficiency in the cotransfec-
tion assay was equivalent for the two human CSF-1 cDNAs.
Transfection of the c-fms cDNA or CSF-1 cDNA alone did
not induce focus formation, a result demonstrating that the
expression of both the CSF-1 receptor and its ligand is
required for transformation. Similar to results with the
1.6-kb clone, our results show that the efficiency of trans-
formation with the 4-kb CSF-1 cDNA increased about three-
fold when the cotransfection assay was performed with a
c-fms cDNA encoding a phenylalanine residue in place of the
normal tyrosine at position 969, four amino acids from the
receptor carboxyl terminus. This effect appears to be due to
the abrogation of negative regulation of the receptor kinase
activity by elimination of tyrosine 969 (22).

Expression of the 4-kb CSF-1 cDNA in transfected cells
was examined by assaying the ability of conditioned medium
to promote the growth of a CSF-1-dependent mouse macro-
phage cell line, BAC1.2F5 (11). Culture supernatants were
also tested for their ability to stimulate soft-agar colony
formation by NIH-3T3 cells expressing the human c-fms
cDNA alone (22). Because murine CSF-1 does not stimulate
the human receptor, the latter assay is specific for the
production of the human growth factor. Transformed NIH-
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TABLE 1. Efficiency of focus formation induced by retroviral
constructs containing human cDNA inserts after
transfection of NIH-3T3 cells”

No. of focus-forming

Human cDNA insert units/pg of input

DNA

4-kb CSF-1 ..ot <10

1.6kb CSF-1.....iiiiiiii e <10

CfMS(TYIZ®)P ... <10

C-fms(Phe®®)? ..o <10

4 kb-CSF-1 + c-fims(Tyr®?) ......ccvveeeeeeeeecnnnnns 4.3 x 10°

4 kb-CSF-1 + c-fms(Phe®®)..........ccccevvveeunnnnn 1.1 x 10*

1.6-kb CSF-1 + c-fins(Tyr®®) .......cccccvvvvvennn.. 4.1 x 10°

1.6-kb CSF-1 + c-fms(Phe®®) ...........cuvveeee.. 1.1 x 10*

“ NIH-3T3 cells were transfected in 35-mm-diameter tissue culture plates
with plasmid DNAs (30 ng) containing an SM retroviral vector with coding-
sequence inserts of the indicated human cDNAs. Cultures were trypsinized
and split into three 60-mm-diameter plates 1 day after transfection, and foci of
transformed cells were enumerated 3 weeks later. The number of foci was a
linear function of the concentration of input DNA. Averages from three
independent experiments are given.

b The c-fms(Tyr*®°) cDNA includes the coding sequences of the wild-type
human c-fms gene (3). The c-fms(Phe®®®) cDNA (22) contains an engineered
mutation that substitutes a phenylalanine residue in place of the normal
tyrosine at position 969, four amino acids from the carboxyl terminus.

3T3 fibroblasts cotransfected with c-fms and the 4-kb CSF-1
cDNA expressed about 5,000 to 10,000 U of human CSF-1
per ml per day. These quantities of the human growth factor
were 100-fold greater than the concentration of mouse CSF-1
constitutively produced by untransfected or mock-trans-
fected cells (24). Nontransformed NIH-3T3 cells producing
similarly high levels of the human growth factor were
obtained by cotransfection of the vector containing the 4-kb
CSF-1 cDNA with pSV2neo (26) and selection of transfected
cells in G418. The latter cells were used for analyses of
CSF-1 biosynthesis as described below. Identical results
were obtained by using the transformed cells cotransfected
with the human c-fms and the 4-kb CSF-1 cDNA.
Synthesis of 4-kb CSF-1 ¢DNA product. To identify the
CSF-1 products of the 4-kb human cDNA, transfected
NIH-3T3 cells were metabolically radiolabeled with [3°S]
methionine for 2 h in the presence or absence of tu-
nicamycin, an inhibitor of asparagine (N)-linked glycosyl-
ation. The culture medium was collected, and the cell
monolayers were lysed in detergent-containing buffer. The
cell lysates and medium were incubated either with a mono-
clonal antibody to CSF-1 or with a control myeloma protein,
and the precipitated products were recovered by using
protein A as immunoadsorbant and analyzed by SDS-PAGE
under reducing and nonreducing conditions. Cells labeled in
the presence of tunicamycin expressed a 62-kDa polypeptide
that was specifically precipitated with antibody to CSF-1
(Fig. 1A, lane 1) but not with the control antibody (Fig. 1A,
lane 2). The apparent molecular weight of the reduced
product was in good agreement with that predicted from the
primary amino acid sequence encoded by the human 4-kb
CSF-1 cDNA. When labeled in the absence of tunicamycin,
the immunoprecipitable product had an apparent molecular
mass of 70 kDa (Fig. 1A, lane 3), a result indicating that the
product underwent an addition of N-linked oligosaccharides.
SDS-PAGE analysis of immune complexes from the radio-
labeled cell lysates revealed several conspicuous back-
ground bands (e.g., at 200 and 43 kDa) that were also
nonspecifically precipitated by the control myeloma protein
(Fig. 1A, lanes 2 and 4). Immunoprecipitation of the culture
medium and disulfide reduction demonstrated soluble 36- or
43-kDa (Fig. 1B, lanes 1 and 3) CSF-1 subunits in the
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FIG. 1. Cell-associated and secreted forms of human 4-kb CSF-1
cDNA product expressed in NIH-3T3 cells. Cells were metaboli-
cally radiolabeled with 250 wCi of [>*S]methionine per mi for 2 h in
the presence (+) or absence (—) of tunicamycin. The culture
medium was collected, and cells were lysed in detergent-containing
buffer. Cell lysates (A and C) and harvested culture media (B and D)
were incubated with either a rat monoclonal antibody to CSF-1
(lanes 1 and 3) or control myeloma protein (lanes 2 and 4), and the
precipitated products were separated by SDS-PAGE either with (A
and B) or without (C and D) disulfide reduction. Radiolabeled
products were detected by fluorography of the dried gels. The
mobilities of specifically precipitated products (arrows) are noted at
the left and right margins, and the migration of protein standards of
known molecular size is indicated at the left. Exposure times for
fluorography are as follows: panels A and B, 7 days for lanes 1 and
2 and 5 days for lanes 3 and 4; panels C and D, 10 days for lanes 1
and 2 and 8 days for lanes 3 and 4.
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presence or absence of tunicamycin, respectively. In addi-
tion, a diffuse [”S]methionine-labelcd band having an appar-
ent molecular mass of about 200 kDa was also specifically
precipitated from both samples. The partial characterization
of this high-molecular-weight material detected in the me-
dium is discussed below.

When analyzed under nonreducing conditions, cell-asso-
ciated CSF-1 products labeled in the presence or absence of
tunicamycin had apparent molecular masses of 124 or 140
kDa (Fig. 1C, lanes 1 and 3), respectively. Only trace
amounts of the monomeric subunits were detected under
these conditions, a fact suggesting that the cell-associated
4-kb cDNA product was readily assembled into disulfide-
linked dimers. In addition, variable amounts of material
migrating at about 190 kDa were detected in the gels (Fig.
1C, arrow); this observation suggests that the 4-kb cDNA
product could have been linked by disulfide bonds to other
cellular proteins or might have assembled into larger oligo-
meric forms of CSF-1. Soluble CSF-1 dimers of 72 or 86 kDa
(Fig. 1D, lanes 1 and 3) were recovered from the medium in
the presence or absence of tunicamycin, respectively. The
secretion of some 36-kDa monomers was also detected from
cells labeled in the presence of tunicamycin (Fig. 1D, lane 1).
Taken together, these results indicate that the primary
translation product of the 4-kb CSF-1 cDNA (i) undergoes
addition of N-linked oligosaccharides and (ii) is assembled
intracellularly into disulfide-linked dimers. Moreover, be-
cause secreted CSF-1 recovered from the medium was
smaller than the cell-associated form, the results further
indicate that the primary translation product (iii) undergoes
proteolysis to generate the soluble extracellular growth
factor. These three features of the biosynthesis of the 4-kb
CSF-1 cDNA product are similar to those previously ob-
served with the product of the 1.6-kb human clone (19).

NIH-3T3 fibroblasts constitutively synthesize low levels
of mouse CSF-1 (24), but the concentration of murine growth
factor produced by mock-transfected cells was more than
100-fold less than that of human CSF-1 obtained from cells
expressing the human 4-kb cDNA. Although the anti-CSF-1
antibody used in our experiments reacted with both the
mouse and human growth factors, the amounts of murine
CSF-1 synthesized in untransfected NIH-3T3 cells were too
low to be detected by immunoprecipitation with this anti-
body in radiolabeling studies. None of the cell-associated or
soluble molecules (Fig. 1, arrows), including the 200-kDa
material, precipitated with the anti-CSF-1 antibody from
untransfected or mock-transfected NIH-3T3 cells in control
experiments. Thus, these bands appear to represent the
authentic products of the 4-kb human CSF-1 cDNA or
specifically coprecipitating molecules.

Evidence that the 70-kDa CSF-1 subunit is an integral
transmembrane glycoprotein. An internal sequence of hydro-
phobic amino acids anchors the 34-kDa glycoprotein product
of the 1.6-kb cDNA in the plasma membrane (19). Insertion
of a termination codon upstream of this hydrophobic seg-
ment results in the synthesis of a biologically active soluble
growth factor that is directly secreted from the cell (4). To
determine whether this hydrophobic segment similarly
serves as a transmembrane sequence for the 70-kDa glyco-
protein precursor, protease protection experiments were
carried out with microsomes from cells expressing the 4-kb
CSF-1 cDNA. Cells pulse-labeled with [>**SImethionine for
15 min were mechanically disrupted in hypotonic buffer in
the absence of detergent, and cytosol and membrane frac-
tions were prepared by differential centrifugation. In prelim-
inary experiments, all of the immunoprecipitable 70-kDa
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FIG. 2. Evidence that the cell-associated 70-kDa CSF-1 product
of 4-kb human cDNA is an integral transmembrane glycoprotein.
NIH-3T3 cells expressing the 4-kb human CSF-1 cDNA were
metabolically labeled with [>**S]methionine for 15 min and then
mechanically homogenized in hypotonic buffer in the absence of
detergent. A membrane fraction was prepared by differential cen-
trifugation, and portions were incubated for 30 min at 37°C in the
absence (—) or presence (+) of trypsin (100 png/ml) and detergents
(1% Triton X-100-0.5% sodium deoxycholate [DOC]). Soybean
trypsin inhibitor (100 pg/ml) was then added, and all samples were
lysed in detergent and precipitated with either control myeloma
protein (lanes 1, 4, and 7) or monoclonal antibody to CSF-1 (all other
lanes). Immunoprecipitated products were incubated in the absence
(—) or présence (+) of N-glycanase prior to electrophoresis under
reducing conditions in a 7.5% polyacrylamide-SDS gel. The mobil-
ities of specifically precipitated CSF-1 bands are indicated in kilo-
daltons at the margins. Membrane-protected proteolytic fragments
of the CSF-1 precursor are indicated by arrows in lanes 5 and 6.

CSF-1 molecules were detected in the membrane fraction
(data not shown). Portions of the membrane fraction were
incubated at 37°C for 30 min with trypsin in the presence or
absence of detergents, and after the addition of protease
inhibitors, the samples were lysed and incubated with anti-
body to CSF-1. The immunoprecipitated products were
analyzed by SDS-PAGE either before or after digestion with
N-glycanase to remove N-linked oligosaccharides.
Digestion of the membrane-bound 70-kDa CSF-1 product
(Fig. 2, lane 2) with N-glycanase yielded a 62-kDa species
lacking N-linked oligosaccharides (Fig. 2, lane 3); the latter
form comigrated with the polypeptide detected after meta-
bolic labeling in the presence of tunicamycin (Fig. 1A). The
presence only of glycosylated 70-kDa subunits and the
absence of unglycosylated CSF-1 molecules after a 15-min
pulse-labeling interval suggested that the rapid addition of
N-linked oligosaccharides to the CSF-1 polypeptide was a
cotranslational event. Digestion of microsomes with trypsin
converted the 70-kDa glycosylated form to a 60- to 62-kDa
molecule (Fig. 2, arrow in lane 5) that was also sensitive to
N-glycanase (Fig. 2, arrow in lane 6). Incubation with
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trypsin in the presence of detergents that solubilized the
microsomal membrane resulted in complete degradation of
these high-molecular-weight forms of CSF-1 (Fig. 2, lanes 8
and 9). As suggested by the deduced coding sequence of the
4-kb cDNA (7, 33), these results indicate that the 70-kDa
CSF-1 product is a transmembrane glycoprotein oriented
with its glycosylated amino terminal portion within the
cisternae of the endoplasmic reticulum and a short trypsin-
sensitive segment exposed at the cytoplasmic surface of the
membrane.

Tryptic digestion of microsomes in the absence of deter-
gents yielded an immunoprecipitable CSF-1 fragment of ca.
24 kDa (Fig. 2, lane S5). This material appears to represent a
trypsin-resistant fragment of the growth factor generated by
digestion of microsomal vesicles formed inside out during
mechanical homogenization. The persistence of these mole-
cules after trypsin treatment in the presence of detergents
(Fig. 2, lane 8) confirmed that they were resistant to the
protease. Digestion of these fragments with N-glycanase
(Fig. 2, lanes 6 and 9) yielded immunoprecipitable species
that migrated with the dye front in the 7.5% polyacrylamide
gel. When these samples were run on a 10% gel, the
deglycosylated form of the trypsin-resistant fragment mi-
grated as a single band with an apparent molecular mass of
about 20 kDa (data not shown).

Rapid secretion of soluble CSF-1 encoded by 4-kb cDNA.
The glycoprotein product of the 1.6 kb-human CSF-1 cDNA
is stably expressed on the plasma membrane of transfected
NIH-3T3 cells as a disulfide-linked 68-kDa dimer composed
of 34-kDa subunits (19). This molecule has a slow turnover
and is inefficiently cleaved at the surface of cultured NIH-
3T3 cells to release the growth factor into the medium. To
determine the kinetics of the secretion of the soluble 4-kb
cDNA product, transfected cells were pulse-labeled for 15
min with [>**S]methionine and chased for various intervals in
medium containing a 100-fold excess of the nonradioactive
precursor. Cell lysates and culture media were incubated
with antibody to CSF-1, and the precipitated products were
analyzed by SDS-PAGE under reducing conditions. The
cell-associated 70-kDa CSF-1 product had a rapid turnover,
with a marked reduction in the intensity of the radiolabeled
band within 30 min and its virtually complete disappearance
by 60 min after labeling (Fig. 3). Concurrently, 43-kDa
CSF-1 subunits were detected in the medium within 30 min
after labeling, and the secretion of these molecules was
complete by 1 h. These results demonstrate that, in contrast
to the product of the human 1.6-kb cDNA, the glycoprotein
encoded by the 4-kb clone is rapidly processed and secreted.
Analysis of these samples by SDS-PAGE under nonreducing
conditions revealed primarily the larger dimeric forms of
both the cell-associated and secreted growth factor shown in
Fig. 1C and D, a result indicating that the intracellular
assembly of CSF-1 subunits encoded by the 4-kb ¢cDNA
occurs rapidly after synthesis. [>*SImethionine-labeled 200-
kDa molecules were recovered in immunoprecipitates of the
chase medium (cf. Fig. 1 and 3) with the same kinetics as the
recovery of the soluble 43-kDa form of the growth factor.

To determine whether the 4-kb CSF-1 cDNA product was
present on the plasma membrane, viable cells were incu-
bated with the monoclonal antibody to CSF-1 and assayed
for surface expression of the epitope by fluorescence-acti-
vated flow cytometry. The CSF-1 epitope recognized by this
antibody was not detected on NIH-3T3 cells expressing the
4-kb clone under conditions in which it was readily demon-
strated on the plasma membrane of cells expressing the
product of the 1.6-kb human cDNA. To confirm this result,
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FIG. 3. Secretion kinetics of soluble CSF-1 product encoded by
4-kb human cDNA. Transfected NIH-3T3 cells were pulse-labeled
for 15 min with [**S]methionine. The labeling medium was then
removed, and parallel cultures were incubated in medium containing
a 100-fold excess of nonradioactive methionine. At the indicated
times, the culture medium was collected, and the cells were lysed in
detergent-containing buffer. Cell lysates and the corresponding
chase medium were immunoprecipitated with antibody to CSF-1,
and the radiolabeled products were separated by SDS-PAGE and
detected by fluorography of the dried gel. The molecular masses of
specifically precipitated bands are indicated in kilodaltons at the
margins.

viable cells expressing equivalent amounts of either the
human 1.6- or 4-kb CSF-1 cDNA products were enzymati-
cally radioiodinated with lactoperoxidase and either lysed
immediately or incubated in medium for an additional 3 h.
Cell lysates and harvested culture medium were precipitated
with either the monoclonal antibody to CSF-1 or control
myeloma protein, and >’I-labeled products were separated
by SDS-PAGE under reducing conditions. Figure 4A dem-
onstrates the presence of 2°I-labeled 34- and 22-kDa forms
of CSF-1 on the surface of cells expressing the 1.6-kb human
cDNA (lane 1); the latter molecule is derived from a minor
population of partially cleaved, membrane-bound heterodi-
mers consisting of one 34- and one 22-kDa subunit (19).
Soluble 22-kDa subunits derived from the secreted 44-kDa
homodimer were recovered from the medium of cells ex-
pressing the 1.6-kb cDNA clone (Fig. 4B, lane 1). By
contrast, no %I-labeled CSF-1 products were detected on
the plasma membrane or in the medium from cells express-
ing the 4-kb CSF-1 cDNA (Fig. 4, lanes 3). Thus, the soluble
product of the 4-kb CSF-1 cDNA is rapidly secreted, and its
precursor is not stably expressed on the surface of transfec-
ted NIH-3T3 cells.

Glycosylation of human CSF-1. The carbohydrate compo-
sition of the secreted forms of CSF-1 produced by the two
human cDNAs was examined by digestion with enzymes
that remove oligosaccharide chains. Medium conditioned by
NIH-3T3 cells producing radiolabeled CSF-1 was precip-
itated with anti-CSF-1 antibody, and the products were
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FIG. 4. Lactoperoxidase-catalyzed surface iodination of NIH-
3T3 cells expressing CSF-1 cDNAs. Viable cells were enzymatically
radioiodinated and then either lysed immediately (A) or incubated in
medium that was collected 3 h later (B). Lanes: 1 and 2, human
1.6-kb CSF-1 ¢cDNA; 3 and 4, human 4-kb CSF-1 cDNA. Samples
were incubated with either antibody to CSF-1 (lanes 1 and 3) or
control myeloma protein (lanes 2 and 4), and the precipitated %I
labeled products were separated by SDS-PAGE under reducing
conditions and detected by autoradiography. The mobilities of the
membrane-bound 34-kDa and soluble 22-kDa CSF-1 subunits en-
coded by the 1.6-kb cDNA are indicated at the left margin. No
125[_labeled forms of CSF-1 were detected on the surface or from the
medium of cells expressing the 4-kb human clone.

incubated with glycosidic enzymes prior to analysis on gels
under reducing conditions. The soluble 22-kDa subunit en-
coded by the 1.6-kb cDNA contained N-linked oligosaccha-
rides with terminal sialic acids (Fig. 5A). Treatment with
neuraminidase, which removes terminal sialic acid residues,
resulted in a slight decrease in the apparent molecular weight
of the subunit (Fig. 5A, lane 3). Digestion with N-glycanase,
which cleaves the complete N-linked carbohydrate moiety,
yielded molecules with an apparent molecular mass of 19
kDa (Fig. 5A, lane 5). Sequential digestion with neuramini-
dase and N-glycanase similarly gave the 19-kDa product
(Fig. SA, lane 6), a result indicating that all of the sialic acid
residues were present on N-linked oligosaccharides. Consis-
tent with these results, the 22-kDa subunits were resistant to
endoglycosidase H, which cleaves immature N-linked chains
of the high-mannose type, but not to their processed deriv-
atives (data not shown). The coding sequence of the 1.6-kb
cDNA contains two canonical sites for N-linked glycosyl-
ation, and digestion with limiting amounts of N-glycanase
revealed the presence of two N-linked oligosaccharides.
There was no evidence for O-linked glycosylation of the
22-kDa CSF-1 subunit; the molecule was completely resis-
tant to digestion by O-glycanase before (Fig. 5A, lane 2) or
after incubation with either neuraminidase alone (Fig 5A,
lane 4) or neuraminidase and N-glycanase (Fig. 5A, lane 7).
Similar digestions of the 34-kDa plasma membrane-bound
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FIG. 5. Carbohydrate composition of secreted CSF-1 products
encoded by the human cDNAs. (A) 1.6-kb human cDNA; (B) 4-kb
human ¢cDNA. Radiolabeled CSF-1 was obtained from the culture
medium of NIH-3T3 cells expressing the corresponding human
cDNA. Medium was collected 3 h after lactoperoxidase-catalyzed
cell surface iodination (A) or metabolic labeling with [>*S]methio-
nine (B). Samples were immunoprecipitated with antibody to CSF-
1, and the immune complexes were incubated in the absence (—) or
presence (+) of the indicated glycosidic enzymes, as described in
Materials and Methods. Products were then separated by SDS-
PAGE and detected by autoradiography of the dried gel. The
mobilities of the major glycosylated and deglycosylated products are
indicated at the left and right margins, respectively.
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form of the 1.6-kb ¢cDNA product revealed an identical
pattern of sensitivity to glycosidic digestion; removal of the
two N-linked oligosaccharide chains yielded 23-kDa mole-
cules that comigrated with the unglycosylated product la-
beled in the presence of tunicamycin (data not shown).

In contrast, soluble 43-kDa CSF-1 subunits produced by
NIH-3T3 cells expressing the 4-kb cDNA appeared to con-
tain both N- and O-linked oligosaccharide chains (Fig. 5B).
Treatment with O-glycanase alone (Fig. 5B, lane 2) did not
alter the apparent molecular size of the 43-kDa subunit.
However, neuraminidase digestion (Fig. 5B, lane 3) resulted
in a detectable decrease in the apparent molecular weight of
the CSF-1 product, and sequential incubation with neur-
aminidase and O-glycanase (Fig. 5B, lane 4) further reduced
the size of the molecule. These results suggest that the
43-kDa molecule contains O-linked carbohydrate chains
with terminal sialic acid residues which must be removed for
the chains to be efficiently cleaved by O-glycanase. The
presence of N-linked oligosaccharides on the 43-kDa CSF-1
molecule was further demonstrated by a decrease in the size
of a subset of molecules after incubation with N-glycanase
(Fig. 5B, lane 5). Sequential digestion with neuraminidase
and N-glycanase (Fig. 5B, lane 6) further reduced the
apparent molecular weights of these products, probably
because of the cleavage of both N-linked oligosaccharides
and terminal sialic acids on the O-linked chains. The smallest
CSF-1 product obtained after removal of both O- and N-
linked sugars by combined digestion with neuraminidase,
O-glycanase, and N-glycanase (Fig. 5B, lane 7) was about 26
kDa. In these experiments, prior removal of the O-linked
carbohydrate generally rendered the N-linked oligosaccha-
rides more accessible to cleavage by N-glycanase.

The results of similar analyses performed with soluble
36-kDa CSF-1 subunits obtained after metabolic labeling of
the 4-kb cDNA product in the presence of tunicamycin (cf.
Fig. 1 and 5) suggested that the subunits contained O-linked
sugars with terminal sialic acids, on the basis of their
sensitivity to combined digestion with neuraminidase and
O-glycanase (data not shown). As expected, these molecules
lacked detectable N-linked oligosaccharide chains and were
resistant to N-glycanase. The size of the deglycosylated
soluble CSF-1 obtained from tunicamycin-treated cells after
neuraminidase and O-glycanase digestion was 26 kDa, iden-
tical to that derived by combined digestion of the 43-kDa
molecule with all three enzymes (Fig. 5B, lane 7).

The secreted 43-kDa CSF-1 subunit was sensitive to
N-glycanase but resistant to endoglycosidase H, a result
demonstrating that the N-linked oligosaccharides underwent
processing to complex carbohydrate chains prior to secre-
tion. By contrast, the cell-associated 70-kDa precursor was
sensitive to digestion with both N-glycanase (Fig. 2A) and
endoglycosidase H (data not shown), with digestion yielding
molecules that comigrated with the 62-kDa intracellular form
labeled in the presence of tunicamycin in each case. These
results demonstrated that the intracellular 70-kDa precursor
contained N-linked oligosaccharides of the high-mannose
type, a characteristic typical of immature glycoproteins in
the endoplasmic reticulum. The 70-kDa form was also com-
pletely resistant to neuraminidase and O-glycanase, a fact
indicating that the uncleaved precursor does not undergo
addition of O-linked sugars before its N-linked chains are
processed to complex oligosaccharides. The results suggest
that the latter carbohydrate modifications take place near the
time of proteolytic cleavage and just prior to the secretion of
the soluble product.

The immunoprecipitable 200-kDa molecule exhibited a
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pattern of sensitivity to glycosidic enzymes different from
that of the soluble 43-kDa CSF-1 subunit (Fig. 5B). Digestion
with O-glycanase alone resulted in a marked reduction in the
apparent molecular size of the 200-kDa species (Fig. 5B, lane
2). In addition, incubation with neuraminidase alone (Fig.
5B, lane 3) yielded a more rapidly migrating form. Digestion
with both neuraminidase and O-glycanase (Fig. 5B, lane 4)
further reduced the apparent molecular size of the product to
ca. 110 kDa. In contrast to the cell-associated and secreted
forms of the 4-kb CSF-1 cDNA product, the 200-kDa mole-
cule was not sensitive to N-glycanase (Fig. 5B, lane 5) even
after previous incubation with either neuraminidase (Fig.
5B, lane 6) or neuraminidase and O-glycanase (Fig. 5B, lane
7). In the latter instance, the molecules exhibited the same
electrophoretic mobility as that of the products derived from
the corresponding digestions without N-glycanase. These
results suggest that the 200-kDa molecule consists of a
glycosylated polypeptide whose carbohydrate component
includes both terminal sialic acid residues and exposed sugar
linkages sensitive to O-glycanase but lacks N-linked oligo-
saccharides. Even after digestion with neuraminidase and
O-glycanase, the products derived from the 200-kDa mate-
rial migrated as diffuse bands in the gels, a result suggesting
that they contained additional posttranslational modifica-
tions that contributed to their size heterogeneity.

The immune complexes from culture medium of [>°S]
methionine-labeled cells (Fig. 5) contained variable amounts
of a ca. 90-kDa molecule that was also nonspecifically
precipitated by a control myeloma protein. Like the 200-kDa
material, this background band was resistant to N-glycanase
but sensitive to neuraminidase and O-glycanase, yielding a
ca. 60-kDa product after combined digestion with the latter
enzymes.

DISCUSSION

The 4-kb human CSF-1 cDNA encodes a polypeptide that
includes all 256 amino acids specified by the 1.6-kb clone
with an additional segment of 298 residues inserted on the
amino-terminal side of the transmembrane segment (7, 33).
The presence of these additional amino acids alters the
mechanism by which the soluble CSF-1 growth factor is
generated from the corresponding membrane-bound precur-
sor. In the present study, the human CSF-1 cDNAs were
cloned into a retroviral vector and expressed in NIH-3T3
cells. Very similar results are reported in the accompanying
article by Manos (8a), who expressed the human 4-kb cDNA
coding sequences in mouse C127 cells via a bovine papilloma
virus vector. The primary translation products of both the
1.6- and 4-kb cDN As undergo addition of N-linked oligosac-
charides and rapid assembly into dimers maintained by
disulfide bonds. The membrane-associated precursor en-
coded by the 1.6-kb clone is stably expressed at the cell
surface where low levels of the soluble growth factor are
slowly released by proteolytic cleavage (19). Proteolysis of
the cell-associated product of the 4-kb clone takes place
rapidly and results in efficient secretion of an extracellular
growth factor. In contrast to the product of the 1.6-kb
cDNA, membrane-bound forms encoded by the 4-kb clone
were not detected at the cell surface. Moreover, the intra-
cellular 70-kDa subunit encoded by the 4-kb ¢cDNA con-
tained only immature N-linked carbohydrate chains and
lacked complex N- and O-linked sugars, results suggesting
that oligosaccharide processing and proteolytic cleavage
take place intracellularly immediately prior to the secretion
of the soluble 86-kDa homodimer. Evidence in support of
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this hypothesis is the previous finding that cleavage of
proinsulin occurs within secretory vesicles after the mole-
cule exits the Golgi complex (12).

The secreted CSF-1 molecules produced from the 1.6- and
4-kb cDNAs differed in both the lengths of their polypeptide
chains and their carbohydrate moieties. Both processed
forms contained N-linked sugars consisting of complex
endoglycosidase H-resistant oligosaccharides. The N-linked
carbohydrate does not appear to be required for the trans-
port and secretion of the 4-kb cDNA product because
soluble molecules lacking N-linked chains were recovered
from the medium in the presence of tunicamycin. However,
the soluble 43-kDa molecule encoded by the 4-kb cDNA also
apparently contains O-linked carbohydrate, which was not
detected in the secreted 22-kDa subunit derived from the
smaller clone. Cleavage of N-linked oligosaccharides from
the soluble 22-kDa molecule yielded a 19-kDa polypeptide
that was very similar in size to the deglycosylated product
obtained from a truncated form of CSF-1 predicted to
contain 158 amino acids (4). Removal of N- and O-linked
sugars from the 43-kDa subunit yielded a 26-kDa product.
This result indicates that the secreted polypeptide encoded
by the 4-kb cDNA is longer than that of the 1.6-kb clone and
is in agreement with the finding of Wong et al. (33) that the
carboxyl-terminal amino acids are derived from the inserted
coding sequences in the 4-kb clone. This unique 298-amino-
acid segment encoded by the 4-kb cDNA contains several
serine and threonine residues that might serve as attachment
sites for O-linked carbohydrate chains. Differences in the
cleavage sites within the two CSF-1 precursors also appear
to be responsible for the more rapid rate of secretion of the
larger soluble product.

The immunoprecipitation of culture medium from NIH-
3T3 cells expressing the human 4-kb cDNA with antibody to
CSF-1revealed 43-kDa subunits and a diffuse band of ca. 200
kDa. The latter molecule was apparently a heavily O-
glycosylated polypeptide that lacked detectable N-linked
carbohydrate. We think that the 200-kDa material is specif-
ically associated with the 43-kDa CSF-1 molecule because it
was not observed in immunoprecipitates of culture medium
from untransfected cells. The 200-kDa material was also
immunoprecipitated with the 4-kb human ¢cDNA product
secreted by mouse C127 cells (8a). In previous studies, the
200-kDa molecule was not detected in precipitates of culture
medium from cells expressing the 1.6-kb cDNA, although
this result may have been due to the relatively low levels of
soluble CSF-1 obtained by [>*S]methionine labeling of these
cells (19). However, the 200-kDa material was also not
immunoprecipitated from culture supernatants of C127
mouse cells producing high levels of a soluble truncated
product generated by the premature termination of the
smaller CSF-1 precursor (4). At present, we cannot formally
exclude the possibility that the 200-kDa material is a form of
the 4-kb CSF-1 cDNA product that undergoes additional
posttranslational modifications. However, insufficient
[>’SImethionine was incorporated into the cell-associated
70-kDa CSF-1 molecule during pulse-chase analyses to ac-
count for recovery in both the soluble 43-kDa subunit and
the secreted 200-kDa molecule, and a larger cell-associated
product was not observed in the present study. The 200-kDa
molecule may represent a cellular proteoglycan that binds
the soluble CSF-1 homodimer in a manner analogous to that
observed for heparin binding to fibroblast growth factors.

The physiological significance of the two human CSF-1
transcripts is presently unknown. Although the 4-kb mRNA
is the predominant form detected in a variety of cell lines,
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the production of biologically active CSF-1 is correlated with
the appearance of smaller transcripts in at least one inducible
system (18). Additional transcripts formed by alternate splic-
ing have been molecularly cloned and differ only in their 3’
untranslated sequences (7). Two mRNAs of the correspond-
ing sizes are differentially expressed in various normal
murine tissues (16), and the smaller transcript is the predom-
inant one detected in pregnant-mouse uterus, in which
CSF-1 is believed to have a role in placental development
(15). However, the 2- and 4-kb CSF-1 cDNAs cloned from
mouse L cells both encode the larger precursor and differ
primarily in their 3’ untranslated sequences (7a). Thus, a
murine CSF-1 product corresponding to the 256-amino-acid
human protein has not yet been identified. The growth
factors produced by the 1.6- and 4-kb human cDNAs were
both biologically active in stimulating the proliferation of
mononuclear phagocytes, and both transformed NIH-3T3
cells when coexpressed with the human c-fms gene. It is
possible that the soluble products of the two cDNAs may
differ with respect to their ability to elicit the full spectrum of
pleiotropic responses induced by CSF-1. The fact that one
mRNA codes for a rapidly secreted molecule whereas an-
other produces primarily a plasma membrane-bound form
suggests that CSF-1 can function both in cell-to-cell interac-
tions and by paracrine or endocrine mechanisms.
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