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Human Macrophage Colony-Stimulating
Factor Heterogeneity Results From
Alternative mRNA Splicing, Differential
Glycosylation, and Proteolytic Processing

P.J. Shadie, L. Aldwin, D.E. Nitecki, and K. Koths
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The single gene for human macrophage colony-stimulating factor (M-CSF, or
CSF-1) generates multiple mRINA species that diverge within the coding region.
We have characterized translation products of these mRNA species from native
and recombinant sources. Immunoblots of reduced native M-CSF indicate that
multiple glycosylated species ranging from 25 kd to 200 kd are secreted by
human monocytes and cell lines. In contrast, CV-1 cells expressing a short M-
CSF clone secrete only 24 kd recombinant M-CSF. Synthetic peptide antibodies
were developed to distinguish between secreted recombinant M-CSF from long
and short mRNA splicing variants. Immunoblot analysis indicates that alterna-
tive mRNA splicing generates some M-CSF protein heterogeneity. Most
secreted MIA PaCa-2 M-CSF reacts with long-clone-specific antibody. Lectin
affinity chromatography shows that variable glycosylation contributes signifi-
cantly to MIA PaCa-2 M-CSF size heterogeneity. In addition, cell lysates also
contain larger M-CSF species that apparently undergo proteolytic processing
before secretion. The data indicate that M-CSF protein heterogeneity results
from both pre- and post-translational processing.
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Macrophage colony-stimulating factor (M-CSF), also known as CSF-1, is a
hematopoietic growth factor that induces proliferation and differentiation of cells of
the monocyte/macrophage lineage [1,2]. Although evidence for only a single M-CSF
gene has been reported 3], considerable heterogeneity in M-CSF mRNA has been
detected in certain cell lines [3,4]. Several cDNA clones have been isolated and
sequenced. The results indicate that alternative mRNA splicing occurs within the cod-
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ing region of exon 6 [5,6]. The degree to which this mRNA variability is reflected in
heterogeneous M-CSF translation products is presently unclear. Human urinary
M-CSF has been reported to be a glycosylated homodimer composed of 23 to 28 kd
subunits [5,7-11]. Both human and mouse M-CSF have also been purified from cul-
ture supernatants of cell lines, and the reported size of the dimeric molecule was about
68 kd [12-18]). M-CSF has been estimated to contain 10-50% carbohydrate by
weight [16] and some size heterogeneity reported for mouse L cell M-CSF was pre-
sumed to reflect glycosylation heterogeneity [19]. Comparison of M-CSF protein and
c¢DNA sequences indicates that M-CSF precursor proteins undergo glycosylation as
well as proteolytic processing that removes a leader sequence and a C-terminal
domain that contains a membrane-spanning domain [3,5,6,20-22]. Cell-associated
M-CSF protein has been detected in detergent lysates of cells by radiocimmunoassay
(RIA) [2,23], but has not been further characterized.

Although antibodies to native, dimeric human M-CSF have been developed pre-
viously [7,16,24], they were not capable of detecting reduced human or mouse
M-CSF on immunoblots. Recently, using recombinant human M-CSF (rM-CSF) as
the antigen [22] (Kawasaki et al., submitted), high-titer, specific rabbit antisera have
been developed that detect reduced as well as nonreduced M-CSF on immunoblots.
Such rM-CSF antibodies have allowed detection and characterization of M-CSF spe-
cies that were not described in previous studies. Using antibodies to rM-CSF, as well
as antibodies to synthetic peptides of M-CSF sequences, we have analyzed M-CSF
protein made by human cell lines and primary cultures of monocytes. We show here
that M-CSF secreted from various sources displays a range of size that is much wider
than is commonly seen in products of a single gene. Cell-associated M-CSF was also
characterized and shown to differ from secreted M-CSF in size. The data suggest that
variability in mRNA splicing, glycosylation, and proteolytic processing generate this
unusual protein heterogeneity.

MATERIALS AND METHODS
Synthetic Peptides

In order to develop antibodies specific for the protein products of alternative M-
CSF mRNA splicing, two predicted amino acid sequences were chosen from the long
and short coding region cDNA clones. Peptide I spanned predicted amino acids 146
159 of the mature coding region of the short cDNA clone and had the sequence: Cys-
Ser-Ser-GIn-Gly-His-Glu-Arg-Gln-Ser-Glu-Gly-Ser-Ser. Peptide II spanned pre-
dicted amino acids 171183 of the long M-CSF cDNA clone with a Cys residue added
at the C-terminus, and had the sequence Ala-Ser-Val-Ser-Pro-His-Gln-Pro-Leu-Ala-
Pro-Ser-Met-Cys. Figure 3 indicates the positions of peptides I and II in the coding
region of each M-CSF cDNA clone.

Peptides were synthesized by the solid-phase method [25] on a Biosearch 9500
automated peptide machine, cleaved with hydrogen fluoride, and purified by prepara-
tive HPLC using a Waters Delta Prep 3000 instrument, on a 15-20 um Vydac C4
PrepPAK column. Cysteine, either in the natural sequence (peptide I) or added at the
C-terminal end of the sequence (peptide I1), was used to crosslink the peptides to pro-
tein carriers or to activated Sepharose for affinity purification of antisera. For immu-
nization, keyhole limpet hemocyanin (KLH, Calbiochem, La Jolla, CA) was conju-
gated to purified peptides with the heterobifunctional agent mal-sac-cHNSA (the
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N-maleimido-6-aminocaproyl ester of 1-hydroxy-2-nitro-4-benzenesuifonic acid) as
previously described [26]. Bovine serum albumin (BSA) peptide conjugates were pre-
pared similarly and used to assay immunoglobulin production and specificity.

Peptide Columns for Affinity Purification

Omega-aminohexyl-Sepharose 4B containing 2-10 wmol amino group/ml
(Sigma, St. Louis, MO) was swelled in 0.1 M phosphate buffer, pH 7.5. A threefold
molar excess of mal-sac-HNSA over amino groups was added and anion release mon-
itored as described for 30 min or until reaction ceased [26]. The gel was washed with
0.1 M phosphate, pH 6.0, until the yellow color eluted. Peptide was added at a twofold
molar excess over amino groups on the gel, and the gel was incubated on a gently
rocking shaker at 4°C for 24 h to react free sulfhydryl groups on the peptide with
maleimido groups on the resin. The gel was washed with phosphate-buffered saline,
pH 7.2 (PBS), followed by 0.5 M NaCl in PBS to remove uncoupled peptide, and was
stored at 4°C in PBS containing 0.02% azide. The final packed gel had 0.1-2.0 umol
per mi of covalently bound peptide.

Development of Rabbit Antibodies

M-CSF antibodies. A cDNA clone of M-CSF [3], truncated in the coding
region at predicted amino acid 150 of the mature protein, was expressed in Escheri-
chia coli (Kawasaki et al., submitted). Two rabbits were immunized with 250 ug of
purified rM-CSF in complete Freund’s adjuvant and boosted after 28 days and at 14
day intervals thereafter with 100 ug of rM-CSF in incomplete Freund’s adjuvant.
Antisera were collected after 3 boosts. IgG was purified by affinity chromatography
on protein A agarose (Pharmacia, Piscataway, NJ), following manufacturer’s instruc-
tions. This antibody is referred to as rM-CSF antibody.

Peptide antibodies. Peptide/KLH conjugates were dissolved in PBS, emul-
sified in Freund’s complete adjuvant, and 500 ug of each were injected into the axial
lymph nodes of rabbits. Boosting was done similarly with 250 ug of antigen in incom-
plete Freund’s adjuvant, and sera were collected 7 days after each boost. Sera were
screened for reactivity with peptide-BSA conjugates on dot-blots. After 5-6 boosts,
positively reacting IgG was purified on protein A-Sepharose and then affinity-purified
on peptide-Sepharose columns. Briefly, [gG was applied to a 10 ml peptide-Sepharose
column equilibrated in PBS, pH 7.2. The column was washed with PBS until the
absorbance of the effluent returned to baseline, then with 1 M NaCl to remove non-
specifically absorbed material. Antipeptide IgG was eluted with 0.1 M glycine-HCI
buffer, pH 2.5, neutralized with 1 M Tris-HCI, pH 8.3, and dialyzed into Tris-buff-
ered saline (TBS), pH 7.5. Aliquots were stored at —20°C at 2 mg/ml until use.

M-CSF Bioassay and RIA

M-CSF bioactivity was determined in a colony-forming assay performed on
mouse bone marrow cells [3]. Colonies were counted after 7 days of culture, and 1
colony was defined as 1 unit of M-CSF activity. M-CSF was also detected by RIA,
performed as described previously [14,27], using purified MIA PaCa-2 M-CSF as a
standard and a rabbit antibody to human urinary M-CSF [2,4,14}. RIA results are
reported in equivalent units/ml, calculated from calibration of the MIA PaCa-2
M-CSF standard in the colony-forming bioassay [2,3].
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Cell Culture

Pancreatic carcinoma cell lines MIA PaCa-2 and PANC-1 were obtained from
the American Type Culture Collection (Rockville, MD) and cultured as described
previously [14,27]. M-CSF production was induced in MIA PaCa-2 cells cultured in
roller bottles in serum-free Dulbecco’s MEM (DMEM) containing phorbol myristate
acetate (PMA, 10 ng/ml) and retinoic acid (10 umol/L) as described [14]. Culture
medium containing M-CSF was collected after 3 days. PANC-1 cells were cultured in
T-flasks in DMEM containing 10% fetal calf serum (FCS), and culture medium con-
taining M-CSF was collected after 34 days. The HL-60 human leukemia cell line
was propagated in T-flasks in DMEM containing 10% FCS; M-CSF production was
stimulated in serum-free medium using PMA (10 ng/ml) {28]. Culture medium con-
taining M-CSF was collected after 2-3 days.

Human monocytes were purified from peripheral blood of normal donors by
sequential density gradient centrifugation in Ficoll and Percoll followed by adherence
[28]. Contamination of purified monocytes with other cells was typically 5% or less.
Monocytes were cultured in T-flasks in MEM containing PMA (107" M) for 24 h,
and culture medium containing M-CSF was collected.

The CV-1 cell line was transformed with a plasmid containing an M-CSF cod-
ing sequence under control of the SV40 T promoter [29]. rM-CSF expression was
initiated by infection with SV40 virus as described, and cell supernatants were har-
vested 4 days later. rM-CSF was purified as described previously, using batch adsorp-
tion to DEAE-Sepharose, affinity chromatography on lentil lectin agarose, and hydro-
phobic interaction HPLC [22].

Cell extracts were made by washing adherent cell layers gently with PBS and
extracting in situ with cold 50 mM Tris-HCI, pH 8.0, containing 50 mM NaC]j, 10
mM EDTA and 0.5% Triton X-100. Fresh phenylmethylsulfonylfluoride (0.2 mM)
(PMSF) and leupeptin (5 ug/ml) were added to inhibit proteolysis, and extraction
was performed on ice for 10 min. One milliliter of extraction buffer contained about
2-4 x 10’ cells. Extracts were clarified by centrifugation at 12,000g and immediately
prepared for RIA by dilution into assay buffer (50 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 0.1% NP-40, 1 mg/ml BSA), or for SDS-PAGE by boiling in SDS gel sample
buffer containing 1% mercaptoethanol. The cell extraction buffer did not affect the
RIA. All samples except those from CV-1 cells were concentrated by trichloroacetic
acid (TCA) precipitation prior to electrophoresis.

Partial Purification of MIA PaCa-2 M-CSF

MIA PaCa-2 M-CSF was purified by a modification of the method described
previously [14]. Briefly, culture supernatants were treated with PMSF (0.2 mM) and
leupeptin (1 ug/ml) to inhibit protease activity. M-CSF was purified by adsorption on
calcium phosphate gel, followed by lectin affinity chromatography and immunoaffin-
ity chromatography. Lectin affinity chromatography was performed on lentil lectin
agarose (LcH; E-Y Labs, Burlingame, CA), on wheat germ agglutinin agarose
(WGA; E-Y Labs), or on a mixed-bed column of both lectins. The mixed-bed column
was made by mixing the two lectin agarose preparations (25 ml of each gel) prior to
pouring the column. Lectin columns were equilibrated in Tris-buffered saline (TBS,
50 mM Tris-HCI, pH 7.5, 200 mM NacCl). The glycoprotein fraction containing M-
CSF was eluted from LcH using 0.1 M alpha-methylmannoside, and from WGA



M-CSF (CSF-1) Protein Heterogeneity JCB:95

using 0.1 M N-acetyl-D-glucosamine in TBS. The mixed-bed column was eluted with
TBS containing 0.1 M of each sugar. Eluates were monitored for protein by absorb-
ance at 280 nm, and for M-CSF using RIA. Lectin eluates were dialyzed to remove
alpha-methylmannoside, which was toxic in the colony-forming assay. M-CSF was
further purified by immunoaffinity chromatography using a rat monoclonal antibody
to mouse M-CSF coupled to CNBr-activated agarose [14].

immunobiotting

Dilute samples were enriched for M-CSF by 10% TCA precipitation or by selec-
tive batch precipitation with lectin-agarose gels (E-Y Labs). Both concanavalin A and
wheat germ agaroses were used. The TCA precipitate or glycoprotein fraction, con-
taining M-CSF, was eluted using 1% SDS in 0.2 M Tris-HCI, pH 6.8, and applied
directly to SDS gels after boiling and reduction with 1% mercaptoethanol. Control
samples containing lectin agaroses and media were treated identically and electropho-
resed in parallel. SDS-PAGE was done by the method of Laemmli [30].

Immunoblotting was done by the method of Burnette [31]. M-CSF antigen was
visualized by autoradiography after either 1) using rabbit antiserum to E. coli recom-
binant M-CSF followed by ['*I]-labeled goat antirabbit IgG (New England Nuclear,
Boston, MA); 2) using anti-rM-CSF IgG or anti-peptide IgG labeled with [**I] using
the chloramine-T method as described below. Preimmune serum was used in the two-
antibody development protocol as a control and showed that binding was specific for
M-CSF. The single-step method was used on partially purified samples expected to
contain IgG that might give a false positive signal.

Rabbit anti-M-CSF IgG and antipeptide IgG were purified as described and
radiolabeled with 1 mCi of carrier-free ['*°I] in 100 ul of 0.1 M NaPQ, buffer, pH 7.5
[32]. Chloramine-T (Sigma, 5 mg/ml, St. Louis, MO) was added in three 10-gl por-
tions over 3 min, and the reaction proceeded on ice for 5 min. Reaction was stopped
with 30 ul of sodium metabisulfite and potassium iodide (10 mg/ml) followed by addi-
tion of 1.9 ml of buffer containing 0.2% heat-inactivated BSA. Free ['*I] was
removed by overnight dialysis against 4 x 2 liters of PBS. Using this protocol, IgG was
labeled to a specific activity of over 107 cpm/ug and the dialyzed pool was 95% TCA-
precipitable. About 100 units of M-CSF were detectable in a single band on an immu-
noblot that was developed as described, using either the one-step or the two-step
method.

RESULTS
immunoblot Analysis of Secreted Human M-CSF

Multiple species of M-CSF protein were observed when secreted M-CSF from
different human cell types was examined on immunoblots (Fig. 1). PANC-1, a pan-
creatic carcinoma cell line, secreted species which migrated at about 68 kd and 100 kd
to 200 kd on nonreducing SDS-PAGE (Fig. 1, lane A). Both species were altered by
reduction (lane B). The data suggest that the 68 kd band was reduced to an apparent
subunit molecular weight of 35 kd, while the 100 kd to 200 kd smear ran at about 100
kd. The 68 kd species was apparently dimeric, as expected for M-CSF, while the
larger species behaved as if it were heterogeneous. Because the rtM-CSF antibody
used here reacts differently with dimeric and reduced monomeric M-CSF (Kawasaki
et al., submitted), a quantitative comparison of the bands in lanes A and B was not
possible.
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Fig. 1. Comparison of M-CSF protein secreted by different cell types in vitro. Immunoblot of two 10%
SDS gels, both developed with ['*I)-labeled anti-rM-CSF IgG. Lane A: PANC-1 secreted M-CSF
(2,000 units), nonreduced sample. Lane B: PANC-1 M-CSF, reduced (2,000 units). Iodoacetamide (50
mM) was added to both samples A and B before electrophoresis. Lane C: Reduced MIA PaCa-2
secreted M-CSF, purified by calcium phosphate, mixed-bed lectin affinity chromatography, and immu-
noaffinity chromatography as described in Materials and Methods. Lane D: Reduced monocyte
M-CSF. Lane E: Reduced HL-60 M-CSF. Lane F: Reduced, purified CV-1 cell rM-CSF. Cells were
cultured as described, and samples in lanes A, B, D, and E were enriched for M-CSF by batch etution
from a mixture of lentil lectin and wheat germ agglutinin agaroses.

MIA PaCa-2 M-CSF was also heterogeneous, with several distinct species rang-
ing in size from about 24 kd to over 100 kd under reducing conditions (Fig. 1, lane C).
All of the bands were identified as M-CSF because 1) blot strips of the same sample
developed in parallel with preimmune IgG did not show any reaction with antibody,
and 2) absorption of the rM-CSF antibody with purified rM-CSF before blot develop-
ment removed the signal. M-CSF species secreted by cultured peripheral blood mono-
cytes and HL-60 cells were also analyzed under reducing conditions and gave complex
patterns (Fig. 1, lanes D,E, respectively). In contrast to the multiple bands of non-
recombinant M-CSF protein, rM-CSF expressed from a cDNA with a short coding
region [3] in CV-1 cells had an apparent Mr of 24 kd (Fig. 1, lane F) {22].

MIA PaCa-2 M-CSF is Heterogeneous in Glycosylation

Previously, M-CSF was reported to be a single 24 kd species on reducing SDS-
PAGE when purified from cells induced by the same method used here [14]. How-
ever, the use of a lectin affinity column in this and several other similar purifications
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apparently resulted in single-step losses of 50% or more [2,14,16,33]. To improve the
yield of M-CSF activity and to determine whether glycosylation heterogeneity
explained the consistently low yields, we investigated the behavior of MIA PaCa-2
M-CSF on different lectin affinity columns. Lentil lectin (LcH), which recognizes
alpha-mannose residues, binds many glycoproteins having N-linked carbohydrate
moieties. LcH may, however, fail to bind N-linked carbohydrate that is highly sialy-
lated. Such N-linked species are generally able to bind to wheat germ agglutinin
(WGA), which recognizes N-acetylglucosamine (GlcNAc) and sialic acid residues.
WGA also is able to recognize O-linked carbohydrate moieties. These lectins were
chosen as most likely to bind glycoproteins having the N-linked, complex carbohy-
drate moieties which have previously been suggested to be present in M-CSF
[16,34].

Table I shows that a significant fraction of M-CSF activity bound specifically to
either LcH agarose (row 1) or to WGA agarose (row 2). The WGA-binding fraction
was distinct from the LcH-binding fraction because all detectable M-CSF present in
the LcH-unbound fraction bound to WGA agarose (Table I, row 3). In contrast,
neither unbound fraction bound to the same column when reapplied (rows 4 and 5).
Further, M-CSF activity bound quantitatively to a mixed-bed column of both lectin
agaroses, doubling the yield of this purification step (Table I, row 6). Both WGA and
LcH-binding fractions contained bioactive M-CSF, as determined by activity in a
mouse bone marrow colony-forming assay [27].

Since differences in terminal decoration of carbohydrate chains of glycoproteins
affect their charge and apparent size, as well as lectin-binding, we performed immu-
noblot analyses of MIA PaCa-2 M-CSF eluted from the lectin columns described
above. Figure 2 shows that M-CSF in the mixed-bed lectin column eluate (lane A)
was more heterogeneous than M-CSF eluted from wheat germ lectin (lane B) or
M-CSF eluted from lentil lectin (lane C). M-CSF in the mixed-bed lectin column
eluate closely resembled M-CSF in the original supernatant that was purified by an
alternate method employing controlled pore glass [47], (not shown). Thus, variable

TABLE I. MIA PaCa-2 M-CSF Glycosylation Heterogeneity Analysis by Lectin
Affinity Chromatography*

% M-CSF (RIA) Recovered

Sample Applied to— Unbound Bound & eluted
1 CaPO, eluate Lentil lectin® 44 40
2 CaPO, eluate Wheat germ® 36 52
3 LcH unbound Wheat germ® 0 90
4 LcH unbound Lentil lectin® 96 1
5 WGA unbound Wheat germ® 94 2
6 CaPOQ, eluate Mixed bed LcH + WGA 0 85

*MIA PaCa-2 cells were cultured in serum-free medium as described in Materials and Methods, and
conditioned medium (6 liters) was partially purified on calcium phosphate gel [14]. Lectin affinity chro-
matography was performed on aliquots of the calcium phosphate pool as described. M-CSF activity in
the unbound and the specifically eluted fractions was determined by RIA of serial twofold dilutions of
the sample. Data are reported as percent of the applied activity.

*LcH binds N-linked carbohydrate (except highly sialylated); specific for alpha-mannose.

"WGA binds N- and O-linked carbohydrate; specific for N-acetyl-D-glucosamine or sialic acid.
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Fig. 2. Immunoblot of a reduced 10% SDS gel of MIA PaCa-2 M-CSF fractions from lectin affinity
columns, developed with anti-rM-CSF rabbit antiserum and ['*]-labeled goat antirabbit IgG. Aliquots
of a calcium phosphate gel eluate of partially purified MIA PaCa-2 M-CSF were applied to lectin col-
umns; the bound and eluted fraction from each column (see Table I) was concentrated by ultrafiltration
and applied to SDS-PAGE. Lane A: Mixed-bed LcH/WGA column eluate. Lane B: LcH column
cluate. Lane C: WGA column eluate.

glycosylation is the apparent cause of some of the MIA PaCa-2 M-CSF heterogeneity
seen on immunoblots.

M-CSF Protein Heterogeneity Generated by Alternative mRNA Splicing

Alternative mRNA splicing has been shown to occur in the coding region of
exon 6 of M-CSF, and cDNA clones coding for two divergent amino acid sequences
have been sequenced [3,5,6]. The protein heterogeneity we observed on immunoblots
might have resulted from alternative mRNA splicing as well as from the glycosylation
heterogeneity indicated by the lectin binding data. Because of differential glycosyla-
tion of M-CSF, molecular weight on SDS-PAGE was not sufficient to determine
polypeptide chain length. In order to determine whether M-CSF protein heterogeneity
reflected alternative mRINA splicing, we developed antibodies specific for the protein
products of long and short cDNA clones (see Fig. 3). The long cDNA clone codes for a
554-amino acid M-CSF precursor [5,6] while the short cDNA clone codes for a 256
amino acid precursor [3].

Small peptides have been shown to be useful immunogens in generating poly-
clonal antibodies to defined areas of a polypeptide sequence [35]. Potentially antigenic
sequences were selected from M-CSF amino acid sequences in regions known to be
present in post-translationally processed M-CSF from long or short clones. The
regions chosen were distant from N-linked glycosylation sites which might mask pep-
tide epitopes in glycosylated M-CSF molecules. The peptide antigens were conjugated
to protein carriers and injected into the lymph nodes to maximize immunogenicity.

Two peptides were used to raise site-specific rabbit antibodies. Peptide I spanned
predicted amino acids 146-159 of the mature protein specified by the short cDNA
clone of M-CSF. Figure 3 shows a diagram of the M-CSF protein species predicted
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Fig. 3. Diagram of short and long prepro-M-CSF species, as predicted from cDNA clone sequencing,
with synthetic peptides I and II highlighted. Diagram of proposed structure of M-CSF subunit as pre-
dicted from ¢cDNA sequencing and N-terminal sequence analysis of protein. Short clone [3] and long
clone [5,6] share identical amino acid sequences for the leader, amino acids 1-149, and the 74 amino
acid C-terminal region. Long clone contains an additional 298 amino acids after amino acid 149 of the
mature protein sequence that are not in short clone, due to alternative mRNA splicing in exon 6 [5,6]. ?
indicates predicted sites of N-linked glycosylation; H indicates the region of hydrophobic amino acids, a
putative transmembrane domain [3]. Arrows indicate specific proteolytic processing sites reported for
short clone [22] and long clone [5].

from sequencing of human M-CSF ¢cDNA clones, with arrows indicating apparent
proteolytic cleavage sites [3,5,6]. When the short cDNA clone was expressed in CV-1
monkey cells, the secreted protein ended at approximately amino acid 158 and con-
tained the peptide I sequence at its C-terminus [22]. In the long cDNA clone sequence
[5,6], the peptide I sequence is interrupted after the first four amino acids by a 298
amino acid insertion (See Fig. 3). Because the C-terminal proteolytic processing
site(s) for the long clone occurs within this 298 amino acid region and is therefore
N-terminal to the major portion of peptide I sequence [5], the processed, secreted long
form protein is not expected to contain the major antigenic epitope of peptide I.

Peptide II spanned predicted amino acids 171-183 of the coding region of the
long cDNA clone, which are contained in the 298 amino acid inserted region, and had
a Cys residue added for coupling purposes. Because its sequence is present in the long
cDNA clone only, peptide II antibody is expected to bind to long-clone-derived, but
not short-clone-derived, M-CSF protein species. Together with the rM-CSF antibody,
these peptide-specific antibodies permitted identification of the translation products of
long and short mRNA precursors.

Figure 4 shows a dot-blot of rM-CSF standards developed with these three anti-
bodies. Antibody to short clone rM-CSF recognized rM-CSF from both short and
long clones (lanes A and B, respectively). As expected, affinity-purified antibody to
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Fig. 4. Dot-blot of rM-CSF standards showing specificities of peptide antibodies. Samples (1 ul) were
spotted on nitrocellulose and developed with ['*I]-labeled rM-CSF IgG, peptide I IgG, and peptide II
IgG, as described for immunoblots in Experimental Procedures. Serial fivefold dilutions are shown of
the following samples. A: Short clone rtM-CSF (1.5 x 107 U/ml) secreted from CV-1 cells and purified
[22}]. B: Long clone rM-CSF (1 x 10’ U/ml), a truncated 221 amino acid form expressed and purified
from E. coli (Halenbeck et al., submitted). C: Purified peptide 1/BSA conjugate (0.04 mg/ml). D: Puri-
fied peptide I1/BSA conjugate (0.04 mg/ml).

peptide I reacted with rM-CSF purified from supernatants of CV-1 cells expressing
the short cDNA clone (lane A), and did not react with rM-CSF expressed from the
long cDNA clone (lane B). In contrast, affinity-purified antibody to peptide II did not
react with short-clone-derived rM-CSF (lane A), but did react with long-clone-
derived rM-CSF (lane B). Reactivity with peptide antibodies was specific for the
chosen sequences, since neither peptide antibody reacted with the other peptide (lanes
C, D) or with three other M-CSF synthetic peptides having unrelated sequences. In
addition, neither antibody reacted with a 150-amino acid C-terminally truncated rM-
CSF molecule expressed in E. coli, which did not contain peptide II sequence and
contained only the first four amino acids of peptide I (data not shown). Since the
major antigenic epitope of peptide I appears to be after amino acid 150, peptide 1
antibody is specific for secreted short-clone-derived M-CSF that has a C-terminus
after amino acid 150 of the mature protein.

Some native MIA PaCa-2 M-CSF species that reacted with rM-CSF antibody
(Fig. §, lane A) also reacted strongly with peptide II antibody (Fig. S, lane B). In
contrast, no signal was seen when the same MIA PaCa-2 M-CSF sample was devel-
oped with peptide I antibody under the same conditions (lane C). After tenfold con-
centration of the sample and development as before, a 25 kd band was seen (lane D).
Thus, secreted MIA PaCa-2 M-CSF (purified as described) contained predominantly
long clone (peptide II) epitope and therefore could not have been derived from the
short mRINA splice variant. The remainder reacted with short-form-specific anti-
body.
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Fig. 5. Most MIA PaCa-2 M-CSF protein reacts with long-clone-specific peptide II antibody. MIA
PaCa-2 M-CSF, purified by mixed-bed lectin chromatography and immunoaffinity, was immunoblot-
ted after 10% reducing SDS-PAGE. Lane A: Developed with ['**1]-labeled rM-CSF IgG. Lane B:
Developed with labeled peptide 11 antibody (specific for long form M-CSF). Lanes C,D: Developed with
labeled peptide I antibody (specific for short-form M-CSF). In lanes A—C, 2,000 units of M-CSF were
applied; in lane D, the same sample was concentrated using a Centricon-10 filter and 15,000 units were
applied to the gel. No M-CSF activity was detectable in the fraction which passed through the filter.

Cell-Associated M-CSF

As shown in Figure 3, both cDNA clones contain a putative transmembrane
region. To examine the possibility that proM-CSF forms might be detectable in the
cell fraction, we analyzed cell lysates by RIA and immunoblotting. Several research-
ers had detected M-CSF antigen in cell lysates by using RIA [23,24, reviewed in 2].
As Table II shows, detergent lysates of monocytes, HL-60, and MIA PaCa-2 cells
contain a small amount of RIA-detectable M-CSF. The amount detected represents
about 0.1-1% of total antigen in the culture, assuming a similar reactivity with anti-
body. The quantity of cell-associated M-CSF in monocytes increased with time in cul-
ture, and addition of PMA to the culture increased the levels of both cell-associated
and secreted M-CSF by 4-5-fold (Table IT). Lymphocytes isolated from peripheral
blood by adherence removal of monocytes did not contain RIA-detectable M-CSF.

Cell-associated M-CSF differed from secreted M-CSF in size and exhibited lit-
tle heterogeneity on immunoblots (compare Fig. 6 to Fig. 1, lanes D-F). In monocytes
and HL-60 cells, a single 60 kd species of M-CSF was seen on immunoblots of
reduced SDS gels (Fig. 6, lanes A,B). For comparison, CV-1 cells expressing the short
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Fig. 6. Cell-associated M-CSF analyzed on immunoblots. Immunoblot of a 10% reduced SDS gel,
developed using ['*I}-anti-CSF IgG. Samples prepared as described in Materials and Methods. Lane A:
Monocyte lysate. Lane B: HL-60 lysate. Lane C: Lysate from recombinant CV-1 cells expressing short-
clone form of M-CSF. Lane D: Sample of lane C, to which secreted CV-1 rM-CSF has been added.
Lane E: Secreted CV-1 rM-CSF.

form of rM-CSF having a predicted 224 amino acid sequence were extracted and ana-
lyzed and species of 24 kd and 30 kd were seen (Fig. 6, lane C). Addition of purified
secreted CV-1 rM-CSF to the cell-associated fraction (Fig. 6, lane D) showed that the
smaller species comigrated with secreted CV-1 rM-CSF (lane E) on SDS-PAGE. The
data suggest that rM-CSF is synthesized in these cells as a larger polypeptide which is
proteolytically processed to the secreted 24 kd form, as would be expected if it repre-
sented an intermediate in post-translational processing.

DISCUSSION

Alternative mRNA splicing within the coding region of M-CSF is predicted to
generate protein molecules that share a 32 amino acid leader sequence, a 149 amino
acid N-terminal region, and a 74 amino acid C-terminal region that contains a hydro-
phobic sequence [3,5,6]. Some M-CSF mRNA species apparently specify up to 298
amino acids of additional sequence that follows amino acid 149 of the mature protein.
C-Terminal proteolytic processing, which is thought to be necessary for secretion,
occurs some distance after amino acid 149 and apparently occurs at different sites
among the expressed products of the M-CSF splice variants [3,5,6].

We have shown that heterogeneous forms of human M-CSF protein are secreted
by several cell types in tissue culture. These forms react specifically with an antibody
to a truncated, 150 amino acid long, rM-CSF purified from E. coli (Kawasaki et al.,
submitted). This portion of the M-CSF sequence is present in the protein expressed
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TABLE II. Cell-Associated M-CSF Detectable by RIA*

M-CSF Concentration (RIA)

Cell lysate Medium

Cell type (units/ 10’ cells) (units/ml)
Blood monocyte

Freshly isolated 490 —

24 h 890 <50

24h + PMA 3,700 2,070
HL-60 cells

24h + PMA 2,400 1,360
MIA PaCa-2 cells

PMA + RA 90 1,400
Blood lymphocyte

24h + PMA <50 Not done

*Cells (5 x 107) were extracted on ice with buffer containing Triton X-100, as described in Materials
and Methods. Extracts were clarified and diluted immediately into buffer containing 1 mg/ml BSA for
RIA. (The RIA had a limit of detection of 50 units/ml.)

from all known cDNA clones of M-CSF and probably contains the domain required
for M-CSF receptor interaction (see Fig. 3) [3-6,20]. Expression of a truncated
c¢DNA clone coding for the N-terminal 150 or 158 amino acids of human M-CSF in
mammalian cells results in secretion of active rM-CSF protein (Kawasaki and
Ladner, personal communication) [36]. Recently, purification of a 158 amino acid
long rM-CSF from CV-1 cells expressing the short cDNA clone has confirmed that
such a truncated molecule has full biological activity {22]. The MIA PaCa-2 cell line,
from which M-CSF was originally cloned, secretes several M-CSF protein species
which are bioactive and partially separable using lectin affinity chromatography. Size
heterogeneity is also seen in native M-CSF from HL-60, PANC-1, and peripheral
blood monocytes cultured in vitro, suggesting that heterogeneity is not an artifact of
transformed cells.

M-CSF protein has been purified to apparent homogeneity from both MIA
PaCa-2 cells and human urine. In each case, the purified M-CSF protein was reported
to consist of a single species of 23 to 28 kd on reduced SDS-PAGE [9-14,16,18].
However, about half of the starting M-CSF activity was lost during lectin affinity
chromatography. As we have shown here, use of a mixed-bed column of two different
lectins doubles the yield of M-CSF from MIA PaCa-2 cell supernatants and appar-
ently retains all species that were present in the culture supernatant (as determined by
immunoblotting, data not shown). Our data suggest that use of a single lectin affinity
column to purify M-CSF has greatly reduced M-CSF heterogeneity and yield in pre-
vious studies by fractionating differently glycosylated species. The M-CSF species
that bound to LcH presumably contain N-linked complex carbohydrate, the structure
that has been previously reported for M-CSF [9,16]. The WGA-binding M-CSF may
include both highly sialylated N-linked species and O-linked species. Indeed, Csejtey
and Boosman saw minor protein contaminant species of 40, 33, and 28 kd in their final
purified sample [14]. Our analysis suggests that bands of these sizes react with anti-
bodies to rM-CSF and reflect variable glycosylation. In agreement with our data, the
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long splice variant of M-CSF has been recently reported to have O-linked carbohy-
drate [42]. The mixed-bed lectin column utilized in our purification method provides
an efficient means of purifying heterogeneous M-CSF species that differ greatly in
charge and size.

PANC-1 cells secreted an M-CSF antibody-reactive species that shifted from a
diffuse 100-200 kd smear to a 100 kd band upon reduction (Fig. 1A,B). Whereas
CV-1 cells expressing rM-CSF with the short coding region did not have a 100 kd
band, M-CSF of this size was seen in PANC-1 culture supernatants as well as some
immunoaffinity-purified MIA PaCa-2 samples. The unusual band might represent a
new form of M-CSF, such as a hyper-glycosylated species, or another mRNA splice
variant [46]. An alternative interpretation might be an unusually stable aggregate or
complex containing M-CSF.

We have developed synthetic peptide antibodies as specific probes to identify the
protein products of alternative mRNA splicing of M-CSF on immunoblots. These
antibodies, which are specific for C-terminal regions of M-CSF, do not inhibit M-CSF
activity, supporting the hypothesis that receptor binding involves the N-terminal
region of M-CSF. MIA PaCa-2 and PANC-1 cells express several M-CSF mRNA
species that range in size from 1.4 to 4 kb [3,27] and that comprise at least two pre-
dicted coding sequences [3,5,6]. Our immunoblot data suggest that relatively little of
the short form of M-CSF protein is secreted by MIA PaCa-2 cells, the source from
which the short cDNA species was originally cloned [3]. Since the corresponding
mRNA species is detectable by Northern blotting, the low level of short form protein
detected may reflect differences in rates of translation or secretion of the long and
short forms [37,38, 46]. Several species of various molecular weights reacted with rM-
CSF antibody and with peptide II (long coding region) antibody on immunoblots.
Variability in M-CSF glycosylation might interfere with the ability of some peptide
antibodies to bind to their epitopes. Because all of the bands recognized by a poly-
clonal M-CSF antibody were recognized by one of the antipeptide antibodies, it is
unlikely that a major form was overlooked by this analysis. However, still other splic-
ing variants may exist, that have yet to be characterized.

In agreement with previous reports [21,23,24], we were able to detect M-CSF in
lysates of whole cells using RIA. We also analyzed this material on immunoblots and
demonstrated that cell-associated M-CSF differs from secreted M-CSF in size. HL-
60 cells and peripheral blood monocytes had a single 60 kd species, while expression of
a short cDNA clone of human M-CSF in the CV-1 cell line [22,29] gave cell-asso-
ciated M-CSF species of 24 kd and 30 kd (Fig. 6). The 24 kd species comigrated with
M-CSF secreted by CV-1 cells and may represent trapping of the secreted 24 kd spe-
cies in these virus-infected cells, proteolytic processing of the 30 kd precursor during
sample handling, or an intracellular pool of releasable rM-CSF. The 30 kd species
may represent the 224 amino acid pro-CSF species prior to C-terminal processing,
while the 60 kd species detected in the HL-60 and monocyte lysates may be a product
of a different, longer mRNA species. Indeed, monocytes have been shown to express a
4 kb M-CSF mRNA species that corresponds to the long cDNA clone [28,39,40].

Like epidermal growth factor [41], M-CSF is proteolytically processed both N-
and C-terminally from a membrane-spanning preprohormone [3,20]. rM-CSF from
the short coding region cDNA clone has been reported to be cleaved and released from
the plasma membrane [3,5,21,24], while the long coding region protein may be
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cleaved within the cell and secreted by a different mechanism [37,38,46]. Polypeptide
sequence heterogeneity at or near the C-terminus of mature, secreted M-CSF, gener-
ated by alternative mRNA splicing and proteolytic processing, contributes directly to
the size heterogeneity seen in human M-CSF derived from several cell lines. It may
also affect size indirectly by altering glycosylation [37]. The presence of what appears
to be pro M-CSF in the cell-associated fraction indicates that this molecule is avail-
able for local release from the cell surface or celi-to-cell interaction [21].

Sequence analysis of trypsin-digested human urinary M-CSF [5] has clearly
demonstrated that the long form of this protein is present in vivo. It is not yet known
whether the M-CSF product from the coding region of the short mRNA splice variant
is also present, because it differs in only a short sequence at the C-terminus. Both long
and short forms are active on mouse bone marrow cells in vitro, and comparison of
rM-CSF species suggests that both forms compete similarly in a receptor-binding
assay (M.-T. Lee, P. Shadle, R. Halenbeck, unpublished).

We have shown that considerable M-CSF protein heterogeneity is generated
after translation. Glycosylation differences, such as those demonstrated here, could
affect turnover, tissue targeting, and stability of the protein. The existence of distinct
mRNA splicing events that lead to predicted amino acid sequences that diverge [5,6]
raises the possibility that M-CSF protein species having differing functions are
expressed from the single M-CSF gene in vivo [21,42]. Both hematopoietic and fibro-
blastic cells have been shown to express M-CSF mRNA [28,39,43,44]. 1t is possible
that the different coding region forms of M-CSF, first observed in tumor cell lines, are
tissue-specific [44]. Indeed, the recent finding that M-CSF mRNA expressed in
mouse uterus during pregnancy consists of a 2.3 kb species (distinct from the 4-4.5 kb
seen in monocytes) supports this notion [45]. Alternatively, these different M-CSF
forms may play different roles in the same tissues. The synthetic peptide antibodies we
have developed will be useful probes to address these questions. In any event, M-CSF
expressed by cells could functionally diverse, and both the secreted and the cell-asso-
ciated forms mediate various interactions in vivo.

NOTE ADDED IN PROOF

After this paper was submitted, Cerretti et al. (Cerretti DP, Wignall J, Ander-
son D, Tushinski RJ, Gallis BM, Stya M, Gillis S, Urdal DJ, and Cosman D: Mol.
Immunol. 25:761-770, 1988) reported isolation of an intermediate-size human M-
CSF cDNA clone (M-CSF¥) that arises from alternative splicing of the M-CSF tran-
script. We believe that the processed protein form of M-CSFry should be indistinguish-
able from long clone in our Western analyses because it is predicted to contain the
same peptide sequence that we used to generate antibody specific for M-CSF long
clone.
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