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Structural analysis of the 5’ end of the human c-fms gene revealed that a large intron of about 25 kilobases
separates an upstream noncoding exon (exon 1) from the signal peptide-containing exon (exon 2). Northern
(RNA) blot analysis, S1 nuclease mapping, and primer extensions showed that exon 1 is transcribed in placenta
but not in cells of the monocytic lineage. This is due to the differential usage of promoters, separated by
approximately 25 kilobases, in a cell-specific manner. One major c-fms transcript was observed in U-937 cells,
whereas multiple initiation sites for transcription appeared to be utilized in placental cells. Nucleotide sequence
comparisons showed that the 3’ end of the human platelet-derived growth factor receptor gene lies
approximately 350 base pairs upstream of the major initiation sites for c-fins transcription in placental

trophoblasts.

The fms proto-oncogene is the cellular homolog of the
transforming gene (v-fims) of feline sarcoma virus and en-
codes a transmembrane glycoprotein with tyrosine protein
kinase activity (24, 25, 27). The c-fins product is closely
related and probably identical to the receptor for the mac-
rophage colony-stimulating factor, CSF-1 (29). This growth
factor is required for the survival, proliferation, and differ-
entiation of mononuclear phagocytes and their committed
bone marrow progenitors (30). Furthermore, expression of
the CSF-1 receptor represents one of the earliest and most
definitive markers of monocytic differentiation. Recent stud-
ies have demonstrated that monocytes also produce CSF-1
(12, 23), suggesting that the growth factor functions in an
autocrine fashion to regulate the growth and differentiation
of these cells.

The expression of c-fms is restricted to cells of the
monocyte-macrophage lineage (19, 34), placental tissue (17),
and cells of trophoblastic origin (13, 18). Uterine CSF-1
levels in the mouse have been shown to be regulated by the
synergistic action of female sex steroids and to be elevated
10,000-fold during pregnancy (21). This increase in CSF-1
and the observations that placenta and trophoblast cell lines
express the c-fms product imply that CSF-1 may have an
additional role of regulating placental trophoblast prolifera-
tion and differentiation in pregnancy.

A 25-kilobase (kb) intron separates exons 1 and 2. A human
placental cosmid library, constructed by inserting partial
Mbol restriction fragments of genomic DNA into the pWE1S
vector (32), was screened with both 3?P-labeled fms cDNA
fragments and oligonucleotides complementary to the 5'-
untranslated region of the human fms cDNA sequence (7). A
restriction map of 54 kb of chromosomal DNA was derived
from three overlapping cosmid clones and is shown in Fig.
1A. The exon containing the signal peptide sequence was
designated exon 2 and found to lie approximately 25 kb
downstream from the first noncoding exon, which was
designated exon 1 on the basis of results from S1 nuclease
mapping and primer extension experiments (see later). The
precise location of exon 3 has not yet been determined. The
nucleotide sequences of exons 1 and 2 (229 base pairs [bp])
are shown in Fig. 1B together with partial sequences span-
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ning the intron-exon junctions and were deduced by com-
parison of the cDNA and genomic sequences. The human
c-fms cDNA sequence reported by Coussens et al. (7) was
derived from a human placental cDNA library. We have
confirmed the 3’-most 59 nucleotides of the designated exon
1 region, found in six separate cDNA clones after screening
with an exon 1-specific oligonucleotide. The 5’-most eight
nucleotides of the published cDNA sequence differ from
those in the genomic sequence, possibly due to the occur-
rence of an aberration during cDNA synthesis. The exact
size of the upstream noncoding exon (exon 1) is not yet
known; however, data indicating the possible location of
transcription initiation sites are described in a later section
(see Fig. 3).

Differential expression of exon 1 in placental and monocytic
cells. Total RNA (5) was extracted from placenta, the
placental trophoblast cell line JEG-3, human peripheral
blood monocytes, and the myelomonocytic cell lines U-937
and HL-60 and used for Northern (RNA) blot analysis (14,
16) with c-fims probes. The U-937 and HL-60 cell lines were
treated with the phorbol ester TPA for 48 h to induce the
expression of c-fms mRNA (28) prior to extraction of RNA.
A probe encompassing exon 2 plus partial intron 1 and 2
sequences hybridized to fms mRNA in all cell types and
tissue (Fig. 2A, lanes 1 to 5). However, an exon 1 probe only
detected fms mRNA in placenta (lane 6) and the JEG-3 cell
line (lane 7). No signal could be detected in the other cell
lines, even after a fivefold-longer exposure (lanes 8 to 10).
Thus, there is cell-specific expression of exon 1 in placenta
and cells of the monocytic lineage. A clear size difference
between fms mRNA from placenta and TPA-treated U-937
cells can be observed on Northern blot analysis as shown in
Fig. 2B; this could be due to the lack of exon 1 in U-937 fms
mRNA. Southern blot analysis has demonstrated that the
fms gene in the U-937 cell line is intact and contains exon 1
(C. Van Beveren and J. Visvader, unpublished data). Thus,
the differential hybridization of exon 1 probe is not due to
gene rearrangement. The lack of expression of exon 1 in
normal blood monocytes indicates that this is not associated
with the abnormal phenotype of U-937 and HL-60 cells.

Run-on transcription experiments (8) with nuclei from
JEG-3 cells and TPA-treated U-937 and HL-60 cells con-
firmed that exon 2 is transcribed in all cell lines but that exon
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FIG. 1. Structure of the 5’ end of the human c-fms gene. (A) Restriction map of the area encompassing exons 1 and 2 which contains the
signal peptide sequence. The locations of the overlapping cosmid clones and the EcoRI, Kpnl, and BamHI restriction endonuclease cleavage
sites are shown. There are multiple, closely spaced BamHI sites located upstream of the most 5’ BamHI site depicted; these have yet to be
mapped precisely and are not shown. (B) The sequences spanning the intron-exon junctions of the 5’-flanking region of the human c-fms gene.
A 25-kb intron separates exons 1 and 2. The predicted signal peptide sequence is indicated. Potential transcription initiation sites, identified
by S1 nuclease and primer extension experiments (described in the legend to Fig. 3), are depicted by the thick arrows. The 5’ end of the
published cDNA sequence is indicated by a thin arrow. The nucleotide sequence of the 3’ untranslated (UT) region of the human

platelet-derived growth factor receptor (6, 9) is underlined.

1 is only expressed detectably in the placental trophoblast
cell line (Fig. 2C). The locations of exons 1 and 2 are shown
in a schematic diagram (Fig. 2D); restriction fragments
containing these exons were cloned in pUC-based vectors. A

10-p.g sample of each plasmid was immobilized onto nitro-
cellulose filters and hybridized with labeled nuclear RNA.
The relative intensities of the bands varied between experi-
ments, probably due to the efficiency of hybridization. All



1338 NOTES MoL. CELL. BioL.
A - B C
i o e 0 I8 Y o
O~ - S ©
8 >+ 4+ =
S0 a9 & =
s R3r> & 5 JEG-3 U-937 HL-60
e EXON 1a
— EXON 1b
g EXON 1c
285— -28S e 283 Gem 3
W -
e — - EXON 2a
s — fms cDNA
foe MG B 7 1010
PROBE EXON 2a EXON 1b
D B P P B © D N E
L e ~Obkbpa ey s e
4kb EXON 1a 2.7kb EXON 2a
0.4kb —_— EXON 1b 0.54kb —_— EXON 2b
0.45KD e EXON 1c

FIG. 2. Analysis of c-fms mRNA in U-937, HL-60, and JEG-3 cell lines, peripheral blood monocytes, and placenta. (A) Northern blot
analysis with exon 1- and exon 2-derived probes. The locations of these fragments are indicated in panel D. The random primer technique
with [«*?P]dCTP was used to prepare probes. Total RNA (10 ng) from placenta (lanes 1 and 6), the placental trophoblast cell line JEG-3 (lanes
2 and 7), peripheral blood monocytes (lanes 3 and 8), the monomyelocytic cell line HL-60 (lanes 4 and 9), and the monocytic cell line U-937
(lanes 5 and 10) was loaded onto 1.7% agarose-formaldehyde gels. The latter two cell lines were treated for 48 h with TPA (20 ng/ml) to induce
fms mRNA before isolation of RNA. (B) Size difference between fms mRNA in U-937 cells and placenta detected by Northern blot analysis.
U-937 cells were treated with TPA (20 ng/ml) for either 24 or 48 h. A full-length fms cDNA clone was used to prepare *P-labeled probe. (C)
Nuclear run-on analysis with 32P-labeled nuclear RNA from monocytic and placental trophoblast cell lines. Nitrocellulose filters were
prepared with 10 pg of DNA per slot. The arrows indicate the less-intense exon 1-specific bands. (D) Restriction sites surrounding exons 1
and 2, used for the preparation of exon 1- and 2-specific probes. The solid blocks indicate exons, which are separated by a 25-kb intron. B,
P, E, D, and N represent BamHI, Pstl, EcoRl, Dral, and Ncol restriction sites, respectively.

three of the putative exon 1-containing plasmids (designated
1a, 1b, and 1c) hybridized to 3?P-labeled RNA from JEG-3
nuclei. No signal was detected with U-937 or HL-60 nuclear
RNA and exon 1-containing plasmids after fivefold-longer
exposures and in three separate experiments. The major
c-fms transcripts in placenta and JEG-3 cells appeared to
initiate at the 5’ boundary of exon 1 indicated in Fig. 2D, as
determined by S1 mapping. However, there are at least four
other fms-specific transcripts (Fig. 3B, arrowheads) occur-
ring in lower abundance that extend into the region encom-
passed by exon lc.

Multiple initiation sites of transcription in placental cells.
The S1 nuclease mapping technique (2) with single-stranded
M13 phage-derived probes (4) was used to localize possible
initiation sites within the c-fms gene. Since exon 1 was not
transcribed in the monocytic cells, we used probes repre-
senting either exon 1 or exon 2. Two protected bands of
approximately 190 and 185 bases (Fig. 3A, lanes 2 and 3)
were observed with total RNA (50 png) from placental and
JEG-3 cells and a uniformly labeled exon 2b probe (Fig. 2D).
This probe contains 540 nucleotides of fms genomic se-
quence, extending from the Ncol site in exon 2 to a Dral site
located within the 25-kb intron. Only one band, correspond-
ing to 190 bases, was expected on the basis of the proposed
intron-exon junction. The lower band may be due to second-
ary structure formation, as the intensity varied between
experiments. One specific band of approximately 155 nucle-

otides was observed in the case of U-937 RNA (Fig. 3, lane
4). Hybridization of the exon 2 probe to U-937 RNA was
consistently lower than to placental RNA, even though the
levels of c-fms mRNA per 10 pg were similar according to
Northern blot analysis. This weaker hybridization is proba-
bly related to the secondary structure at the 5’ end of the
U-937 fms mRNA. The other lower-molecular-weight bands
observed in placental and U-937 RNA samples were not
specific, as determined in several experiments.

As expected, no protected bands were observed with
U-937 cellular RNA and the exon 1b probe (Fig. 3B, lane 4;
Fig. 2D). In contrast, two major protected bands of approx-
imately 200 and 185 bases were observed with RNA from
placental and JEG-3 cells (Fig. 3B, lanes 2 and 3). These
bands correspond to potential initiation sites located 80 and
65 bases further upstream of the full-length c-fimms cDNA
sequence (7). The putative initiation sites are indicated in
Fig. 1B and 3D. The noncoding exon 1 would therefore be
approximately 185 base pairs long. In addition, at least four
less-intense bands in the range of 230 to 240 and 250 to 260
nucleotides were detected reproducibly in six independent
experiments by S1 nuclease and RNase protection mapping
(data not shown). These results may account for the hybrid-
ization of 32P-labeled RNA from JEG-3 nuclei to the exon 1c
probe, located upstream of the major initiation sites (Fig. 2C
and D). Thus, transcription of the human c-fms gene appears
to initiate at multiple sites in placental cells.
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FIG. 3. c-fms promoters are apparently utilized in a cell-specific manner. (A and B) S1 nuclease protection of genomic exon 1 and exon
2 probes with total RNA (50 p.g) from placenta, JEG-3 cells, and U-937 cells. Single-stranded DNA probes were prepared from recombinant
phage M13 clones. The exon 2b probe extends from the Dral site in the first intron to the Ncol site in exon 2, containing 540 bases of fms
genomic sequence (A). The exon 1b probe contains a PstI genomic fragment shown in Fig. 2D (B). tRNA was used as a control (lane 1). The
markers represent Mspl-digested pBR322. The arrows indicate the fms-specific protected bands. The arrowheads depict minor protected
products observed in placenta and JEG-3 cells. (C) Primer extensions with a 165-nucleotide fragment derived from a phage M13 clone and
poly(A)* RNA (5 pg) from U-937 cells and placenta. This probe contains 135 nucleotides of complementary fms cDNA sequence, with the
5’ and 3’ ends corresponding to position 26 of exon 3 and position 123 of exon 2, respectively. Lane 1 represents a control with RNA from
uninduced human erythroleukemia cells. Different preparations of placental RNA were used in lanes 2 and 3. The c-fms-specific extension
products consistent with the S1 mapping data are indicated by arrows. (D) Schematic representation of the putative c-fms transcriptional start
sites in placental trophoblasts and U-937 cells. The solid arrows depict the major initiation sites, while the dotted arrows indicate minor

transcripts detected in placental and JEG-3 cells. The ATG initiation codon is shown.

Primer extension analysis (Fig. 3C) (15) was performed by
using a uniformly 3?P-labeled single-stranded phage M13-
derived primer of 165 nucleotides containing fms sequences
from exons 2 and 3, with the 3’ terminus at position 123 of
exon 2. Lane 1 shows a control in which total RN A extracted
from uninduced human erythroleukemia cells lacking fms
mRNA was used for primer extension. A nonspecific band of
about 230 nucleotides was observed. In the case of TPA-
induced U-937 cells, a major band of approximately 255 to
260 nucleotides was observed (lane 4, arrow). The location
of the 5’ end of c-fms mRNA in U-937 cells as determined by
primer extension correlated with the size of the S1 nuclease-
protected fragment (Fig. 3A, lane 4), indicating that the
monocyte-specific transcript is not alternatively spliced from
a separate exon 1. Thus, the major U-937 c-fms transcript
initiates within the noncoding region of exon 2 (Fig. 1B and
3D). When the same primer was used with placental RNA,

multiple bands of various intensities were observed (Fig. 3C,
lanes 2 and 3). However, only the upper two bands marked
by arrows were consistent with the size predicted by S1
mapping analysis (Fig. 3B, lanes 2 and 3). It is possible that
the lower-molecular-weight primer-extended products,
which terminated within exon 1, represent prematurely
terminated products due to the high G+C content of this
region.

Conclusion. The c-fms gene has previously been shown to
be distributed over a relatively large region (>30 kb) of
human genomic DNA and to contain multiple regions of
intervening sequence (11). Our structural analysis of the 5’
end of this gene has extended the map a further 40 kb
upstream of the exon containing the signal peptide sequence
(exon 2). A 25-kb intron lies between this exon and the first
exon, which appears to contain noncoding sequence only.
Interestingly, the 3’ untranslated region of the human plate-
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let-derived growth factor receptor gene (6, 9) lies only
approximately 350 base pairs upstream of the two major
transcription initiation sites utilized by the c-fms gene in
placental trophoblasts (Fig. 1B), consistent with the recent
finding of Roberts et al. (26). It has yet to be determined
whether a functional promoter is located in this intergenic
region or lies further upstream. The c-fims gene shares
common structural features with two other genes possessing
intrinsic tyrosine kinase activity: the proto-oncogene c-abl
and the epidermal growth factor receptor. Both of these
genes are very large and are composed of multiple exons.
The c-abl gene covers 230 kb, with a first intron of at least
200 kb (3), while the epidermal growth factor receptor spans
a 110-kb locus and contains an 18-kb intron separating exons
1 and 2 (10).

Multiple transcription start sites are apparently utilized in
the synthesis of placental c-fms mRNA, as detected by S1
nuclease analysis. This is a common feature of several other
oncogenes, including c-abl (1), c-myb (33), c-mos (22), and
N-myc (31), as well as other growth factor receptor genes,
such as the epidermal growth factor receptor (10). The
sequence upstream of the apparent initiation sites in the
c-fms gene lacks well-defined promoter elements such as
TATA and CAAT boxes or SP1-binding sites. Furthermore,
these features are also absent in the region upstream of the
intron l-exon 2 junction, where there should be another
functional promoter utilized by cells of the monocyte-mac-
rophage lineage. It will be of interest to delineate the
elements and regulatory mechanisms which confer cell-
specific expression of the c-fms receptor in placental tropho-
blasts and monocyte-macrophage cells.

The c-fms oncogene product together with CSF-1 appears
to play a crucial role in hemopoiesis and during pregnancy.
Interestingly, the first exon of the c-fms gene is expressed in
placenta but not in cells of the monocytic lineage. The data
presented in this paper indicate that this is due to differential
promoter usage in the two cell types. However, the signifi-
cance of differential expression of an apparent noncoding
exon remains to be determined. It is noteworthy that the
human a,-antitrypsin gene utilizes different promoters 5’ of
noncoding exons in a cell-specific manner. Transcription
from the two a;-antitrypsin promoters was found to be
mutually exclusive in macrophages and hepatocytes (20).
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