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ABSTRACT Macrophage colony-stimulating factor (CSF-
1) stimulates the production of macrophages from bone mar-
row progenitor cells. We have identified a ¢cDNA clone for
murine CSF-1 by antibody screening of a mouse L-cell cDNA
library in the expression vector Agtll. A screen of about
150,000 recombinant plaques yielded 6 clones that reacted well
with an antibody raised against denatured and reduced mouse
L-cell CSF-1. These clones were further screened with synthetic
oligonucleotides based on the amino-terminal amino acid
sequence of CSF-1. One clone, which hybridized to the oligo-
nucleotides, was sequenced and found to contain a single open
reading frame. This encompassed 68 amino acids of the mature
protein, including the entire amino-terminal sequence we
previously reported. This is preceded by what appears to be a
31 amino acid signal peptide. Blot analysis showed that this
c¢DNA hybridizes to a major mRNA species of about 4.5
kilobases (kb) as well as several smaller, less abundant mRNA
species (3.8, 2.3, and 1.4 kb) present in mouse L cells. A similar
pattern of hybridization was observed with mRNA from a
human pancreatic carcinoma cell line that produces CSF-1.
Striking differences in the qualitative and quantitative expres-
sion of mRNA species for CSF-1 were observed in various
mouse tissues. Liver expressed primarily a 1.4-kb species,
heart and lung expressed primarily a 4.5-kb species, brain
expressed high levels of both the 4.5-kb and 1.4-kb species, and
intestine lacked detectable CSF-1 transcripts. Southern blot
analysis suggests that the CSF-1 gene is present as a single copy
in the mouse haploid genome and that it is not rearranged or
amplified in L cells.

Colony-stimulating factors (CSFs) are a family of glycopro-
teins that regulate the growth and differentiation of commit-
ted hematopoietic progenitor cells and affect the function of
mature cells (1, 2). CSFs are identified in vitro by their ability
to stimulate the formation of colonies of differentiated cells
in semisolid agar cultures of bone marrow progenitor cells
(3). The functional and structural properties of the CSFs have
been best characterized in the mouse, where four distinct
CSFs have been clearly identified. M-CSF (CSF-1) stimu-
lates primarily the growth of the monocyte-macrophage
lineage (4), G-CSF stimulates the production of neutrophilic
granulocytes (5), GM-CSF (CSF-2) stimulates the production
of both granulocytes and macrophages (6), and multi-CSF
(interleukin 3, IL-3) affects the growth of all myeloid precur-
sors, inducing mixed colonies in vitro (7). cDNA sequences
encoding murine or human GM-CSF, multi-CSF, and G-CSF
have been isolated, and the recombinant factors have been
expressed in eukaryotic cells (8-11).
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The murine CSF-1 has been purified from L-cell condi-
tioned medium. The purified factor is a heterogeneous
glycoprotein (M, =70,000) consisting of two identical sub-
units linked by disulfide bonds (2, 4). Mild reduction of the
factor results in subunit dissociation and the loss of all
biological activity. Following the removal of carbohydrate,
the polypeptide subunit of CSF-1 was estimated to have a
molecular weight of about 15,000 (4). Recently, we reported
the amino-terminal amino acid sequence of mature mouse
L-cell CSF-1 (12, 13).

We now report the molecular cloning and expression of
murine CSF-1 cDNA sequences in the expression vector
Agtll. The clone has been used to examine the expression of
CSF-1 mRNA and should prove useful for structural and
functional studies of the factor.

MATERIALS AND METHODS

Construction of L-Cell cDNA Library in Agtll. Poly(A)*
RNA was used as template for the synthesis of single-
stranded DNA with an oligo(dT) primer and avian myelo-
blastosis virus reverse transcriptase. Double-stranded cDNA
was prepared essentially according to the method of Gubler
and Hoffman (14), in which second-strand synthesis is
mediated by RNase H, DNA polymerase I, and bacterio-
phage T4 DNA ligase. The double-stranded cDNA was
methylated at internal EcoRI restriction sites, blunt-ended
with T4 DNA polymerase, and ligated to EcoRI linkers
according to Young and Davis (15). Excess linkers were
removed from cDNA by EcoRI digestion followed by Seph-
adex G-75 gel filtration and two rounds of ethanol precipita-
tion in 2.0 M ammonium acetate. To decrease the background
of phage lacking inserts, the EcoRI-cut Agtll DNA was
treated with calf intestinal alkaline phosphatase prior to
ligation to cDNA. The ligated DNA was packaged using an
extract purchased from Amersham and amplified on Esche-
richia coli Y1088 (15).

Antibody Screening. Antibodies specific for L-cell CSF-1
were raised in rabbits as described (12). Antibody screening
of the L-cell cDNA library was performed according to the
method of Young and Davis (15). In brief, the phage library
was plated on E. coli Y1090 at a density of 2 X 10* phage per
150-mm plate and isopropyl B-D-thiogalactopyranoside-in-
duced plaques were transferred to nitrocellulose filters.
Filters were then incubated with a 1:1000 dilution of antibody
for 20 hr and then '?5I-labeled protein A to visualize the bound
antibody. Positive plaques were selected after two or more
rounds of plaque purification.

Abbreviation: CSF, colony-stimulating factor.
§To whom requests for reprints should be addressed.
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Oligonucleotide Hybridization. Recombinant Agtll DNAs
digested with EcoRI were electrophoresed in a 1.2% agarose
gel and blotted to nitrocellulose filters as described (16).
Filters were then prehybridized at 65°C for 4 hr in 900 mM
NaCl/90 mM TrisHCl, pH 7.5/6 mM EDTA/0.2%
Ficoll/0.2% polyvinylpyrrolidone/0.2% bovine serum
albumin/0.1% NaDodSO, containing yeast tRNA at 100
ug/ml. Hybridization was carried out in the above mixture
with kinase-treated (**P-labeled) oligomer probe according to
the method of Suggs et al. (17).

RNA and DNA Blot Analysis. RNA was prepared from cell
lines or tissues by homogenization in guanidinium isothio-
cyanate followed by centrifugation over a cesium chloride
cushion (18). Poly(A)* RNA was selected by oligo(dT)-
cellulose chromatography. Poly(A)* RNA was then electro-
phoresed in a 1.0% agarose gel in the presence of formalde-
hyde, transferred to nitrocellulose, and hybridized with the
cDNA insert 32P-labeled by oligolabeling (19). Hybridization
was at 42°C for 14 hr in 50% formamide /10% (wt/vol) dextran
sulfate/0.3 M NaCl/30 mM sodium citrate/0.1% NaDod-
S0O4/1 mM EDTA containing 100 ug of denatured salmon
sperm DNA per ml. Conditions for Southern blotting were as
described (16).

Sequencing. cDNA inserts were subcloned in bacterio-
phage vector M13mp19, and single-stranded phage DNA was
isolated as described (16). Sequencing was carried out in both
orientations of the template by the dideoxy chain-termination
method of Sanger et al. (20), using synthetic ohgonucleotlde
primers.

RESULTS

Cloning and Characterization of CSF-1 cDNA. A mouse
L-cell library in the expression vector Agt11 was constructed,
and 150,000 independent recombinant plaques were screened
with a mixture of two antibodies raised in rabbits by using
either native or NaDodSO,/2-mercaptoethanol-denatured
L-cell CSF-1 as immunogen. The mixture of antibodies was
used because they exhibited specificity for different epitopes
of CSF-1 (12). Six independent putative clones were isolated
after three rounds of plaque purification. A secondary screen
of these clones was carried out using a mixture of 20-base-
long oligonucleotides corresponding to all possible codons
for the amino-terminal sequence of mature CSF-1 (Fig. 1).
One of the clones, containing a cDNA insert about 400 base
pairs (bp) long, hybridized strongly to the oligonucleotide
mixture (labeled with 32P by treatment with kinase), whereas
the remaining clones failed to hybridize.

The cDNA insert from the positive clone was subcloned
into the EcoRI site of phage M13mp19 and sequenced in both

1 2 3 4 5 6 7

CSF-1 LYS GLU VAL SER GLU HIS CYS
mRNA 5' AAA GAG GUA UCA GAG CAC UG 3!
G A C C A u
G G
U U
AGC
U
DNA probe 3' TTT CTC CAT AGT CTC GTG AC 5'
C T G G T A
C c
A A
TCG
A

FiG. 1. Amino-terminal amino acid sequence of residues 1-7 of
mature mouse L-cell CSF-1 and the corresponding mixed oligonu-
cleotide probes used for screening cDNA
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directions and from multiple primer sites by the dideoxy
chain-termination method. The insert consists of a total of 396
nucleotides, excluding the EcoRI linkers, with a single open
reading frame continuous with the reading frame of lacZ.
Thus, the cDNA insert encodes 132 amino acids in the form
of a fusion protein with B-galactosidase. The complete
nucleotide sequence and the predicted amino acid sequence
of the insert are shown in Fig. 2. Residues 1-25 in the
predicted amino acid sequence are in complete agreement
with the amino-terminal 25 amino acids determined by amino
acid sequencing of the mature CSF-1 protein (12, 13), thus
confirming the identity of the clone.

Upstream from the amino-terminal lysine residue is a 31
amino acid sequence (numbered —31 to —1 in Fig. 2) that
begins with methionine and may function as a signal peptide
in the primary translation product to direct synthesis on
membrane-bound polysomes. The sequence is rich in hydro-
phobic amino acids and has other characteristics of known
signal peptides (21). This is preceded by a stretch of 99
nucleotides, which presumably corresponds to the 5’ un-
translated region of CSF-1 mRNA.

The cloning of human urinary CSF was reported recently
(22). The mouse and human sequences show 78% homology
of amino acids and 80% homology of nucleotides (Fig. 2). A
homology search was performed with sequences recorded in

CGAGCCCGCGCCCCGGTCBA Mouse

CGGYGCGGCCCTCGGCCGGG Human

-70 -60 -50 -40 -30 -20 -10
GGGCTCTTCAGCCACTAGCGAGCMGGGAGCGAGCGMCCAGGGCGGCCMCACGCCGTGCCGGGACCCAGC TGCCCGT Mouse

GCGCCCACTCCGCAGCAGCCAGCGAGCGAGCGAGCGAGCGAGGGCGGCCGACGCGCCCGGCCGGGACCCAGCTGCCCGT Human
-31

Yet. Thr Arg --- Gly Arg Pro Arg Arg Cys Pro Ser Ser Thr Irp Leu Gly Ser Arg Ley

ATG ACC C6C --- GGG €66 CCG CGG CGC TGC CCT TCT TCG ACA YGG CTG GGC TCC CGG CTG Mouse

AIG Acc 606 CC6 66C 6CC 6CC 666 CGC TGC (:CT ccc ACG ACA TGG CTG GBC ch CTG CTG Human
Met Thr Ala Pro Gly Ala Ala Gly Arg Cys Pro Pro Thr Thr Trp Leu Gly Ser Leu Leu

!._z% Leu Val Cys Leu Leu Met Ser Arg Ser % Ala Ly: 6lu val Ser Glu His Cys Ser
CTG CTG GTC TGT CTC CTC ATG AGC ABG AGT ATT ecc MG GAG GTG TCA GAA CAC TGT Aac Mouse
TTG TTG GTC 'I'GT CTC CTG EG AGC AGG AGT ATC ACC GAG GAG GTG TCG GAG TAC TGT AGC Human
Leu Leu Val Cys Leu Leu Ala Ser Arg Ser Ile Thr Glu Glu Val Ser Glu Tyr Cys Ser

%&mmmmmwmmﬁﬁm&&m&mmm
CAC ATG ATT GGG AAT GGA CAC CTG AAG GTC CTG CAG CAG TTG ATC GAC AGT CAA ATG GAG Mouse
CAC ATE AT 636 AGT GoA CAC CTG CAG TCT CT6 CAG C6é CTG ATT GAC AGT CAG ATG GAG Human
His Met Ile Gly Ser Gly His Leu GIn Ser Leu G1n Arg Leu Ile Asp Ser Gin Met Glu

Thr Ser Cys 61n Ile Ala Phe Glu Phe Val As Gl.: Glu 61n Leu Asp Asp Pro Val Cys
:Cm'? TCA TGC CAG ATT ecc TTT GM TTT GTA GAC CAG GM CAG CTG GAT GAT CCT GTT TGC Mouse
ACC TCG TGC CM ATT ACA TTT MG 'I'TT GTA GAC CAG GAA CAG TTG MA GAT CCA GTG TGC Human
Thr Ser Cys 61n Ile Thr Phe Glu Phe Val Asp 6in Glu GIn Leu Lys Asp Pro Val Cys

Tyr Leu Lys Lys Ala Phe Phe Leu Val GIn ;;g I?g Ile Asp Glu Thr Met Arg Phe Lys
TAC CTA MG MG G:C TTT 'I'T'I’ CTG GTA CM GM: ATA ATA GAT cna ACC A‘I’G CGC TTT AM Mouse
TAC CTT MG MG GCA TTT CTC CTG GTA CM 'I'AC A'I’A ATG GAG GAC ACC ATG CGC TTC AGA Human
Tyr Leu Lys Lys Ala Phe Leu Leu Val GIn Tyr Ile Met Glu Asp Thr Met Arg Phe Lys

FiG. 2. Nucleic acid sequence and predicted amino acid se-
quence of mouse CSF-1 cDNA and human urinary CSF cDNA. The
human urinary CSF nucleotide and amino acid sequences are from
ref. 22. Amino acids underlined in the mouse sequence show identity
with the amino acids of human CSF-1. Homologous nucleotides are
shown with dots. Deletion of a codon in the mouse sequence that
corresponds to amino acid residue —29 of human urinary CSF is
shown with a broken line. Amino terminus of the mature protein in
mouse is designated as amino acid residue 1.
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FiG. 3. Blot-hybridization analysis of CSF-1 mRNA. Poly(A)* RNA from mouse L cells and from human MIA-PaCa-2 cells (4, lanes 1 and
2, respectively) or from mouse liver, intestine, kidney, lung, brain, heart, and spleen (B, lanes 1-7, respectively; L-cell RNA in lane 8) was
denatured and electrophoresed in 1.0% agarose gel with formaldehyde and then blotted to nitrocellulose filters. The filters were probed with
32p.1abeled mouse CSF-1 cDNA. The filter in A was washed at low stringency (0.15 M NaCl/15 mM sodium citrate at 45°C), while the filter
in B was washed at high stringency (15 mM NaCl/1.5 mM sodium citrate at 65°C). Filters were then autoradiographed overnight at —70°C with
an intensifying screen. Size markers (HindlII-digested phage A DNA) are indicated in A. The positions of large (28S) and small (18S) ribosomal
RNA and the sizes of RNA bands that hybridized to the probe are shown in B.

GenBank' and the National Protein Information Resource
data bases!|, using the programs SRCHN** and SEARCH".
The mouse L-cell CSF-1 ¢cDNA sequence did not show
significant homology to any other protein in these data bases.
In addition, the mouse CSF-1 sequence did not show signif-
icant homology to GM-CSF (8), multi-CSF (10), G-GSF (11),
erythropoietin (23), or interleukin 1 (24).

Tissue-Specific Expression of Multiple CSF-1 Transcripts.
The entire mouse CSF-1 cDNA insert was isolated and used
as a probe to examine the expression of CSF-1 gene tran-
scripts in cell lines and mouse tissues. Blot-hybridization
analysis of mouse L-cell poly(A)* RNA revealed a major
hybridizing species of about 4.5 kilobases (kb) as well as
several less abundant species of about 3.8, 2.3, and 1.4 kb
(Fig. 3A). The pattern of transcripts in the human pancreatic
carcinoma cell line MIA-PaCa-2 which produces CSF-1,
examined under conditions of reduced hybridization strin-
gency, was similar to that of mouse L cells (Fig. 3A4).

Numerous tissues are capable of elaborating CSF-1 (25,
26); therefore, we examined poly(A)* RNA from several
mouse tissues (Fig. 3B). Lung and heart contained a pattern
of transcripts similar to that observed in L cells, although at
considerably reduced levels. Liver, on the other hand,
exhibited high levels of the 1.4-kb species but lacked the
larger species. The predominant RNA species in brain and

National Institutes of Health (1983) Genetic Sequence Databank:
GenBank (Research Systems Div., Bolt, Beranek, and Newman,
Cambridge, MA), Tape Release 40.0. :

IlProtein Identification Resource (1985) Protein Sequence Database
(Natl. Biomed. Res. Found., Washington, DC), Release 8.0.

**Lipman, D. J. & Wilbur, W. J. (1982) RBSA-Program for Biosci-

ence Similarity Analysis (National Institute of Arthritis, Diabetes,
and Digestive and Kidney Diseases, Mathematical Research
Branch, National Institutes of Health, Bethesda, MD).

t*Orcutt, B. C. & Dayhoff, M. O. (1982) PIR-Reports, NVC 0484,

and Pro-0484 (Natl. Biomed. Res. Found., Washington, DC).

kidney was 1.4 kb long, although these tissues also expressed
the larger species. Spleen had very low levels of CSF-1
transcripts, and intestine lacked detectable transcripts (Fig.
3B). Thus, the pattern of CSF-1 transcripts present in various
tissues is complex and highly tissue-specific.

The fact that the CSF-1 probe hybridizes to the 1.4-kb
mRNA species observed in liver and certain other tissues
under conditions of high stringency suggests that the tran-
script corresponds to CSF-1. Moreover, the transcript is
similar in size to the putative bioactive mRNA present in
human MIA-PaCa-2 cells (22). To further test whether the
transcript represents a distinct but homologous mRNA spe-
cies, we performed primer-extension studies (27). A 15-base-
long oligonucleotide (CAG GTG TCC ATT CCC) comple-
mentary to nucleotides 127-141 of the CSF-1 coding region
was synthesized, labeled with 32P by kinase, and used to
prime synthesis of cDNA from liver, intestine, and L-cell
mRNA. A unique extension product of about 200 nucleotides
was observed using mRNA from liver and L cells, which
contain CSF-1 transcripts as judged by RNA blot hybridiza-
tion, whereas no extension product was observed using
mRNA from intestine, which lacks hybridizing CSF-1 tran-
scripts (data not shown). Thus, the 1.4-kb transcript present
in liver appears to correspond to CSF-1.

The presence of high levels of a CSF-1 transcript in liver
raises the possibility that liver is a major source of the
protein. This was tested by assaying mouse liver conditioned
medium for CSF-1 activity in a mouse bone marrow system
(28). No activity was observed, consistent with the earlier
observations of Bradley ez al. (26). Thus, it appears either
that the hepatic 1.4-kb transcript does not encode bioactive
CSF-1 or that the protein is not properly processed in liver.

Analysis of CSF-1 Genomic Sequences. Mouse genomic
DNA isolated from spleen cells and L-cell DNA were
examined by Southern blotting and hybridization with the
CSF-1 cDNA probe. Digestion of DNA with EcoRI, Hae III,
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and HindIII yielded a similar pattern for mouse genomic and
L-cell DNA. EcoRI gave two bands at 10.0 and 12.0 kb, Hae
III gave a single band at about 1.0 kb, and HindIII gave a
single band at about 10.0 kb (Fig. 4). The presence of a single
band after Hae III and HindIIl digestion suggests that the
CSF-1 gene is present as a single copy per haploid genome.
Also, the fact that the pattern and intensity of the bands from
L-cell DNA were not discernibly different from those ob-
served with mouse genomic DNA suggests that the CSF-1
gene is not amplified or grossly rearranged in mouse L cells,
despite the much higher levels of CSF-1 transcripts in L cells
than in the mouse tissues examined. Obviously, point muta-
tions or other small mutations of the CSF-1 would not be
detected by our analysis.

DISCUSSION

A partial cDNA clone for mouse CSF-1 was identified by
antibody screening of a mouse L-cell cDNA library in the
expression vector Agtll. The identity of the clone was
established by comparing the predicted amino acid sequence
encoded by the cDNA with the amino-terminal amino acid
sequence of mature mouse L-cell CSF-1. The clone appears
to contain 99 nucleotides of the 5’ untranslated region
followed by a region encoding a 31 amino acid signal peptide
and 68 amino acids of the mature protein. The CSF-1
sequence is not homologous to sequences for various other
hematopoietic growth factors, including GM-CSF (8), multi-
CSF (10), and G-CSF (11). The lack of homology of members
of the CSF family is surprising, considering their overlap in
functional control of granulocyte and macrophage differen-
tiation (1-3). The CSF-1 ¢cDNA was used as a probe to

kb A B C D

129 4
105 |

1->

F1G.4. Southern blot analysis of mouse genomic DNA and L-cell
DNA. Mouse genomic DNA or DNA isolated from L cells was
digested with various restriction enzymes, electrophoresed in 0.7%
agarose gels, blotted onto nitrocellulose, and hybridized to 32P-
labeled CSF-1. Lane A: L-cell DNA digested with EcoRI. Lanes
B-D: mouse genomic DNA digested with EcoRI, Hae 11, or HindIII,
respectively. L-cell DNA gave a pattern similar in intensity and size
to genomic DNA after digestion with Hae III or HindIII (data not
shown). The sizes of DNA bands are indicated on the basis of DNA
size markers run in a parallel lane (not shown).
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examine the expression of CSF-1 mRNA in cell lines and
various mouse tissues. A complex pattern consisting of at
least four distinct poly(A)* transcripts, ranging from 4.5 kb
to 1.4 kb in size, was observed in L cells and several mouse
tissues. Moreover, large qualitative and quantitative differ-
ences in the pattern of CSF-1 transcripts were observed
between tissues. Mouse liver contains a single 1.4-kb tran-
script similar in size to the bioactive CSF-1 mRNA observed
in human cell line MIA-PaCa-2 (22). Bioassay of mouse liver
conditioned medium indicates the absence of CSF-1 activity.
The presence of a single transcript and the absence of CSF-1
biological activity are intriguing. It is possible that the
transcript in liver is not translated or that there is an inhibitor
in the conditioned medium that affects the biological activity
of CSF-1.

Recently, Kawasaki et al. (22) reported the identification
and characterization of cDNA clones corresponding to hu-
man urinary CSF. The extensive homology of the human
urinary CSF sequence and that of mouse CSF-1 (Fig. 2)
indicates that the factors are analogous. Sequencing of
several human cDNA clones derived from the human pan-
creatic carcinoma cell line MIA-PaCa-2 indicated the pres-
ence of intervening sequences and of heterogeneity of the 3’
end (22), suggesting that the multiple CSF-1 transcripts arise
as a result of alternative mRNA splicing. Our Southern
blotting studies, suggesting that the CSF-1 gene occurs as a
single copy in the haploid genome, are consistent with this
hypothesis. Our present findings suggest that the multiple
transcripts are not the results of abnormal expression in a
transformed cell line, since they occur in normal tissues and
since the relative levels of the various RNA species are
regulated in a tissue-specific manner.

The functional and regulatory significance of the multiple
CSF-1 transcripts is unclear. Unlike most other hematopoi-
etic growth factors, CSF-1 activity is produced by a wide
variety of tissues, including brain, heart, and lung (25, 26, 29).
Although GM-CSF is also produced by a variety of tissues
(30), it appears to be derived exclusively from lymphocytes.
Thus, some of the transcripts observed in this study presum-
ably give rise to the active factor. All of the major RNA
species are considerably longer than a sequence required to
encode the M, 15,000 mature mouse CSF-1 polypeptide.
However, the primary CSF-1 translation product has not yet
been identified, and it is possible that CSF-1 undergoes
significant proteolytic processing before secretion. We have
been unsuccessful in attempts to identify bioactive or im-
munoreactive CSF-1 following in vitro translation or frog
oocyte microinjection of mouse L-cell nRNA (A.J.L., K. A.
O’Donnell, R.E., and T.B.R., unpublished data). Recently,
Burgess et al. (31) separated two forms of CSF-1 from mouse
L-cell conditioned medium by reversed-phase high-perform-
ance liquid chromatography. The forms differed in subunit
size, hydrophobicity, and specificity for the production of
granulocyte as compared to macrophage colonies in bone
marrow cultures (31).

The availability of the mouse CSF-1 cDNA should facili-
tate studies of the regulation of the factor and its role in
normal or abnormal cell proliferation. Of particular impor-
tance is the isolation and expression of sequences corre-
sponding to the CSF-1 transcripts, in order to examine their
protein products and functions.
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AM27008, CA15237, and CA32737 and the University of California,
Los Angeles Jonsson Comprehensive Cancer Center. T.B.R. is a
fellow of the Lady Tata Memorial Trust. A.J.L. is an established
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