The EMBO Journal vol.6 no.9 pp.2693 —2698, 1987

Human CSF-1: gene structure and alternative splicing of mRNA
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Bone marrow progenitor cells differentiate into mononuclear
phagocytes in the presence of colony stimulating factor-1
(CSF-1). Characterization of the human CSF-1 gene shows
that it contains 10 exons and 9 introns, which span 20 kb.
Analysis of multiple CSF-1 transcripts demonstrates that
alternate use of exon 6 splice acceptor sites and 3’ noncoding
sequence exons occurs. These alternatively spliced transcripts
can encode either a 224 or a 522 amino acid CSF-1. Implica-
tions of differential splicing for the production and function
of CSF-1 are discussed.
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Introduction

Production of hematopoietic cells is regulated by a group of pro-
teins known collectively as colony stimulating factors (CSF) (Met-
calf, 1986). cDNAs encoding four distinct human CSF proteins
have been cloned. These include granulocyte-CSF (G-CSF)
(Nagata et al., 1986) granulocyte-macrophage CSF (GM-CSF)
(Wong et al., 1985) macrophage CSF (CSF-1) (Kawasaki ez al.,
1985) and multi-CSF (IL-3) (Yang ez al., 1986).

CSF-1 supports the growth and proliferation of mononuclear
progenitor cells and promotes the proliferation of mature
macrophages. Several different CSF-1 transcripts are produced
by a human pancreatic carcinoma cell line, (Das and Stanley,
1982; Das et al., 1981) MIA PaCa-2, after PMA induction under
serum free conditions (Kawasaki et al., 1985). We initially
isolated a 1600 bp CSF-1 cDNA (pcCSF-17) from these cells
(Kawasaki et al., 1985). Recently, a second CSF-1 cDNA
(p3ACSF-69) was isolated from a human SV40 transformed tro-
phoblast cell line which codes for a 522 amino acid form of CSF-1
(Wong ef al., 1987). This longer CSF-1 is homologous to the
CSF-1 encoded by cDNA clones we have isolated from murine
1929 cells (Ladner et al., in preparation). Our present results
show that Mia PaCa-2 cells also produce CSF-1 transcripts en-
coding the 522 amino acid form of CSF-1, and that a cDNA clone
corresponding to this human mRNA expresses active CSF-1 pro-
tein in COS cells.

Characterization of the genomic clone and Northern blot
analysis of the CSF-1 transcripts by oligonucleotide hybridiza-
tion have enabled us to analyze the CSF-1 mRNAs produced in
MIA PaCa cells. This report describes the organization of the
human CSF-1 gene and shows that the diverse sequences describ-
ed for CSF-1 mRNAs arise from differential splicing of a large
primary transcript.
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Results
Genomic organization

The human CSF-1 gene (\C and XK in Figure 1) was isolated
from a genomic library (Maniatis et al., 1978) using a degenerate,
35-base oligonucleotide probe complementary to the amino ter-
minal protein sequence of human urinary CSF-1 (Kawasaki et
al., 1985). An additional clone (\11), which overlaps AC, was
subsequently isolated using a cDNA probe. Comparison of the
known CSF-1 cDNA sequence with the sequence of genomic
subclones enabled us to elucidate the structure of the CSF-1 gene.

The CSF-1 gene is divided into at least 10 exons (Figure 1).
The first exon contains the 5’ untranslated (UT) sequence and
the first 13 amino acid residues of the leader sequence. The re-
maining 19 amino acid residues of the leader sequence and the
first 22 amino acids of the mature protein are contained within
the second exon; the remaining coding sequence is divided into
six exons. Exon 6 is variable in length, depending upon which
of two splice acceptor sites is used. The translation stop signal
(TAG) lies 16 bp upstream of the end of exon 8. Exon 9 con-
tains the remaining 679 bp of 3’ UT sequence contained in
pcCSF-17. We have determined that there is at least one addi-
tional exon ~ 2.5 kb downstream of exon 9 which codes for an
alternate 3' untranslated sequence.

5' flanking sequence

The putative promoter region of the CSF-1 gene has several
elements which may be involved in regulating CSF-1 transcription
(Figure 2). The sequence CATAAA, which has homology with
the TATA box (Goldberg and Hogness box) (Breathnach and
Chambon, 1981), lies 54 bases upstream irom the first nucleo-
tide of our most 5’ cDNA. Although the initial T in the TATA
box is strongly conserved in many genes, a compilation of 60
genes analyzed for sequence homology upstream of the mRNA
start site shows that C is the second most common initial nucleo-
tide (Breathnach and Chambon, 1981). Another possible TATA
box, TTAAAA, 26 bp upstream from the cDNA start site in
pcCSF-17, is similar to the sequence TTTAAA, which is pre-
sent 28 bp upstream from the putative initiation site of RNA tran-
scription for mGK-1 in the murine kallikrein gene (Mason et al.,
1983).

Sp1, the transcription factor required for SV40 transcription,
has been shown to bind to GC boxes (GGGCGG) in both the
SV40 and the mouse DHFR promoter. Sp1l can stimulate tran-
scription from the DHFR promoter (Dynan et al., 1986). Iden-
tical GC sequences have been found recently in several eucaryotic
genes, including the epidermal growth factor receptor (Ishii ez
al., 1985a), human adenosine deaminase (Valerio et al., 1985)
and the Harvey ras 1 proto-oncogene (Ishii ez al., 1985b). The
hamster gene for HMG CoA reductase, a gene which is con-
trolled by negative feedback, has both GGGCGG and CCGCCC
sequences in its 5’ flanking region (Reynolds et al., 1984).

The hexanucleotide, GGCGGG, is present twice in the 5’ flank-
ing region of CSF-1 (positions —159 and —177). This same se-
quence is present five times between positions —167 and —214
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Fig. 1. Organization of the human CSF-1 gene. Three overlapping genomic clones containing the entire gene are indicated at the top of the figure. The ten
exons are shown as closed boxes; the open box indicates the presumed location of the first half of exon 10. The location of the exon 6 5’ splice site used by
pCSF-17-type transcripts is shown by an arrow. The map indicates EcoRI (R) and HindIII (H) restriction sites, and sequenced regions of the gene are

delineated below.

-570 ctgcagaggaagaagggggctgccggcaaacctgctgactcaggctccacgagggagcaagtaacactggactecttteggcactecgagaatggggtgggggegtcttcaaaggatttc

-450 cctcccttcccagtgettgtcoctgeteteggteegttttetgectaagatttggggattttcagggecctggagggaaagtcccttgggacgatcatagagegetagcactgaatcagect

-330 goagagcgcggaaggaaagggtcggtccgcagagggcgeggggaaggcagggtggggacgecggtggageccgegetegtttgetgaaggettggaagtgcagegecagaagacagageate

=210 actaggaagacgcacgaacggggctggccagecggcgggtyggggaggggaggcgggggaaggcggctgagtgggectctggagtgtgtgtgtetgtgteagtgtgtgtgtgtgtatatg

-90 tatgtgtg tg]tctqgcgcctqqccaggg tgatttcccaca tgccccccagtcctctcgctqtgccgagqgctggccAGTGAGGCTCGGCCCGGGGAAAGTGAAI\G'I‘

TTGCCTGGGTCCTCTCGGCGCCAGAGCCGCTCTCCGCATCCCAGGACAGCGCTGCGGCCCTCGGCCGGGGCGCCCACTCCGCAGCAGCCAGCGAGCGAGCGAGCGAGCGAGGGCGGCCGA

CGCGCCCGGCCCGGACCCAGCTGCCCGTATGACCGCGCCGGGCGCCGCCGGGCGCTGCCCTCCCACGgtaag
METThrAlaProGlyAlaAlaGlyArgCysProProThr

Fig. 2. Nucleotide sequence of the 5’ flanking region and the first exon of the human CSF-1 gene. cDNA sequence is indicated by capital letters. Two
potential TATA sequences are boxed and the two GGCGGG hexanucleotide sequences are underlined. The sequences similar to the enhancer core consensus
sequence are overlined. The long series of repeating thymine and guanine bases is enclosed in brackets.

in the human HPRT gene (Kim et al., 1986). Because of the
similarity to the canonical GC box, these hexanucleotides may
also interact with transcription factors.

Two areas in the CSF-1 genomic sequence are homologous
to enhancer core sequences. The consensus sequence,
TGGAAAG, was derived from 14 known and putative enhancer
sequences and compared with the core element of the SV40 72-bp
repeat (Laimins et al., 1983). Similar sequences (GGGAAAG
and AGGAAAG) are located at positions —377 and —317 in
the 5’ flanking region of the human CSF-1 gene.

Between positions —85 and —127 there is a series of alter-
nating guanine and thymine bases which has the potential of form-
ing Z-DNA. Rich ez al. (1984) postulate that Z-DNA can have
either positive or negative effects upon transcription, depending
upon its location and surrounding sequences. Determination of
which elements contribute to the expression of the CSF-1 gene
requires further study.
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Isolation of a new CSF-1 cDNA (CSF4)

pcCSF-17, the first CSF-1 cDNA isolated from MIA PaCa cells,
encodes a 224-amino acid residue CSF-1 protein; however, the
CSF-1 cDNA from murine L cells codes for a 520 amino acid
residue protein (Ladner et al., in preparation). The size difference
between these clones results from 295 additional internal amino
acids in the murine coding sequence beginning at the position
corresponding to amino acid residue 150 of pcCSF-17 (Kawasaki
et al., 1985). Examination of our human CSF-1 genomic clone
revealed an 894 bp DNA sequence immediately preceding the
exon 6 acceptor site in pcCSF-17 which is 78% homologous to
the additional murine cDNA sequence. Translation of this human
sequence revealed an open reading frame with 80% homology
to the 295 additional amino acid residues coded for by the murine
sequence.

A 40 bp oligonucleotide probe (GM11), specific for this human
genomic sequence, hybridized to induced MIA PaCa mRNA on
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Fig. 3. Northern blots of murine 1929 cell and PMA-induced MIA PaCa cell mRNA. MLO6 is specific for exon 8; GMI11 is specific for the long form of
exon 6; JV30 is specific for exon 9 and JV65 is specific for the 3’ untranslated sequence in the murine 4 kb CSF-1 cDNA clone.

Northern blots (Figure 3), indicating that some CSF-1 transcripts
contain sequence not present in pcCSF-17. GM11 was subse-
quently used to probe a Agt10 cDNA library made using total
mRNA from induced MIA PaCa cells. Duplicate filters were
hybridized with a pcCSF-17 cDNA probe. From the initial
screening, 10 cDNA clones were isolated which hybridized to
both the cDNA probe and GM11. The largest clone (CSF-4)
which hybridized with GM11 was subcloned and sequenced.
CSF+4 (Figure 4) begins at amino acid residue 19 of the pcCSF-17
leader sequence and codes for a 522 amino acid residue CSF-1
protein which contains a 298 amino acid residue insertion at
amino acid residue 150 relative to pCSF-17. The protein has a
predicted molecular weight of 60.5 kd and contains four
asparagine-linked glycosylation signals.

Expression of CSF-4

A BstXI to EcoRI restriction fragment from pcCSF-17 was
replaced with the corresponding fragment from CSF~4 in the ex-
pression vector pcDB (Ladner ef al., in preparation). The new
construct, pcDBCSF-4, which contains all of the leader sequence
from pcCSF-17 and the long CSF-4 coding sequence, was used
to transfect COS-A, cells. CSF-1 activity in the culture super-
natants was measured by a human CSF-1 specific RIA (Das and
Stanley, 1981) and a murine-bone-marrow colony assay
(Kawasaki et al., 1985). The results of these assays, shown in
Table I, prove that both pcCSF-17 and pcDBCSF-4 encode ac-
tive CSF-1.

CSF-1 mRNA heterogeneity in MIA PaCa cells

CSF-1 transcripts vary in size depending in part upon which form
of exon 6 they contain. MLO6, an exon 8-specific oligonucleo-
tide probe, hybridizes to all CSF-1 transcripts on a Northern blot
of mRNA from induced MIA PaCa cells (Figure 3). These trans-
cripts range in size from 1.6 to 4.5 kb. Hybridization of the oligo-
nucleotide GM11 (complementary to nucleotides 506 to 545 in
CSF+4 in Figure 4) on the same Northern blot established that

a subset of all CSF-1 transcripts contain the long form of exon
6. Clearly, GM11 hybridizes to the largest CSF-1 mRNA and
to three mRNAs of intermediate size (~2.6—
3.3 kb). The faint transcript (~ 3.6 kb) below the largest mRNA
and the two smallest transcripts do not hybridize to GM11, in-
dicating that these messages contain the short form of exon 6.

The two murine cDNA clones diverge 13 bp beyond the TAG
stop codon and contain 3’ UT sequences that are vastly different
in both size and composition (Ladner e al., in preparation). The
presence of an exon boundary 13 bp after the stop codon in the
human CSF-1 sequence (Figure 4) suggested that the human
CSF-1 mRNAs might also contain alternate 3’ UT sequences.
Two lanes on the Northern blot in Figure 3 were probed with
JV30, a 20-bp oligonucleotide which is specific for the pcCSF-17
3" UT region. JV30 hybridizes to the five smaller human mRNAs
and also to the small murine CSF-1 mRNA. It does not hybridize
to the two largest human CSF-1 mRNAs or the larger of the two
murine L929 cell mRNAs. These data confirm our hypothesis
that human CSF-1 mRNAs contain different 3’ untranslated
regions.

The 4.2-kb HindIll — EcoRI genomic fragment, which lies im-
mediately downstream from exon 9 in A\11 (Figure 1), hybridizes
to only the two largest CSF-1 transcripts (data not shown). This
result established that at least a portion of the alternate 3’ se-
quence is conained in this HindIII—EcoRI fragment.

Several oligonucleotides specific for the 3’ UT sequence of
the long murine cDNA were also tested in Northern analyses
for hybridization to human CSF-1 mRNA. Many of these oligo-
nucleotides do not hybridize to human mRNA. However, one
of these murine-specific oligonucleotides, JV65, does hybridize
faintly to the largest CSF-1 transcripts (Figure 3), suggesting that
the human alternate 3’ UT sequence shows at least some
homology with its murine analog. JV65 and its complement,
JV66, were used successfully as sequencing primers on the 4.2 kb
HindIIl - EcoRI human genomic fragment described above. The
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-

CCCTGCTGTTGTTGGTCTGTCTCCTGGCGAGCAGGAGTATCACCGAGGAGGTGTCGGAGTACTGTAGCCACATGATTGGGAGTGGACACCTGCAGTCTCTGCAGCGGCTGATTGACAGTC

LeuLeuLeuLeuValesLeuLeuAlaSerArgSerIleThrGluGluVa}ﬁerGluTerysSerHisMETIleGlySerGlyHisLeuGlnSerLeuGlnArgLeuI1eAspSerG1n
-10 1 20

121 AGATGGAGACCTCGTGCCAAATTACATTTGAGTTTGTAGACCAGGAACAGTTGAAAGATCCAGTGTGCTACCTTAAGAAGGCATTTCTCCTGGTACAAGACATAATGGAGGACACCATGC
METGluThrSerCysGlnI1eThrPheGluPheVaIAspGInGluGlnLeuLysAspProValesTereuLysLysAlaPheLeuLeuValGlnAsle?SETcluAspThrMETArg
40 60

241 GCTTCAGAGATAACACCCCCAATGCCATCGCCATTGTGCAGCTGCAGGAACTCTCTTTGAGGCTGAAGAGCTGCTTCACCAAGGATTATGAAGAGCATGACAAGGCCTGCGTCCGAACTT
PheArgAspAsnThrProAsnAlaIleAlaIleValGlnLeuGlnGluLeuSerLeuAtgLeuLysSerCysPheThrLysAspTyrGluGluHisAspLysAlaCysValArgThrPhe
100

80

361 TCTATGAGACACCTCTCCAGTTGCTGGAGAAGGTCAAGAATGTCTTTAATGAAACAAAGAATCTCCTTGACAAGGACTGGAATATTTTCAGCAAGAACTGCAACAACAGCTTTGCTGAAT
TyrGluThrProLeuGlnLeuLeuGluLysValLysAanalPheAsnGluThrLysAsnLeuLeuAspLysAspTrpAsnIlePheSerLysAanysAsnAsnSerPheAlaGluCys
v — 120

120

eProdSerSerAspPro.

481 GCTCCAGCCAAJATGTGGTGACCAAGCCTGATTGCAACTGCCTGTACCcCAAAGCCATCCCTAGCAGTGACCCGGCCTCTGTCTCCCCTCATCAGCCCCTCGCCCCCTCCATGGCCCCTg
SerSerGlnAspValVa rLysProAspCysAsnCysLeuTyrProLysAla aSerValSerProHisGInProLeuAlaProSer aProVal
160

180

601 IQQCTGGCTTGACCTGGGAGGACTCTGAGGGAACTGAGGGCAGCTCCCTCTTGCCTGGTGAGCAGCCCCTGCACACAGTGGATCCAGGCAGTGCCAAGCAGCGGCCACQCAGGAGCACCT
AlaGlyLeuThrTr UASpPSerGiluGlyThrGluGlySerSerLeuLeuProGlyGluGlnProLeuHisThrvalAspProGlySerAlaLysGlnArgProProArgSerThrCys
200 220
721 GCgAgAGCTTTGAGCCGCCAGAGACCCCAGTTGTCAAGGACAGCACCATCGGTGGCTCACCACAGCCTCGCCCCTCTGTCGGGGCCTTCAACCCCGGGATGGAGGATATTnggAQIgIg
GlnSerPheGluProProGluThrProValValLysAspSerThrIleGlyGlySerProGlnProArgProServa yAlaPheAsnProGly! uAsplleLeuAspSerAla
240 260

84

—

280
96

P

320

CAQTGGGCACTAATTGGGTCCCAGAAGAAGCCTCTGGAGAGGCCKCTGAGATTCCCGTACCCCAAGGGACAGAGCTTTCCCCCTCCAGGCCAGGAGGGGGCAGCATGCAGACAQAQQQQQ
METGlyThrAsnTrpvalProGluGluAlaSerGlyGluAlaSerGluIleProvalProGlnGlyThrGluLeuSerProSerArgProGlyGlyGlySer ETG1nThrGluProAla

300

CCAGACCCAGCAACTTCCTCTCAGCATCTTCTCCACTCCCTGCATCAGCAAAGGGCCAACAGCCGGCAGATGTAACTGGTACAGCCTTGCCCAGGGTGGGCCCCGTGAGGCCCACTGGCC

ArgProSerAsnPEeLeuSerAIaSer§erFroEeuProAIaSerXTaLysGIyGInEInProKTaXspValTErElyThrAlaLeuProArgVaiGinroVaIArgProTErGlyGln
340

1081 AGGACTGGAATCACACCCCCCAGAAGACAGACCATCCATCTGCCCTGCTCAGAGACCCCCCGGAGCCAGGCTCTCCCAGGATCTCATCACTGCGCCCCCAGGGCCTCAGCAACCCCTCCA
SpTrpAsnHisThrProGinLysThrAspHisProSerAlaLeuLeuArgAspProProGluProGlySerProArgIleSerSerLeuArgProGlnGlyLeuSerAsnProSerThr
360 380

1201 CCCTCTCTGCTCAGCCACAGCTTTCCAGAAGCCACTCCTCGGGCAGCGTGCTGCCCCTTGGGGAGCTGGAGGGCAGGAGGAGCACCAGGGATCGGAGGAGCCCCGCAGAGCCAGARGGAG
LeuSerAlaGlnProGlnLeuSerArgSerHisSerSerGlySerValLeuProLeuGlyGluLeuGluGlyArgArgSerThrArgAspArgArgSerProAlaGluProGluGlyGly
400 420

1321 GACCAGCAAGTGAAGGGGCAGCCAGGCCCCTGCCCCGTTTTAACTCCGTTCCTTTGACTGACACAGGCCATGAGAGGCAGTCCGAGGGATCCTCCAGCCCGCAGCTCCAGGAGTCTGTCT

ProAlaSerGluGlyAlaAlaArgProlLeuProArg

eAsnSerValProLeuThrAspThrGlyHisGluArgGlnSerGluGlySerSerSerProGlnLeuGlnGluSerValPhe
440 Vi 460

1441 TCCACCTGCTGGTGCCCAGTGTCATCCTGGTCTTGCTGGCCGTCGGAGGCCTCTTGTTCTACAGGTGGAGGCGGCGG&GCCATCAAGAGCCTCAGAGAGCGGATTCTCCCTTGGAGCAAC
HisLeuL§ﬁValPrOSerValI1eLeuValLeuLeuAlaValGlyclyLeuLeuPheTytArgTrpArgArgAzgSerHisGlnGluProGlnArgAlaAspSerProLeuGluGlnPro
480 Vil 500

1561 CAGAGGGCAGLCCCCTGACTCAGGATGACAGACAGGTGGAACTGCCAGTGTAGAGGGAATTCTAAJACCCCTCACCATCCTGGACACACTCGTTTGTCAATGTCCCTCTGAAAATGTGAC

GluGlySerProLeuThrGlnAspAspArgGlnValGluLeuProVal
520

1681 GCCCAGCCCCGGACACAGTACTCCAGATGTTGTCTGACCAGCTCAGAGAGAGTACAGTGGGACTGTTACCTTCCTTGATATGGACAGTATTCTTCTATTTGTGCAGATTAAGATTGCAT
TAGTTTTTTTCTTAACAACTGCATCATACTGTTGTCATATGTTGAGCCTGTGGTCTATTAAAACCCCTAGTTCCATTTCCCATAAACTTCTGTCAAGCCAGACCATCTCTACCCTGTAC
1921 TTGGACAACTTAACTTTTTTAACCAAAGTGCAGTTTATGTTCACCTTTGTTAAAGCCACCTTGTGGTTTCTGCCCATCACCTGAACCTACTGAAGTTGTGTGAAATCCTAATTCTGTCA
TCTCCGTAGCCCTCCCAGTTGTGCCTCCTGCACATTGATGAGTGCCTGCTGTTGTCTTTGCCCATGTTGTTGATGTAGCTGTGACCCTATTGTTCCTCACCCCTGCCCCCCGCCAACCC
2161 CAGCTGGCCCACCTCTTCCCCCTCCCACCCAAGCCCACAGCCAGCCCATCAGGAAGCCTTCCTGGCTTCTCCACAACCTTCTGACTGCTCTTTTCAGTCATGCCCCTCCTGCTCTTTTG

TATTTGGCTAATAGTATATCAATTTGC

Fig. 4. DNA and amino acid sequence of CSF-4. The start of the mature protein is designated as amino acid 1. The 894 bp of sequence not present in
pcCSF-17 are underlined. Arrows indicate intron/exon boundaries. The four asparagine-linked glycosylation signals in the amino acid sequence are underlined.

DNA sequence generated with JV65 and JV66 shows homologies
of 78 and 69 % respectively to the 3' UT sequence from the 4-kb
murine cDNA and contains a unique Sall restriction site which
allowed us to localize it ~3 kb downstream from exon 9.
Analysis of the 3’ end of the 4.2-kb fragment revealed a sequence
with 93 % homology to the last 54 nucleotides of the 4-kb murine
clone. The position of this region with respect to the position
of the JV65/JV66 generated sequence suggests that at least 1 kb
of alternate 3’ UT sequence is encoded in a single exon in the
position indicated in Figure 1. Further sequence analysis is
necessary to determine whether the entire alternate 3’ UT se-
quence is contained in a single exon.

Discussion

Induction of the human cell line MIA PaCa-2, under serum free
conditions, results in an increased production of heterogeneous
CSF-1 transcripts. The same transcript heterogeneity is present
in uninduced MIA PaCa-2 cells grown in fetal-calf serum (Ralph
et al., 1986). The heterogeneity results from differential gene
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Table I. Expression of CSF-4 and CSF-17 in COS cells

Experiment Clone RIA Mouse BM colony assay
(units/ml) (units/ml)
I pcDBCSF4 17 236 9200
pcDBCSF-17 31757 17 000
MEDIUM 5 0
VECTOR 100 20
-DNA 100
I pcDBCSF4 29 900 33 667
pcCSF-17 26 400 24 500

The two CSF-1 coding sequences inserted in the Okayama Berg expression
vector, pcDB, are designated pcDBCSF-4 and pcDBCSF-17. Vector is
pcDB without insert. pcCSF-17 is the original human CSF-1 cDNA clone.

splicing at two different locations. One of these locations is bet-
ween exons 5 and 6. Two different splice acceptor sites are utiliz-
ed in exon 6. Use of the downstream acceptor site creates CSF-1
mRNAs with 672 bp of coding sequence, as in pcCSF-17. When



Table II. Sequence at the intron/exon boundaries of the human CSF-1 gene

5’ donor boundary 3" acceptor boundary

Exon Intron Exon

1CACG gtaage . . . 1. .. t] gtcacag ACATG 2
[c]s

2GCTG gtgagt . . . II... 7ty acag ATTGA 3
[°]9

3GTTG gtgagt . . . IIl . .. rtq tcag AAAGA 4
[C]s

4CAAG gtagga . . . IV ... 1ty ccag GCCTG 5
[°]7

SCAAG gtaagc . . . V... rt] tcag ATGTG 6 (upstream
[C]s site)

or t1 gactgacacag GCCAT 6 (downstream

[c]7 site)

6 GCGG gtgagt . . . VI. .. rt] acctcag AGCCA 7
[°]9

7GCAG gtgagag . . VII.. . [ty gcag CCcccC 8
[C]s

8TAAG gtaagg . . VII . . [t]4tcag ACCCT 9

Consensus:

CAG gtaagt tincag G

A g [c]n t

Donor Acceptor

Capital letters indicate exon sequence and small letters indicate intron
sequence. The consensus sequence is from Mount (1982).

the upstream acceptor site is used, the resultant mRNAs contain
1563 bp of coding sequence, as in CSF+4.

As shown in Table II, the donor and acceptor sites resemble
the consensus sequences (Mount, 1982); however, the acceptor
site used to create pcCSF-17 contains a very poor pyrimidine
stretch at the end of the intron. The acceptor site used by CSF-4
has a long pyrimidine tract. The upstream acceptor site is used
by the majority of CSF-1 transcripts, as shown by the hybridiza-
tion of GM11 to four of the most abundant CSF-1 mRNAs
(Figure 3).

The choice of exons used for the 3’ untranslated regions also
results in transcript heterogeneity. At least two different exons
are used for the 3' untranslated region, just as in the murine
CSF-1 mRNAs (Ladner ez al., in preparation). The 2.3-kb cDNA
(CSF-4) we have sequenced contains the same 3’ untranslated
sequence contained in pcCSF-17. The recently published se-
quence of p3ACSF-69, which contains the same coding sequence
as CSF4, contains an alternate 3’ untranslated sequence (Wong
et al., 1987). This 3’ UT sequence is 2.2 kb in length and is
homologous to the exon 10 sequence we have determined, ex-
cept at the extreme 3’ end. The last 20 bp of the p3ACSF-69
sequence and the corresponding genomic sequence are:

TGCCGTTGAC GTAGCTCGAG p3ACSF-69 (Wong et al., 1987)
TGCCATGTGA GTCGTGGGAA genomic CSF-1

The difference is probably not due to an intron in the genomic
sequence because there is no recognizable donor splice site at
the position where the sequences diverge.

The fact that two species as evolutionarily divergent as mouse
and human product CSF-1 mRNAs with two 3’ UT sequences
suggests these sequences are functionally significant. Examina-
tion of these sequences shows that the mouse and human shorter
3’ UT sequences (found in pCSF-17, CSF-4, and the murine 2-kb
clone) are related to one another, and the longer 3’ UT sequences
[pP3ACSF-69 (Wong et al., 1987) and the murine 4-kb clone]

M.B.Ladner et al.

are similar. The degree of conservation also suggests that these
sequences have a function. Between mouse and human, the
shorter 3’ UT sequence homology is 90% and the longer sequence
homology is 70%. 110 bp of sequence at the extreme 3’ end of
the longer sequence is 95% homologous between the species and
contains several ATTTA sequences. This motif may be a recogni-
tion signal for the rapid degradation of certain mRNAs (Shaw
and Kamen, 1986). This motif is not found in the shorter 3’ UT
sequence and suggests that CSF-1 mRNA stability could be deter-
mined by which 3’ UT sequence is used.

Since the utilization of exon 6 acceptor sites and alternate 3’
exons appear to be independent events, several different CSF-1
mRNAs can be generated. The splicing pattern of CSF-1 mRNA
from induced MIA PaCa-2 cells is related to the state of these
cells. Serum-free, uninduced MIA PaCa-2 cells contain the
highest mol. wt CSF-1 mRNA (Kawasaki ez al., 1985). However,
the cells contain no detectable lower mol. wt CSF-1 RNAs and
very little CSF-1 protein. The appearance of several CSF-1
mRNAs is correlated to the induction of these cells with PMA
(with or without retinoic acid). However, PMA does not induce
the formation of heterogeneous CSF-1 mRNAs in monocytes.
Only one CSF-1 mRNA, of high mol. wt, is detectable in human
monocytes induced with 20 ng/ml PMA (Horiguchi ef al., 1986).

RNA coding for G-CSF, on the other hand, is not differen-
tially spliced in the PMA induced MIA PaCa cells (Devlin et
al., in press). In another cell line, Chu-2, G-CSF transcripts are
present in two alternatively spliced forms (Nagata et al., 1986).
These results indicate that both the cellular components and the
sequence of the mRNA influence mRNA splicing. As discussed
by Padgett ez al. (1986), in their recent review on splicing, trans-
acting factors (such as different levels of specific snRNPs) may
influence the activity of different splice sites. Reed and Maniatis
(1986) have shown that altering the concentration of splicing ex-
tracts can change the relative use of duplicated splice sites and
suggest that alternative splicing can be controlled by variations
in the amounts of splicing components available.

CSF-1 protein structure

Our data suggest that the amino-terminal portion of CSF-1 is
responsible for the protein’s biological function while the amino
acids in the sequence unique to CSF-4 may impart a correct con-
figuration for proteolytic processing of the membrane bound
protein.

All CSF-1 cDNA clones (human and murine) code for a 23
amino acid residue hydrophobic sequence which begins 59 amino
acids before the carboxy-terminus (60 amino acids before the
carboxy-terminus in murine CSF-1). This hydrophobic sequence
has the characteristics of a transmembrane domain. We have
previously hypothesized that CSF-1 is initially a membrane bound
protein (Kawasaki ez al., 1985). After removal of this transmem-
brane domain the proteins encoded by pcCSF-17 and CSF4
would have substantially different carboxy-termini domains and
the amino-terminal 149 amino acid residue sequence would be
the only common amino acid sequence shared between the two
proteins. This hypothesis clearly suggests that the active site of
CSF-1 resides within the first 149 amino acids.

Analysis of the amino acid homology between murine and
human CSF-1 (CSF-4) shows there is more homology between
the first half of the two proteins than through the central region
of the sequence unique to CSF4. The 23 amino acid residues
of the hydrophobic domain and the first 227 amino acid residues
of the mature protein are highly conserved (87 and 82% respec-
tively). Between amino acid residues 228 and 399, the amino
acid sequence is diverging between the two species much more
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rapidly (49% homology). However, there is a functional con-
servation in the amino acid changes in this area (71%). For ex-
ample, neutral or weakly hydrophobic amino acids (proline,
alanine, glycine, serine and threonine) are often substituted one
for another. The amino acid divergence implies that the exact
amino acid sequence downstream of amino acid 227 is not
necessary. The functional conservation suggests that maintain-
ing an appropriate 3-dimensional structure is important. Thus,
only certain types of amino acid substitutions are allowed.

Because pcCSF-17 encodes a biologically active CSF-1 pro-
tein, we know that the additional coding sequence in CSF-4 is
not necessary for the biological properties we have tested.
However, whether the protein coded for by pcCSF-17 is en-
zymatically cleaved at a different position or at a different rate
than the protein coded for by CSF-4 remains to be elucidated.
Some differences in biological activity and pharmacokinetics be-
tween the two proteins may be found. ‘

The isolation of two mRNA species that encode substantially
different CSF-1 proteins raises many new questions. Among col-
ony stimulating factors, the presence of a hydrophobic domain
and two forms of protein encoded by two mRNAs are proper-
ties unique to CSF-1. These properties suggest that CSF-1 is func-
tionally more diverse than the other colony stimulating factors.
Studies designed to look at membane-bound forms versus serum
forms will elucidate the reasons why this colony stimulating factor
appears to have a transmembrane domain that can anchor it to
the cell membrane. The hypothesis that the two forms of protein
may have different half-lives either on cell membranes or in
serum can be easily tested now that cDNA clones and large
amounts of expressed protein are available.

Materials and methods

Isolation and sequencing of genomic CSF-1

Recombinant phage clones C and K were isolated as described (Kawasaki et al.,
1985). Phage 11 was obtained using a 32P-labeled pcCSF-17 probe. Random
shearing and specific restriction digestion were used to produce fragments of the
CSF-1 genomic DNA. We subcloned these fragments into M13 (Yanisch-Perron
et al., 1985) and sequenced (Sanger et al., 1977) a total of 16 kb. Approximate-
ly 40% of the sequence shown in Figure 1 was determined on both strands.

cDNA library construction

MIA PaCa-2 cells were induced with 10 ng/ml PMA and 10 uM retinoic
acid as described (Ralph et al., 1986). Total RNA was isolated by the
method of Chirgwin et al. (1979). Poly (A)* RNA was twice selected on
an oligo d(T) column and used to generate a cDNA library in Agt10 (Huynh
et al., 1985). The Ilibrary was screened with GMI11
(5'GCTAGGGATGGCTTTGGGGTACAGGCACTTGCAATCAGGC3') and
pcCSF-17. Hybridization conditions for GM11 were 5 X SSC (standard saline
citrate); 5 X Denhardt’s, 10% formamide; 0.1% SDS; 25 mM NaPO,; pH 7,
1 mM EDTA and 200 ug/ml yeast RNA at 42°C. Hybridization conditions for
pcCSF-17 were the same except the formamide concentration was 50%. Insert
cDNA from candidate clones was purified and ligated into M13mp18 and mp19
for sequencing.

Northern blot analysis

The murine and human mRNA (5 pg) were electrophoresed on a 1% agarose
gel containing 2.2 M formaldehyde (Lehrach ef al., 1977) and transferred to nitro-
cellulose. Strips containing 1 lane each of murine mRNA and human mRNA
were hybridized to oligonucleotide probes as indicated.

The oligonucleotides were end-labeled with T4 polynucleotide kinase and
[\-2P]ATP. Hybridization conditions were essentially as described above for
GMI11. The hybridization and washing temperatures varied according to the Ty,
of the oligonucleotide. Final washes were in 1 X SSC; 0.1% SDS; 1 mM ED-
TA and 50 mN NaPO, at 5°C below the T,, of the oligonucleotide. The filters
were autoradiographed at —70°C using Kodak XAR film and DuPont Quanta
III intensifying screens.

Cos cell expression

COS-A, cells were transfected with CsCl gradient purified DNA using a DEAE
dextran method (Sompayrac and Dana, 1981) with the addition of chloroquine
(Luthman and Magnusson, 1983). Supernatants were harvested 72 h after transfec-
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tion and assayed for CSF-1 activity by a human CSF-1 specific RIA (Das et al.,
1981) and a murine bone marrow colony assay (Kawasaki er al., 1985).
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