acquiring pocket calculators and then
personal computers can be appreciated
only by those old enough to still remem-
ber owning mechanical slide rules.

Precisely the same transition is at hand
in chemical and biological laboratories,
where miniaturization and machine intel-
ligence will return measurement power
to the end user, while freeing him from
becoming either a specialist in a different
field or an almost-full-time money-raiser
to do research in his own field. This
open-ended task will occupy the coming
decade and more, but will be indeed
worth the effort.
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The generation of granulocytes and
macrophages from immature hematopoi-
etic progenitor cells depends on the pres-
ence of several hormone-like, glycopro-
tein growth factors, the colony-stimulat-
ing factors or CSF’s (/). There are sever-
al subclasses of CSF’s, and they can be
distinguished by the kind of mature cells
that they produce in semisolid culture
media.

One subclass, CSF-1, stimulates
monocyte and macrophage production
predominantly or exclusively (2). Other
human CSF’s stimulate the proliferation
of progenitors committed to neutrophil
and macrophage, and neutrophil or eo-
sinophil lineages (3). Interleukin-3 (IL-3)
(4, 5) in the murine system and, perhaps,
a similar pluripotent CSF in the human
(6) can stimulate the proliferation of
monocytic, granulocytic, erythroid, me-
gakaryocytic, and mast cell colonies. Al-
though all these CSF’s, with the excep-
tion of the eosinophilic type, have been
purified, the small quantities available
from natural sources have hindered their
biochemical and biological characteriza-
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tion. The molecular cloning of two of the
above factors, murine IL-3 (7, 8), and
murine and human granulocyte-macro-
phage CSF (GM-CSF) (9, 10), should aid
in elucidating the mechanisms by which
these hematopoietic factors act.

Native human CSF-1 is a heavily gly-
cosylated homodimer with a molecular
size of ~45,000 daltons (/7). It can be
clearly distinguished from the other sub-
classes by specific radioimmuno- and
radioreceptor assays (2). The prolifera-
tive effects of CSF-1 are restricted solely
to the mononuclear phagocytic lineage
(12), and the specific cell receptors that
mediate the biological effects of CSF-1
apparently occur exclusively on cells of
the same lineage (I3). In the murine
system, L cell-conditioned medium is a
convenient source of CSF-1 (/14), and
amino-terminal and internal amino acid
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sequences have been determined (/5).

Isolation of CSF-1 genomic clones. We
now describe the isolation of CSF-1 ge-
nomic clones using oligonucleotide
probes derived from the amino terminal
sequence of human CSF-1. Human urine
was used as a source of CSF-1 protein
(2). CSF-1 was purified as described (see
legend to Fig. 1), and the NH,-terminal
sequence was determined (/6). The 12—
amino acid NH,-terminal sequence ob-
tained from the human urinary CSF-1
(Fig. 1A) is highly homologous to the
NH,-terminus of murine L-cell CSF-1
(see Fig. 2B). The finding that the NH,-
termini were similar in sequence indicat-
ed that we were studying the same pro-
tein, even though the CSF-1 was pre-
pared from widely different sources.
Two oligonucleotide probes were de-
rived from the NH,-terminal sequence
(Fig. 1B). A 16-fold degenerate, 35-base
oligonucleotide, complementary to the
NH,-terminus, was constructed accord-
ing to preferred mammalian codon usage
(17). An 18-base, 64-fold degenerate oli-
gonucleotide derived from amino acids 5
through 10 was also made to aid in
screening.

Using the two oligonucleotides de-
scribed above, we screened a human
genomic library (18), and several CSF-1
genomic clones were isolated. Restric-
tion enzyme and Southern gel (/9) analy-
sis of nine separate phage isolates
showed that a common 3.8-kilobase (kb)
Hind III fragment hybridized strongly to
both of the oligonucleotide probes. This
Hind III fragment was subcloned into
M13mp19 (20) for further analysis (Fig.
2A). DNA sequence analysis (Fig. 2B)
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(21) of the subclone indicated the pres-
ence of at least two exons and one in-
tron. The assignment of coding regions
downstream from the human 12-amino
acid NH,-terminus was accomplished by
comparison with a longer 30-amino acid
NH,-terminal sequence obtained from

(23). To partially enrich for CSF-1 RNA
sequences, mRNA isolated from PMA-
induced cells was fractionated on a su-
crose gradient. Samples (50 nl) from the
gradient fractions were injected into
Xenopus oocytes (24), and the superna-
tants were tested in a mouse bone mar-

Abstract. Complementary DNA (cDNA) clones encoding human macrophage-
specific colony-stimulating factor (CSF-1) were isolated. One cDNA clone codes for
a mature polypeptide of 224 amino acids and a putative leader of 32 amino acids.
This cDNA, which was cloned in the Okayama-Berg expression vector, specifies the
synthesis of biologically active CSF-1 in COS cells, as determined by a specific
radioreceptor assay, macrophage bone marrow colony formation, and antibody
neutralization. Most of the cDNA isolates contain part of an intron sequence that
changes the reading frame, resulting in an abrupt termination of translation; these
c¢DNA’s were inactive in COS cells. The CSF-1 appears to be encoded by a single-
copy gene, but its expression results in the synthesis of several messenger RNA
species, ranging in size from about 1.5 to 4.5 kilobases.

murine L cell CSF-1 (Fig. 2B). The over-
lined region in the intron defines the
sequence found in one of the CSF-1
complementary DNA (cDNA) clones
(see Fig. 4). The underlined region in the
second exon indicates the sequence from
which an exact match complementary
32-base oligonucleotide probe (exon 2
probe) was derived for screening a
c¢DNA bank.

Isolation of CSF-1 cDNA clones. Mes-
senger RNA (mRNA) isolated from the
pancreatic tumor cell line, MIA-PaCa-2
(22), was used to prepare a cDNA bank.
This line constitutively synthesizes mod-
erate levels of CSF-1 in serum-contain-
ing but not in serum-free media. When
MIA-PaCa cells are incubated with phor-
bol myristic acetate (PMA) in serum-free
conditions, CSF-1 production resumes

A
Glu Glu Val Ser Glu Tyr Cys Ser His Met lle Gly

5! GAG GAG GTG TCC GAG TAC TGC TCC CAC ATG ATC GGC 3!

A A C T A T T T T T 6
T A A AT
A G G A
AGC AGC
T T
B
5' CC GAT CAT GTG GGA GCA GTA CTC GGA CAC CTC CTC 3!
CcT cT

5' GAG TAC TGC TCC CAC ATG 3!
A T TAG T

row proliferation assay (25, 26). Also, a
sample (5 wl) from each of the fractions
was dot blotted (27) and probed with the
exon 2 oligonucleotide. A peak that con-
tained bone marrow proliferative activity
was found at ~14. to 165 in the gradient
(Fig. 3A). However, the fractions that
hybridized most intensely to the probe
were larger than 18§ (Fig. 3B). Since
Northern blot analysis (see Fig. 6A) with
the second exon probe indicated that
there were multiple species of CSF-1
mRNA, ranging from ~1.5 to 4.5 kb, we
decided to pool the activity peak frac-
tions 8 and 9, plus the strongly hybridiz-
ing fraction 11, for use in constructing a
cDNA bank by the Okayama-Berg meth-
od (28). The larger molecular size frac-
tions 14 to 19, larger than 18§, were not
used because mRNA isolated from MIA-

Fig. 1. NH,-terminal sequence of human uri-
nary CSF-1 and oligonucleotide probes de-
rived from the sequence. (A) NH,-terminal 12
residues of CSF-1 and possible coding se-
quence. (B) Oligonucleotide probes: 35-base
consensus sequence complementary to the
entire amino terminus and an 18-base 64-fold
degenerate oligonucleotide corresponding to
the coding sequence of amino acids 5 through
10. Stage V human urinary CSF-1, 10° units, 2
X 10° units per milligram of protein (2), was
further purified by immunoaffinity chroma-
tography on a rat monoclonal antibody to
murine CSF-1 (50) attached to Sepharose B

column (57). One-third of the preparation was applied to a Brownlee RP-300 high-performance
liquid chromatography column which was eluted with a gradient from 30 to 60 percent
acetonitrile in 0.1 percent trifluoroacetic acid. Fractions (2 ml) were collected into siliconized
tubes containing 100 ul of 1M NHHCOs;, lyophilized, resuspended in H,O, and assayed by
RRA. The fractions with peak CSF-1 activity, spanning two protein peaks, were pooled for
sequencing. The specific activity of this pool (~8 x 107 units per milligram of protein) agreed
closely with the specific activity of purified murine CSF-1 (~8 X 107 unit/mg) (5) and the
estimated specific activity of purified human CSF-1 (~5 X 107 unit/mg) (2). The pooled material
(~100 pmol) was subjected to NH,-terminal sequence analysis (/6) (Applied Biosystems gas-
phase sequenator). The Cys at residue 7 was inferred by homology with the mouse sequence
(15). Oligonucleotides were synthesized by the phosphoramidite method (52) on a Biosearch
SAM-1 DNA synthesizer. The 35 bases of the consensus sequence were chosen based on

mammalian preferred codon usage (17).
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PaCa cells, which were negative in CSF-
1 production, also showed hybridization
in this area (see Fig. 6A, lane 2).
Approximately 300,000 cDNA clones
were screened with the exon 2 probe.
Ten clones that were hybridization-posi-
tive were isolated, and preparative
amounts of plasmid DNA were pre-
pared. The purified DNA’s were
screened by a transient expression assay
in COS-7 cells (29). Only one clone
(pcCSF-17) expressed CSF-1 activity in
this system (Table 1). This clone and an
inactive clone (pcCSF-12) were picked
for further analysis. A partial restriction
map of the two clones is shown (Fig. 4)
with their coding regions indicated by
the boxed areas. Sequence analysis (Fig.
5) of pcCSF-17 indicated that there was
only one methionine codon upstream of
the start of the presumptive mature pro-
tein, yielding a putative leader sequence
of 32 amino acids. The sequence follow-
ing the leader matches exactly the amino
acid sequence obtained from the NH,-
terminus of human urinary CSF-1. In-
cluding the first amino acid of the NH,-
terminus, the sequence extends for 224
amino acids, which gives a molecular
size of about 26,000 daltons for the ma-
ture protein. There are two potential N-
linked glycosylation sites of the Asn-X-
Ser/Thr variety in the mature protein,
and these are underlined in Fig. 5.
Analysis of the inactive clone, pcCSF-
12, revealed that the clone is 102 bases
shorter at the 5’ end and 424 bases
shorter at the 3’ end. The truncation at
the 3’ end is due to the fact that the
polyadenylation signal for pcCSF-12 is
different from that for pcCSF-17. How-
ever, neither clone contains an exact
match to the consensus sequence AA-
TAAA (30), preceding the polyadenyla-
tion site. More interestingly, clone
pcCSF-12 contains 115 bases of the 3’
end of the intron that separates the two
exons in the CSF-1 genomic clone de-
scribed in Fig. 2B. The 5’ end of this
intron sequence is preceded by an accep-
tor splice sequence in the genomic clone
(Fig. 2B), and therefore it appears that
the mRNA counterparts of clones
pcCSF-12 and pcCSF-17 were derived
from mRNA precursors that were differ-
entially spliced. Clone pcCSF-12 con-
tains the entire coding sequence for the
mature CSF-1 protein, but is inactive in
the COS cell assay because there is a
stop codon immediately after the begin-
ning of the intron sequence. This results
in a severely truncated protein of only 23
amino acids excluding the leader pep-
tide. Using an oligonucleotide probe de-
rived from the intron sequence present in
pcCSF-12, we have found that the re-
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maining eight clones that were inactive
in the COS cell assay also contained the
intron sequence (37). Clone pcCSF-12
also differs from pcCSF-17 in one amino
acid, at position 59 of the mature protein
(asterisk in Fig. 5) where Asp was found
instead of Tyr. Since Asp was also found
in the coding sequence of the genomic
clone (32), the Tyr found in pcCSF-17
may be due to a reverse transcriptase
error or a natural polymorphism. In any
case, the single amino acid change was
not critical to the function of the protein,
since pcCSF-17 expressed biologically
active CSF-1 in the transient assay sys-
tem.

The bone marrow proliferation assay
used to test the sucrose gradient frac-
tionated mRNA is not specific for CSF-
1. The radioreceptor and bone marrow
colony formation assays were not used
for this purpose because we could not
detect CSF-1 activity from oocytes with
either of these two methods. Thus, the
activity found in the MIA-PaCa mRNA
may have been due to GM-CSF as well
as CSF-1, since both factors are pro-
duced by this cell line (22). Therefore,
we could not be sure whether the CSF-1
cDNA clones originated from mRNA in
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Fig. 2. Isolation and partial characterization
of human CSF-1 genomic clone. (A) Restric-
tion map of Hind III subclone. The location of
the NH,-terminus of the mature protein is
indicated (B, Bam HI; E, Eco RI; H, Hind III;
P, Pst I). (B) Partial sequence analysis of the
genomic clone. The assignment of the coding
regions was chosen by comparison with the
NH,-terminal sequence of murine and human
CSF-1, and confirmed by analysis of the CSF-
1 cDNA clone. The murine NH,-terminus is
shown below the human sequence, with iden-
tical residues indicated by the asterisks. The

Table 1. Expression of CSF-1 cDNA in COS-7 cells. Plasmid DNA’s were purified by CsCl
banding and transfected into COS-7 cells by a modification of the calcium phosphate
coprecipitation technique (48, 49). Medium from the transfected cells was removed after 72
hours of incubation and tested for CSF-1 in the RRA. Pooled culture fluids from three
transfected cultures were used as a source for further CSF-1 characterization. The RRA was
performed, except for slight modification, as described (2). The incorporation of [*H]thymidine
by mouse bone marrow cells was assayed as described (25, 26). Bone marrow colony formation
(12) was measured (one unit = one colony) with mononuclear bone marrow cells from BALB/c
mice. The cells were incubated for 7 days in Alpha medium containing 0.3 percent agar (10° cells
in 1 ml plus 0.1 ml of CSF, in six well plates). Colonies containing more than 50 cells were
counted, removed from the agar individually, cytocentrifuged, and stained. A neutralizing
antiserum (R52) to human urinary CSF-1 (2) was used to test the CSF made by the COS cells.
The antiserum (ammonium sulfate purified IgG) was mixed with samples and incubated at 37°C
for 1 hour before the cells were added. The final concentration of the IgG fraction in the assays
was 5 percent. Partially purified human urinary and MIA-PaCa CSF-1, and a source of
predominantly GM-CSF (GCT-Gibco), were used as standards in the above assays. RS2
antibody had little effect on GCT GM-CSF activity. Abbreviations: RRA, radioreceptor assay;
BM, bone marrow; M, macrophage; GM, granulocyte-macrophage; NRG, normal rabbit IgG;
RS2, IgG antibody to human urinary CSF-1; GCT, giant cell tumor tissue culture medium
(Gibco), which contained the GM-CSF; N.D., not determined.

Colony
BM assay
Sample RRA (unit/mi) mon()';glogy
P (unit/ml)
Prolifer-

ation Colony M GM
pcCSF-17 2433 2358 4287 85 15
pcCSF-17 + NRG N.D. 3693 4920
pcCSF-17 + RS2 N.D. 424 0
pcCSF-12 <10 <15 N.D.
MIA-PaCa 2000 2000 2562 94 6
GCT 350 N.D. 1480 15 85
NRG N.D. <15 2
RS2 N.D. 30 0

B Exon 1

------------------- -CACCGAG GAG GTG TCG GAG TAC TGT AGC CAC ATG ATT GGG
Glu Glu Val Ser Glu Tyr Cys Ser His Met Ile Gly Human
lys * *. % % His(Cys) ¥ * ¥ ¥ ¥ Mouse

AGT GGA CAC CTG CAG TCT CTG CAG CGG CTG*GTGAGTGTGTGGCCATGCTGT ---------

Ser Gly His Leu GIn Ser Leu GIn Arg Leu
Asn * * % |ys Val * ¥ Gin ¥

----------------- Intron 1400 base pairs =—--—----e——eece--

GACTCTGTCTTTCCACGTGTGGTTGGCAGGGATGAAGTTCAAACCCCAATCCACTCAGAAGCTAAGGTCCCC

GTTTTGAAGAAGGCTGAAGGCTGAGTTGAGCTGTAGGTTACCCTGCAATCGTTGGCCTGCTCTCTCTTACAG{

Exon 2
ATT GAC_AGT CAG ATG GAG ACC TCG TGC CAA ATT ACA TTT GAG TTT GTA GAC CAG

Ite Asp Ser Gin Met Glu Thr Ser Cys Gin [le Thr Phe Glu Phe Val Asp Gin
* * * * * * * *

GAA CAG TTG‘

Glu Gin Leu

GTGAGTGATGGCTTTTTACAAAATCCATGCACC

intron-exon boundaries are indicated by arrows. The overlined region in the intron defines the 115 bp of sequence interrupting the normal coding
sequence of one of the CSF-1 cDNA clones, pcCSF-12 (Figs. 4 and 5). The underlined portion in the second exon is the region from which a com-
plementary 32-base probe (exon 2 probe) was made for screening the cDNA library. A human genomic library (/8) was screened (53) with the 35-
base and 18-base oligomers (Fig. 1B). The oligomers were 5’ end-labeled with T4 kinase (New England Nuclear) and [y-*?P]ATP (adenosine
triphosphate) (New England Nuclear). Plates were lifted in triplicate, and two filters were probed with the 35-base and one with the 18-base
probe. Hybridization conditions for the 35-base probe were 5x SSC (standard saline citrate), Sx Denhardt’s (54), 15 percent formamide, 10 mM
sodium phosphate (pH 6.5), 2 mM EDTA, sheared, denatured salmon sperm DNA (100 pg/ml), and 0.2 percent sodium dodecyl sulfate (SDS).
The filters were hybridized for 20 hours at 42°C, the probe contained 1 x 10° cpm/ml. The 18-base probe hybridization conditions were the same,
except that the formamide was omitted. The filters were washed 3 x in 2x SSC and 0.1 percent SDS at 50°C for the 35-base and at 42°C for the 18-
base probe. The filters were then autoradiographed at —70°C (Kodak XAR film and DuPont Quanta III intensifying screens). DNA was isolated
from plaque-purified phage that hybridized to both probes and subjected to restriction enzyme digestion followed by Southern blot (19) analysis
with the same oligonucleotides as probes. A 3.8-kb Hind III fragment that hybridized strongly to the 35-base oligomer was subcloned into
M13mp19 (20), and sequenced by the dideoxy chain-termination method (21), with the 35-base probe as a primer. To obtain sequence through the
35-base probe hybridization site, an oligonucleotide primer was synthesized according to the upstream sequence. This enabled us to determine
the nucleotide sequence encoding the NH,-terminus. Analysis of Pst I fragments, subcloned into M13mp19, was used to confirm the sequence
through this area. Murine L-cell CSF-1 was purified (5/), and 1 nmole of the purified protein was sequenced (Beckman model 890C spinning cup
sequencer); 30 amino acid residues were identified. The Cys residue at position 7 was identified by labeling of the protein by carboxymethylation
with ["*Cliodoacetic acid, followed by analysis (Applied Biosystems model 470A gas-phase sequenator) (15).
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the strongly hybridizing fraction, or the
peak activity fractions which hybridized
more weakly to the oligonucleotide
probe. In order to distinguish between
the two possibilities, we used the tech-
nique of oligonucleotide mRNA hybrid-
arrest in Xenopus oocytes (33) to try to
inhibit the activity in the peak activity
fractions. Two complementary oligonu-
cleotides, specific for CSF-1 and GM-
CSF (10), were coinjected separately or
in combination into oocytes with the
mRNA from these fractions. Since both
oligonucleotides failed to completely
block the biological expression of the
mRNA (34), it appears that neither CSF-
1 nor GM-CSF mRNA is responsible for
the total biological activity in these frac-
tions.

Characterization of CSF-1 produced in
COS-7 cells. Although pcCSF-17 con-
tained what appeared to be the entire
CSF-1 coding sequence, it was neces-
sary to demonstrate that the sequence,
when expressed, would exhibit the bio-
logical activities characteristic of authen-
tic CSF-1 protein. To this end, we used
several criteria to characterize the pro-
tein synthesized during transient expres-
sion in the COS cell system. (i) The
protein must compete with purified, la-
beled murine CSF-1 in the specific radio-
receptor assay (RRA) (2). (ii) The protein
must stimulate bone marrow prolifera-
tion (2, 25, 26), and the colonies formed
must be predominantly of monocytic lin-
eage. (iii) The biological activity of the

protein must be inhibited by neutralizing
antiserum to human urinary CSF-1 (2).
Without exception, all of the above crite-
ria were satisfied (Table 1). In both the
RRA and bone marrow proliferation as-
says, more than 2000 units per milliliter
were produced by the COS cells when
transfected with pcCSF-17 plasmid
DNA. In contrast, pcCSF-12 gave less
than 10 unit/ml and less than 15 unit/ml in
the RRA and bone marrow assays, re-
spectively. Examination of the colonies
formed by the pcCSF-17 transfection
showed that ~85 percent were of mono-
nuclear morphology, with the remainder
being of the mixed granulocyte-macro-
phage type. Finally, the immunoglobulin
G (IgG) fraction of rabbit antiserum
(R52) to human urinary CSF-1 complete-
ly blocked colony formation, whereas
the control normal rabbit IgG (NRG) had
no effect. As controls, the supernatants
from MIA-PaCa and GCT (giant cell
tumor; Gibco) tissue cultures were used
to demonstrate the difference in types of
colonies formed by CSF-1 and GM-CSF.
Taken together, these data provide con-
vincing evidence that the cloned se-
quence encodes authentic CSF-1.
Analysis of CSF-1 mRNA and its gene.
To determine the size of CSF-1 mRNA,
several different MIA-PaCa mRNA
preparations were fractionated on a de-
naturing formaldehyde gel (35), trans-
ferred to nitrocellulose (36), and probed
with the 32-base exon 2 oligomer. Sur-
prisingly, several distinct species of

A
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in Fig. 2, except that the formamide concentration was 35 percent and the hybridization temperature was 45°C.

Pst |

Intron
sequence

mRNA were detected (Fig. 6A), ranging
in size from ~1.5 to 4.5 kb. Since the
hybridization conditions were stringent
[Sx SSC (saline, sodium citrate), 35 per-
cent formamide, 45°C], we do not be-
lieve the presence of multiple species
was an artifact. The largest mRNA was
detected in all samples, even when iso-
lated from cells not producing any de-
tectable CSF-1 (compare lane 1 with lane
2 in Fig. 6A).

Because there were so many species
of CSF-1 mRNA'’s, there existed the
possibility that they were transcribed
from a family of CSF-1 genes. To test
this possibility, nuclear DNA was isolat-
ed from MIA-PaCa cells, digested with
several restriction endonucleases, frac-
tionated on an agarose gel, transferred to
nitrocellulose (/9) and probed with nick-
translated pcCSF-17. The results (Fig.
6B) are consistent with the interpretation
that CSF-1 is encoded by a single-copy
gene. The number and size of the bands
hybridizing to the Bam HI, Eco RI, Hind
III, and Pst I digests (lanes 1 to 4,
respectively) correspond reasonably
well with the data obtained from several
bacteriophage lambda clones isolated
from the human genomic library. Several
faint bands are visible in the autoradio-
gram which may represent partial en-
zyme digestion or hybridization to dis-
tantly related sequences. However, if
two or more closely related genes exist
in the genome, their sequences would
have to be highly homologous over many

CSF-1 cDNA restriction map

BamHI
Eco RI

Pst! BamHI

Eco RI

Fig. 3 (left). Sucrose gradient fractionation of MIA-PaCa mRNA. (A)
The broken line indicates the bone marrow proliferation assay of

supernatants from Xenopus oocytes injected with fractionated
mRNA. (B) RNA dot blot of fractions. MIA-PaCa cells were grown to confluency in roller bottles in Dulbecco’s modified Eagle’s medium
containing 10 percent fetal bovine serum (FBS). The medium was removed and replaced with fresh medium without FBS, but containing phorbol
myristic acetate (PMA) (100 ng/ml). Cells were harvested for isolation of mRNA 24 to 48 hours later. Without PMA, there was no detectable CSF-
1 in the medium during this incubation period, whereas PMA-induced cells produced 1000 to 2000 unit/ml. Total cytoplasmic RNA was isolated
from MIA-PaCa cells by lysis of the cells in isotonic buffer with 0.5 percent NP-40 in the presence of ribonucleoside vanadyl complex (55), and
subsequent extraction of the postnuclear fraction with phenol-chloroform and then ethanol precipitations. Polyadenylated RNA was isolated by
oligo d(T) chromatography (56). The mRNA was fractionated on 5 to 20 percent (by weight) sucrose gradients at 27,000 rev/min for 17 hours at
20°C (Beckman SW40 rotor). Portions (50 nl) of the fractions were injected into Xenopus oocytes (24), and the medium was assayed for bone
marrow proliferative activity 48 hours later essentially as described (25, 26). Portions (5 ul) were also dot blotted (27) onto nitrocellulose filters
and probed with exon 2 oligonucleotide that had been labeled with 32P by T4 kinase. The hybridization conditions were similar to those described

Fig. 4 (right). Restriction map

of CSF-1 clones pcCSF-17 and pcCSF-12. The limits of the coding sequences are defined by the boxed regions with the shaded portion
representing the presumptive mature protein. The area labeled “‘intron sequence’’ in pcCSF-12 contains 115 bp of the CSF-1 genomic clone

intron sequence as described in Fig. 2B.



kilobases to give the simple restriction
pattern obtained here. In addition, the
only restriction pattern difference found
in the genomic clone isolates was in the
position of the Eco RI cloning sites,
giving further evidence for the existence
of only one CSF-1 gene.

Further analysis of CSF-1. We have
identified a cDNA clone that expresses
biologically active CSF-1 when trans-
fected into COS cells. Sequence analysis
showed that the mature protein is 224
amino acids long with a putative leader
peptide of 32 amino acids. An exact
match was found to the 12 amino acids of
the NH,-terminus of human urinary
CSF-1 protein, and the predicted amino
acid sequence was also highly homolo-
gous to the sequence of murine L-cell

20 40
AGTGAGGCTC GGCCCGGGGA AAGTGAAAGT TTGCCTGGGT

140 160
GCGAGCGAGC GAGCGAGCGA GGGCGGCCGA CGCGCCCGGL

240
CTG CTG TTG TTG GIC TGT
Leu Leu Leu Leu Val Cys

260
GCG AGC
Ala Ser

TCC
Ser

CTC
Leu

CTG
Leu

340
CAG CGG CTG ATT GAC AGT
Gin Arg Leu,lle Asp Ser
20 INTRON SEQUENCE
440
GCA TTT CTC CTG GTA
Ala Phe Leu Leu Val

360
ACC
Thr

CAG
Glin

CTG
Leu

ATG
Met

GAG
Glu

460
ATG GAG
Met Glu

AAG
Lys

CAA
Gln

TAC
Tyr

ATA
le
60

540
AAG AGC
Lys Ser

176
Leu

AGG CTG
Arg Leu

TGC
Cys

TTC
Phe

ACC
Thr

AAG
Lys

GAT
Asp

TAT
Tyr

640
AAT GAA
Asn Glu

AAG
Lys

AAT GTC
Asn Val
120

T
Phe

ACA
Thr

AAG
Lys

AAT
Asn

CTC
Leu

CTT
Leu

740
TCC GAG
Ser Glu

CAT
His

GAG AGG CAG
Glu Arg Gin

GGA
Gly

TCC
Ser

TCC AGC
Ser Ser
160

CCG
Pro

840
TAC AGG
Tyr Arg

GGC
Gly

CTC TTG TTC
Leu Leu Phe

TGG
Trp

AGG
Arg

CGG CGG
Arg Arg

AGC
Ser

940
AGA CAG GTG GAA CTG CCA
Arg Gin Val Glu Leu Pro
220

GAC
Asp

GTG
Val

1040 1060
ACAGTACTCC AGATGTTGTC TGACCAGCTC AGAGAGAGTA

1160 1180
CAACTGCATC ATACTGTTGT CATATGTTGA GCCTGTGGTC

1280 1300
TTTTAACCAA AGTGCAGTTT ATGTTCACCT TTGTTAAAGC

1400 1420
GTTGTGCCTC CTGCACATTG ATGAGTGCCT GCTGTTGTCT

1520 1540
CCCCTCCCAC CCAAGCCCAC AGCCAGCCCA TCAGGAAGCC

1640
CAATTTGCAC TT

560

660

TAG AGGGAATTCTA AGACCCCTCA CCATCCTGGA CACACTCGTT

CSF-1 (Fig. 2B) (15). After this manu-
script was submitted, the first 25 amino
acids of the amino terminus of murine L-
cell CSF-1 was reported (37), and, in
agreement, this sequence is also quite
similar to the human CSF-1 sequence.
It was of great interest to determine
whether human CSF-1 contained any
homology to other known proteins. For
this purpose, the predicted amino acid
sequence of CSF-1 was compared to all
the sequences recorded in the National
Protein Information Resource protein se-
quence database (version 5.0, released
17 May 1985). In addition, the CSF-1
sequence was compared in more detail to
the recently published sequences for oth-
er hematopoietic factors, including hu-
man GM-CSF (10), erythropoietin (38),

60 80
CCTCTCGGCG CCAGAGCCGC TCTCCGCATC CCAGGACAGC

180
CGGGACCCAG CTGCCCGT ATG ACC
Met Thr
-32
280
ACC GAG GAG GTG
Thr1Glu Glu val

GG
Ala

CCG GGC GCC
Pro Gly Ala

AGG
Arg

AGT
Ser

ATC
lle

TCG
Ser

GAG
Glu

TAC
Tyr

16T
Cys

erythroid-potentiating activity factor
39), interleukin-la and -18 (40), and
murine interleukin-3 (7, 8). We found no
significant homology to any protein in
the database, including the ones noted
above, when the SEARCH program (41,
42) was used.

During our study, we found several
interesting features of the human CSF-1
system. Although CSF-1 appears to be
encodeéd by a single gene, several CSF-1
mRNA transcripts of different sizes are
synthesized by MIA-PaCa cells (Fig.
6A). Part of the mRNA size heterogene-
ity can be accounted for by the fact that
at least two of the transcripts have differ-
ent polyadenylation signals. This was
shown by the analysis of the structures
of pcCSF-17 and pcCSF-12 (Fig. 4) in

100 120

GGTGCGGCCC TCGBCCGLG6 CngCACTCC GCAGCAGCCA
200

GCC GGG CeC

Ala Gly Arg

220
ACA TGG CTG GGC
Thr Trp Leu Gly

TGC CCT CCC ACG
Cys Pro Pro Thr

320
CAC CTG CAG
His Leu Gin

300
AGC CAC ATG
Ser His Met

ATT
lie

GGG
Gly

AGT
Ser

TCT
Ser

GGA
Gly

380
ATT ACA TTT GAG
Ile Thr Phe Glu

TCG
Ser

TGC
Cys

CAA
Glin

TTT
Phe

GTA
Val

GAC
Asp

CAG
Gln
40

480
CGC TTC AGA GAT
Arg Phe Arg Asp

GAC
Asp

ACC
Thr

ATG
Met

AAC
Asn

ACC
Thr

cce
Pro

AAT
Asn

580
TGC
Cys

GAA
Glu

GAG
Glu

CAT
His

GAC AAG GCC
Asp Lys Ala
100

GTC
val

CGA
Arg

ACT
Thr

‘TTC
Phe

680
TTC AGC
Phe Ser

GAC
Asp

AAG
Lys

GAC
Asp

TGG AAT ATT
Trp Asn lle

AAG
Lys

AAC
Asn

TGC
Cys

760
CAG
Gln

780
TTC CAC
Phe His

CTC
Leu

CAG
Gln

GAG TCT GTC
Glu Ser Val

CTG
Leu

CTG
Leu

GTG
Val

860
CAT CAA
His Gin

880
GCG GAT
Ala Asp

GAG
Glu

CCT CAG AGA
Pro Gin Arg
200

980

TCT
Ser

ccc
Pro

176
Leu

960

1100
GTTACCTTCC TTGATATGGA

1080
CAGTGGGACT CAGTATTCTT
1200
TATTAAAACC

1220
CCTAGITCCA TTTCCCATAA ACTTCTGTCA
1320 1340
CACCTTGTGG TTTCTGCCCA TCACCTGAAC CTACTGAAGT
1440
TTGCCCATGT

1460
TGTTGATGTA GCTGTGACCC TATTGTTCCT
1580
CTCCACAACC TTCTGACTGC

1560

TTCCTGGCTT TCTTTTCAGT

TGTCAATGTC CCTCTGAAAA

420
TGC TAC
Cys Tyr

400
CAG TTG
Gln Leu

CTT
Leu

AAG
Lys

GAA
Glu

AAA
Lys

GAT
Asp

CCA
Pro

GTG
val

520
GAA
Glu

500
ATC GCC
lle Ala

CTC
Leu

Tcr
Ser

G&CC
Ala

ATT
tle

G16
val

CAG
Gin

CTG
Leu

80

CAG
Gin

600
GAG ACA
Glu Thr

620
GAG AAG
Glu Lys

TAT
Tyr

ccT
Pro

CTC
Leu

CAG
Glin

176G
Leu

CTG
Leu

GTC
vVal

720
AGC CAA
Ser GlIn

700
AAC AAC AGC
Asn Asn Ser

140

1T
Phe

TCC
Ser

GGC
Gly

GCT
Ala

GAA
Glu

TGC
Cys

800
CCC AGT GTC ATC
Pro Ser Val lle

820
CTG GCC GTC GGA
Leu Ala Val Gly
180

CTG
Leu

GTC
Val

TTG
Leu

920
CTG ACT CAG GAT
Leu Thr Glin Asp

900
GAG CAA CCA GAG
Glu GIn Pro Glu

GGC
Gly

AGC
Ser

CCC
Pro

1020
TGTGACGCCC  AGCCCCGGAC

1000

1120 1140
CTATTTGTGC AGATTAAGAT TGCATTAGTT TTTTTCTTAA

1240 1260
AGCCAGACCA TCTCTACCCT GTACTTGGAC AACTTAACTT

1360 1380
TGTGTGAAAT CCTAATTCTG TCATCTCCGT AGCCCICCCA

1480 1500
CACCCCTGCC CCCCGCCAAC CCCAGCTGGC CCACCTCTTC
1600 1620

CATGCCCCTC CTGCTCTTTT GTATTTGGCT AATAGTATAT

Fig. 5. DNA sequence and deduced amino acid sequence of CSF-1 clone pcCSF-17. The 12 amino acids found at the NH,-terminus of urinary
CSF-1 are underlined. The start of the mature protein is designated as amino acid number 1. Two potential N-linked glycosylation sites in the
amino acid sequence are also underlined. The arrow labeled “‘intron sequence’’ indicates the position where 115 bases of intron sequence were
found in pcCSF-12. The filled triangles delineate the boundaries of clone pcCSF-12 relative to pcCSF-17. Fractions from the sucrose gradient
were used to synthesize a cDNA bank as described (28, 49). Candidate clones were obtained by screening colonies with the exon 2 probe
described in Fig. 2B. The hybridization conditions were the same as described for the RNA dot blots in Fig. 3. CsCl purified plasmid DNA was
prepared from the candidate clones, and restriction fragments were subcloned into M13mp18 (20) and sequenced (21).
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Fig. 6. Analyses of CSF-1 mRNA and DNA
from MIA-PaCa cells. (A) Northern gel analy-
sis of MIA-PaCa mRNA. (Lane 1) Messenger
RNA from cells induced with PMA for 48
hours; (lane 2) mRNA from cells incubated
for 48 hours without PMA; (lane 3) mRNA
from cells incubated for 24 hours with PMA.
Markers are mammalian and Escherichia coli
ribosomal RNA’s. (B) Southern gel analysis
of MIA-PaCa DNA digested with restriction
enzymes. (Lane 1) Bam HI digest; (lane 2)
Eco RI; (lane 3) Hind III; (lane 4) Pst I.
Markers are lambda DNA digested with Eco
RI and Hind III. The mRNA was isolated
from cells incubated without fetal bovine se-
rum and with or without PMA as described in
the legend of Fig. 3. Each mRNA sample (10
18) was subjected to electrophoresis on a 1
percent agarose gel containing 2.2M formal-
dehyde (35) and transferred to a nitrocellulose

filter (36). The blot was hybridized to the exon 2 probe described for the RNA dot blots in Fig.
3. High molecular weight DNA was isolated from MIA-PaCa cell nuclei essentially as described
(57). Restriction enzyme digests of the genomic DNA (10 ug in each lane) were subjected to
electrophoresis on a 1 percent agarose gel and transferred to nitrocellulose (19). The filter was
hybridized with nick-translated pcCSF-17 (2 X 10° cpm/ml) at 42°C for 20 hours. The buffer was
5x SSC, 5x Denhardt’s solution, 20 mM sodium phosphate (pH 7.0), sheared, denatured
salmon sperm DNA (200 pg/ml), and 0.2 percent SDS. The filters were washed with 2x SSC
containing 0.1 percent SDS at room temperature and 42°C. Final washings were done with 0.1x

SSC containing 0.1 percent SDS at 50°C.

which the beginning of polyadenylation
in clone 17 was 424 bases downstream
from that found in clone 12. This phe-
nomenon has been found in other sys-
tems such as mouse dihydrofolate reduc-
tase (43), but the biological significance
of this occurrence remains unclear. A
more intriguing finding was the presence
of part of an intron sequence in nine out
of the ten CSF-1 clones isolated. Since
only part of an intron sequence was
found, these aberrant sequences were
probably due to incorrect splicing events
and not simply to incomplete splicing.
Also, because most of the clones con-
tained the intron sequence, we do not
believe their presence was due to an
artifact such as nuclear leakage during
cell lysis. A similar aberrant splicing
event was reported for a cDNA clone of
erythropoietin (38). The reason why a
cell should synthesize such presumably
inactive mRNA’s is unknown, unless it
is simply an artifact of PMA induction or
an as yet unknown form of gene regula-
tion.

The calculated molecular size of 26 kD
for the mature CSF-1 protein is much
larger than the reported 14.5 kD for the
deglycosylated subunits of the 66-kD
mouse or 45-kD human dimeric CSF-1
(11). Thus, it is possible that the mature
protein may be formed by processing at
both the NH,-terminal and COOH-ter-
minal ends, yielding a smaller protein
than the one predicted from the DNA
sequence. Of relevance to this possibility
is the fact that the CSF-1 cDNA se-
quence predicts a very hydrophobic re-
gion of 23 amino acids (residues 166 to

296

188), followed by the amino acids Arg-
Trp-Arg-Arg-Arg. This is a feature of
many membrane proteins that have a
transmembrane hydrophobic domain fol-
lowed by three positively charged resi-
dues located on the cytoplasmic side
(44). A proteolytic cleavage might pro-
cess the protein to allow release of the
secreted CSF-1 molecule. Previous stud-
ies have suggested that membrane and
secretory forms of CSF-1 may exist (45,
46).

Using the clones described above, we
can now sort out these and other possi-
bilities in the molecular and cell biology
of CSF-1. In addition, large quantities of
purified CSF-1 protein can now be pro-
duced for possible therapeutic use in
cases of macrophage deficiencies. Final-
ly, the recombinant CSF-1 protein can
be used to study certain aspects of onco-
genesis, in light of the recent finding that
the product of the proto-oncogene, c-
fms, may be identical to the CSF-1 re-
ceptor (47).
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