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ABSTRACT Through the use of long single-sequence oli-
gonucleotide probes, the complete gene for human granulocyte-
macrophage colony-stimulating factor (hGM-CSF) has been
cloned from a human genomic library. The gene is 2.5 kilobases
in length, contains three introns, and is present as a single copy
in the human genome. When subcloned into the mammalian
expression vector pD3, the gene directs the synthesis of
authentic hGM-CSF. In addition to its stimulation of in vitro
granulopoiesis and monopoiesis, recombinant hGM-CSF stim-
ulates in vitro erythropoiesis and megakaryopoiesis.

Colony-stimulating factors (CSFs) are acidic glycoproteins
that are required for the survival, proliferation, and differ-
entiation ofhematopoietic colony-forming cells in culture (1).
Individual CSFs were originally defined by the cell type(s) in
the resulting colonies. Hence, granulocyte-macrophage CSF
(GM-CSF) stimulates the production of granulocytes and
macrophages from their progenitor cells. There are at least
three distinct human CSFs [M-CSF or CSF-1 (2), GM-CSF or
CSFa (3), and G-CSF or CSFJ3 (4)]. A fourth CSF [multi-CSF
or interleukin 3 (IL-3)] has been purified from murine sources
(5).
Murine GM-CSF is a 23-kDa protein that has been purified

to homogeneity from medium conditioned by endotoxin-
stimulated mouse lung (6). A partial amino acid sequence has
been reported (7), and the cDNA for the molecule has been
cloned (8). Human GM-CSF (hGM-CSF) has been partially
purified from placental-conditioned medium (3) and purified
from Mo cell-conditioned medium (9). The cDNA for GM-
CSF has been cloned recently from Mo cells (10), from a
helper T-cell line (11), and from normal lymphocytes (12).
The sequence predicts a polypeptide of 144 amino acids and
codes for a 22-kDa glycoprotein that stimulates in vitro GM
production. In addition, GM-CSF stimulates mature neutro-
phils to localize at sites of inflammation (13), enhances their
cytotoxicity (14), and stimulates eosinophils to kill parasites
(15).

Physiologic studies with GM-CSF have been hampered by
inadequate amounts of impure preparations. To better un-
derstand the function of CSFs and their mechanism of action
in hematopoiesis, we have used long single-sequence oligo-
nucleotide probes to screen a human genomic library and
have cloned and expressed the gene for GM-CSF. By
analyzing the gene and its product, we hope to better
understand its method of regulation, to dissect the functional
organization of the molecule, and to examine the role of
GM-CSF in normal and in stimulated hematopoiesis.

MATERIALS AND METHODS

Oligonucleotide Probes and Screening. Partially comple-
mentary pairs ofoligonucleotides, 40 bases in length based on
the sequence of a murine GM-CSF cDNA, were end-labeled
with [-y-32P]ATP, annealed, and filled in using the Klenow
fragment of DNA polymerase (5-10 x 108 cpm//ig, ref. 16).
Clones (4 x 106) of a once-amplified X Charon 4A phage
library (kindly provided by Tom Maniatis) were plated at a
density of 2.5 x 104 per 137-mm plate. Nitrocellulose replica
filters were prepared and prehybridized in 0.75 M NaCl/75
mM sodium citrate, pH 7, 5 x concentrated Denhardt's
solution, 20% formamide, 50 mM phosphate (pH 7), 1 mM
sodium pyrophosphate, 100 AM ATP, and 50 ,g of sonicated
salmon sperm DNA per ml at 37°C overnight. Boiled probe
(1 x 106 cpm/ml) was added and the filters were allowed to
hybridize at 37°C overnight. The filters were washed twice in
30 mM NaCl/3 mM sodium citrate/0.1% NaDodSO4 at room
temperature for 15 min and at 40°C for 30 min.
Genomic Sequencing. A 3.2-kilobase (kb) HindIIL/EcoRI

fragment was prepared by digestion, size-fractionation, and
electroelution and was subcloned into pUC13 (pUC hGM-
CSF). A detailed restriction map was generated. Discrete
double-digestion fragments were subcloned into M13 mpl8 or
mpl9 vectors and sequenced by the dideoxynucleotide chain-
termination method (17). The entire gene was sequenced in
both directions.

Analysis of Human Genomic DNA. High molecular weight
human genomic DNA was purified from leukocyte lysates
and then digested with restriction endonucleases, size-frac-
tionated by 0.6% agarose gel electrophoresis, transferred to
nitrocellulose, and prehybridized as above with the addition
of 0.5 mg of yeast tRNA per ml. A 251-base-pair (bp) Sst
I/Pvu II fragment was isolated from pUC hGM-CSF,
subcloned into pSP65, and transcribed into [32P]RNA by SP6
RNA polymerase (3.3 x 108 cpm/,ug, ref. 18). The blot was
hybridized with 2 x 106 cpm/ml overnight, washed in 0.3 M
NaCl/0.03 M sodium citrate/0.1% NaDodSO4 at 20°C, 40°C,
and 65°C for 30 min, dried, and exposed for 4 days.
Gene Expression. A 2.6-kb BstEII/EcoRI fragment was

subcloned into pD3. Its orientation was confirmed by restric-
tion analysis (pD3 hGM-CSF). COS cells were transfected
with 10 ,g of pD3 hGM-CSF by calcium phosphate precip-
itation (19). The cells were incubated in Dulbecco's minimal
essential medium supplemented with 10% heat-inactivated
fetal calf serum at 37°C under 7% Co2 in air. Incubation
medium was collected 3 days after transfection and assayed.

Abbreviations: CSF, colony-stimulating factor; GM, granulocyte-
macrophage; hGM-CSF, human GM-CSF; kb, kilobase(s); IL-3,
interleukin 3; BFU-E, erythroid burst-forming cell(s); CFU-Meg,
megakaryocyte colony-forming cell(s); CFU-GM, EM colony-form-
ing cell(s); bp, base pair(s).

3101

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.



3102 Biochemistry: Kaushansky et al.

Supernatant (1.5 ml) was concentrated 5-fold by ultrafiltra-
tion and applied to a 0.9 cm x 40 cm column of Bio-Gel P-100
equilibrated in Tris-buffered saline with 0.1% Tween 20.
Fractions were collected, sterilized by filtration, and as-
sayed.
Hematopoietic Colony Assays. Normal human bone marrow

was fractionated on a Ficoll/Hypaque density gradient (1.077
g/ml). Low-density mononuclear cells were depleted of
adherent cells by double plastic adsorption and ofT cells by
erythrocyte-rosetting (20). For GM colony growth, 5 x 104
cells were plated in 1 ml of a medium supplemented with 10%
preselected fetal calf serum, antibiotics, and 0.1-10% of the
sample to be assayed and made semi-solid with methylcel-
lulose (0.9%). Fifty units of GM-CSF was defined by the
dilution that produced half-maximal stimulation of GM col-
ony formation per 105 target cells. For the growth oferythroid
burst-forming cells (BFU-E), 1.0 unit of recombinant human
erythropoietin (Amgen, Thousand Oaks, CA) was added on
day 4 to otherwise standard cultures (21). For the growth of
megakaryocyte colony-forming cells (CFU-Meg), 25% hu-
man plasma was substituted for fetal calf serum (22). All
cultures were incubated for 13 days at 370C under 5% CO2 in
air. A GM colony was defined as 50 or more cells and a
megakaryocyte colony was defined as 4 or more cells.
Erythroid bursts contained at least 500 hemoglobin-contain-
ing cells. The cellular composition of GM colonies was
evaluated by culture in 0.3% agar. Whole 1-ml cultures were
fixed and stained for myeloperoxidase, counterstained with
toluidine blue, and examined by light microscopy.

RESULTS
Genomic Library Screening. Clones (4 x 106) of a once-

amplified human genomic library were screened using a
single-sequence 70-base oligonucleotide probe derived from
the middle of the murine GM-CSF cDNA (Fig. 1). Of 72
plaques giving an initial hybridization signal, 10 were plaque-
purified and evaluated by restriction analysis and blotting.
Additional probes to the 5' and 3' ends of the hGM-CSF
cDNA were designed once it became available (10) and were
used to confirm authenticity and to determine the extent of
homology. Three clones were found to hybridize to the 5' end
probe, 3' end probe, and original probe from the middle of the
cDNA for murine GM-CSF and were found to be identical (X
hGM-CSF).

Structure of the Gene for hGM-CSF. Restriction analysis of
X hGM-CSF revealed a 16.2-kb insert with two internal
EcoRI sites. All three probes hybridized with a 6.7-kb

AAG ATA TTC GAG CAG GGT CTA CGG GGC AAT TTC ACC Murine cDNA

lys ile phe glu gin gly leu arg gly asn phe thr Murine Protein

glu leu tyr lys - - ser leu -

5' GAG CTG TAC MG CAG GGT CTA CGG GGC AGC CTC ACC

3' GAG TGG

AAA CTC AAG GGC GCC TTG AAC ATG ACA GCC AGC TAC

lys leu lys gly ala leu asn met thr ala ser tyr

- - - - pro - thr

Human Protein

Probe I

Probe tI

Murine cDNA

Murine Protein

Human Protein

AAT C 3' Probe I

TTT GAG TTC CCG GGG AAC TGG TAC TGT CGG TCG A 5' Probe II

FIG. 1. Synthetic oligonucleotide probes for screening X Charon
4A human genomic library. Two partially complementary oligonu-
cleotides were synthesized based on the region of the murine cDNA
sequence containing two potential glycosylation sites. The amino
acids known to differ in the human polypeptide are noted.* The
sequence of the probe was altered based on the frequency of codon
usage for human proteins (23).
*Golde, D. W., Annual Meeting of the American Society of Hema-
tology, December 1-4, 1984, Miami, FL.

fragment. Digestion and blotting of this clone with EcoRI and
HindIII indicated that the gene for hGM-CSF is <3.2 kb in
length. This fragment was subcloned into pUC13 (pUC
hGM-CSF). Dideoxynucleotide sequencing was carried out
on restriction fragments generated from pUC hGM-CSF. The
genomic sequence for hGM-CSF was compared to several
hGM-CSF cDNA clones (10-12) and is presented in Fig. 2.
Based on this comparison, the gene for hGM-CSF contains
three introns of 98, 687, and 808 bp. There were several
sequence differences noted in the coding regions of hGM-
CSF.
The cDNA for hGM-CSF is reported to contain a sequence

heterogeneity at amino acid position 117 (ACT/Thr or
ATT/Ile, ref. 10). We have found ATT/Ile at this position as
have others (11, 12). The cDNA sequence reported by
Cantrell et al. (12) differs from the genomic sequence report-
ed here at two positions: in the codons for amino acid 27
(ACA/Thr) and for amino acid 102 (AAA/Lys). We have
found ACG/Thr and AAG/Lys for these positions, in agree-
ment with others (10, 11). Given the relatively high transcrip-
tion error rate of reverse transcriptase in generating cDNA
molecules (32), sequence differences are not unexpected.
Gene Copy Number. Human genomic DNA was prepared,

digested with various restriction endonucleases that do not
cut the hGM-CSF gene, fractionated by agarose gel electro-
phoresis, and transferred to nitrocellulose. An RNA probe
representing a 251-bp Sst I/Pvu II fragment containing exon
1 and part of intron 1 was prepared and used to probe the
genomic digests (Fig. 3). A single band hybridizes with probe
in all lanes under washing conditions of moderate stringency.
Gene Expression. pD3 is a simian virus 40 (SV40) ori-based

plasmid vector and was used to express biologically active
GM-CSF from COS cells. It contains a unique Bcl I cloning
site separating an adenovirus late promoter and tripartite
leader sequence from a poly(A) signal. The vector also
contains the enhancer sequence from SV40 and a set of splice
donor/acceptor signals. A 2.6-kb BstEII/EcoRI fragment of
X hGM-CSF from the TATA box to the poly(A) site was
subcloned into pD3. Plasmid DNA was transfected into COS
cells and incubation medium was collected. GM-CSF was
detected in the culture medium by bioassay. In five separate
transfection experiments, the crude conditioned medium
contained 1.9-2.9 x 104 units of GM-CSF per ml. Approxi-
mately 40% of the colonies contained eosinophils. Neutro-
phil, monocyte, and mixed granulocyte/monocyte colonies
were nearly equally represented. In addition, recombinant
hGM-CSF was able to enhance the growth of BFU-E and
CFU-Meg to form colonies in vitro. At a concentration of
crude COS cell-conditioned medium that stimulated half-
maximal GM colony growth, 50% of a maximal number of
erythroid bursts and 17% of a maximal number of
megakaryocyte colonies developed. Occasional mixed
erythroid-myeloid colonies were present.
The COS cell supernatant was concentrated and size-

fractionated by gel filtration. The GM-CSF produced by the
transfected COS cells eluted in a broad-based peak with a
relative molecular mass of 20-23 kDa (Fig. 4). The activity
stimulating CFU-GM, BFU-E, and CFU-Meg cofractionated
during this partial purification. The most active fractions
were pooled (as indicated in Fig. 4) and were evaluated by
dose-response analysis (Fig. 5). A concentration-dependent
increase in the growth of all colony types was observed with
inhibition seen at higher concentrations.

DISCUSSION

Human genomic libraries containing inserts of 7-20 kb have
been constructed in X cloning vectors and have been used
successfully to obtain full-length genomic clones. Recently,
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AAGCTTGCTGAGAGTGGCTGCAGTCTCGCTGC TGGATGTGCACATGGTGGTCATTCCCTCTGC TCACAGGGGCAGGGGTCCCCCCTTACTGGACTCAGGTTGCCCCCTGCTCCAGGTCCT

GGGTGGGAGCCCATGTGAACTGTCAGTGGGGCAGGTCTGTGAGAGCTCCCCTCACACTCAAGTCTCTCACAGTGGCCAGAGAAGAGGAAGGCTGGAGTCAGMATGAGGCACCAGGGCGGG
200

CATAGCCTGCCCAAAGGCCCCTGGGATTACAGGCAGGATGGGGAGCCCTATCTAAGTGTCTCCCACGCCCCACCCCAGCCA'fTCCAGGCCAGGAAGTCCAAACTGTGCCCCTCAGAGGGA
300

GGGGGCAGCCTCAGGCCCATTCAGACTGCCCAGGGAGGGC TGGAGAGCCCTCAGGAAGGCGGGTGGGTGGGCTGTCGGTTCTTGGAAAGGTTCATTAATGAAAAC CCCCAAGCCTGACCA
400

CCTAGGGAAAAGGCTCACCGTTCCCATGTGTGGCTGATAAGGGC CAGGAGATTCCACAGTTCAGGTAGTT~CCCCCGCCTCCCTGGCATTTTGTGGTCACCATTAATCATTTCCTC TGTGT
500 600

1 10
4 MET Trp Leu Gin Ser Leu Leu Leu Leu Gly Thr Val Ala Cys

ATTTAAGAGCTCTTTTGCCAGTGAGCCCAGTACACAGAGAGAAAGGCTAAAGTTCTCTGGAGG ATG TGG CTG CAG AGC CTG CTG CTC TTG GGC ACT GTG GCC TGC
700

20 30 40
Ser Ile Ser Ala Pro Ala Arg Ser Pro Ser Pro Ser Thr Gin Pro Trp Glu His Val Asn Ala lie Gin Glu Ala Arg Arg Leu Leu Asn
AGC ATC TCT GCA CCC GCC CGC TGC CCC AGC CCC AGC ACG CAG CCC TGG GAG CAT GTG AAT GCC ATC CAG GAG GCC CGG CGT CTC CTG AAC

50
Leu Ser Arg Asp Thr Ala Ala Glu Met
CTG AGT AGA GAC ACT GCT GCT GAG ATG GTAAGTGAGAGAATGTGGGCCTGTGCCTAGGCCACCCAGCTGGCCCCTGACTGGCCACGCCTGTCAGCTTGATAACATGACATT

800 900
* 60
Asn Glu Thr Val Glu Val Ile Ser Glu Met Phe Asp Leu Gin

TTCCTTTTCTACAG AT GAA ACA GTA GAA GTC ATC TCA GAA ATG TTT GAC CTC CAG GTAAGATGCTTCTCTCTGACATAGCTTTCCAGAAGCCCCTGCCCTGGGG
1000

TGGAGGTGGGGACTCCATTTTAGATGGCAC~CACACAGGGTTGTCCACTTrTC'TCTCCAGTCAGCTGGCTGCAGGAGGAGGGGGTAGCAACTGGGTGCTCAAGAGGCTGCTGGCCGTGCCCC
1100

TATGGCAGTCACATGAGCTCCTTTATCAGCTGAGCGGCCATGGGCAGACCTAGCATTCAATGGCCAGGAGCTACCAGGGGACAGGTGGTAAAGTGGGGGTCACTTCATGAGACAGGAGCT
1200

GTGGGTTTGGGGCGCTCACTGTGCCCCGAGACCAAGTCCTGTTGAGACAGTGCTGACTACAGAGAGGCACAGAGGGGTTTCAGGAACAACCCTTGCCCACCCAGCAGGTCCAGGTGAGGC
1300

CCCACCCCCCTCTCCCTGAATGATGGGGTGAGAGTCACCTCCTTCCCTAAGGCTGGGCTCCTCTCCAGGTGCCGCTGAGGGTGGCCTGGGCGGGGCAGTGAGAAGGGCAGGTTC GTGCCT
1400

GCCATGGACAGGGCAGGGTCTATGACTGGACCCACGCTGTGCCCCTCCCAAGCCCTACTCCTGGGGGCTGGGGGCAGCAGCAAAAAGGAGTGGTGGAGAGTTC TTGTACCACTGTGGGCA
1500 1600

70 80
Glu Pro Thr Cys Leu Gin Thr Arg Leu Glu Leu Tyr Lys Gin Gly Leu Arg Gly Ser Leu

CTTGGCCACTGCTCACCGACGAACGACATTTTCCACAG GAG CCG ACC TGC CTA CAG ACC CGC CTG GAG CTG TAC AAG CAG GGC CTG CGG GGC AGC CTC
1700

90 100
Thr Lys Leu Lys Gly Pro Leu Thr Met Met Ala Ser His Tyr Lys Gin His Cys Pro Pro Thr Pro
ACC MG CTC AAG GGC CCC TTG ACC ATG ATG GCC AGC CAC TAC AAG CAG CAC TGC CCT CCA ACC CCG GTGAGTGCCTACGGCAGGGCCTCCAGCAGGAA

1800

TGTCTTMATCTAGGGGGTGGGGTCGACATGGGGAGAGATCTATGGCTGTGGCTGTTCAGGACCCCAGGGGGTTTCTGTGCCAACAGTTATGTAATGATTAGCCCTCCAGAGAGGAGGCAG
1900

ACAGCCCATTTCATCCCAAGGAGTCAGA(;CCACAGAGCGCTGAAGCCCACAGTGCTCCCCAGCAGGAGCTGCTCCTATCCTGGTCATTATTGTCATTACGGTTAATGAGGTCAGAGGTGA
2000

GGGCAAACCCAAGGAAACTTGGGGCCTGCCCAAGGCCCAGAGGAAGTGCCCAGGCCCAAGTGCCACCTTCTGGCAGGACTTTCCTCTGGCCCCACATGGGGTGCTTGMATTGCAGAGGAT
2100

CMAGGAAGGGAGGCTACTTGGAATGGACAAGGACCTCAGGCACTCCTTCTGCGGGAAGGGAGCAAAGTTTGTGGCCTTGACTCCACTCCTTCTGGGTGCCCAGAGACGACCTCAGCCCAG
2200

CTGCCCTGCTCTGCCCTGGGACCAAMAAGGCAGGCGTTTGACTGCCCAGAAGGCCAACCTCAGGCTGGCACTTAAGTCAGGCCCTTGACTCTGGCTGCCACTGGCAGAGCTATGCACTCC
2300 2400

TTGGGGAACACGTGGGTGGCAGCAGCGTCACCTGACCCAGGTCAGTGGGTGTGTCCTGGAGTGGGCCTCCTGGCCTCTGAGTTCTAAGAGGCAGTAGAGAAACATGCTGGTGCTTCCTTC
2500

110 120.,.Glu Thr Ser Cys Ala Thr Gin Ile Ile Thr Phe Glu Ser Phe Lys Glu
CCCCACGTTACCCACTTGCCTGGACTCAAGTGTTTTTTATTTTTCTTTTTTTAAAG GAA ACT TCC TGT GCA ACC CAG ATT ATC ACC TTT GAA AGT TTC AAA GAG

2600
130 140 144

Asn Leu Lys Asp Phe Leu Leu Val Ile Pro Phe Asp Cys Trp Glu Pro Val Gin Glu ***
AAC CTG MG GAC TTT CTG CTT GTC ATC CCC TTT GAC TGC TGG GAG CCA GTC CAG GAG TGAGACCGGCCAGATGAGGCTGGCCAAGCCGGGGAGCTGCTCTC

2700

TCATGAAACAAGAGCTAGAAACTCAGGATGGTCATCTTGGAGGGACCAAGGGGTGGGCCACAGCCATGGTGGGAGTGGCCTGGACCTGCCCTGGGCCACACTGACCCTGATACAGGCATG
2800

GCAGAAGAATGGGAATATTTTATACTGACAGAAATCAGTAATATTTATATATTTATATTTTTAAAATATTTATTTATTTATTTATTTAAGTTCATATTCCATATTTATTCAAGATGTTTT
2900

3000. ........ACCGTAATAATTATTAiTTAAATATGCTTCTACTTGTCCAGTGTTCTAGTTTGTTTTTAACCATGAGCAAATGCCAGTGGGTGCCTGCCTTCCCATGAGGCAGGGGAGGGAGGAAACGG
3000

GGAGGTGGAGAGGGGGCGGGGGCCTCCCAGGCGTTGGGCACTATCCAAGGGCCAACACTGTCAGAGCAGAGGGGAGGTGAGAGCCGGGCATAGTCGGAATTC
3100 3194

FIG. 2. Genomic sequence of hGM-CSF. The locations of consensus sequences are underlined, and include the "minus 100" signal (24),
"CAAT" box (25), "TATA" box (26), cap site (26), ribosomal binding site (27), initiation codon, intron-exon boundaries (28), internal intron
splice signals (29), poly(A) signals (30), and a transcription termination signal (31). Bases matching these consensus sequences are noted by N.
Potential N-linked glycosylation sites (Asn-Xaa-Thr/Ser) are noted by *. The putative cap site and poly(A) site [as deduced from data of Wong
et al. (10)] are noted by '. The signal peptide cleavage site is indicated by -w (10).
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FIG. 3. Southern blot analysis of human genomic DNA. Human
genomic DNA purified from leukocyte lysates was digested with Xba
I (X), BamHI (B), and HindIII (H). Sizes are shown in kb.

several genes have been cloned by using long single-sequence
oligonucleotide probes (33). Assuming that homology would
exist between murine GM-CSF and hGM-CSF, we designed
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FIG. 4. Size fractionation of recombinant hGM-CSF. Concen-
trated medium from COS cells transiently expressing recombinant
hGM-CSF was size-fractionated by gel filtration. The OD280 (-.-.-)

was monitored and 1.25-ml fractions were collected and assayed for
stimulation of GM colony-forming cells (CFU-GM) (-), BFU-E
(---), and CFU-Meg (.). Activity is expressed as the % of the
numbers of colonies that formed in the presence of 2.5%
phytohemagglutinin-stimulated lymphocyte-conditioned medium.
This stimulation resulted in 192 ± 14 (mean ± SD) GM colonies, 63
± 6 erythroid bursts, and 13 + 2 megakaryocyte colonies per 10'
low-density, nonadherent, T-cell-depleted marrow cells. Negative
controls included a medium and the supernatant of COS cells
transfected with an irrelevant gene, chloramphenicol acetyltrans-
ferase (pDCAT). Data points represent the mean of triplicate platings
in three separate experiments. Molecular mass standards included
blue dextran (2 x 106 kDa), ovalbumin (43 kDa), carbonic anhydrase
(29 kDa), and RNase (13.7 kDa).

0 lo-3 10-2

Dilution

FIG. 5. Dose-response analysis of recombinant hGM-CSF. Par-
tially purified recombinant hGM-CSF was diluted in a medium and
assayed in bone marrow cultures for stimulation of CFU-GM (-),
BFU-E (---), and CFU-Meg (.). Activity is expressed as stated in
the legend to Fig. 4.

oligonucleotide probes from the murine cDNA sequence to
probe a human genomic library constructed in X Charon 4A
(34).
Based on this strategy, a full-length genomic clone for

hGM-CSF was isolated. The gene contains three intervening
sequences. Comparison of this sequence to consensus se-
quences for eukaryotic regulatory elements reveals several
regions of significant homology. Beginning at base 597 is an
11-base sequence matching the canonical TATA box se-

quence (GGGTATAATAX ) at all but a single position (26).
Thirty bases downstream is a sequence similar to a consensus
cap site sequence [YYCAYYYYY (where Y = pyrimidine),
ref. 26], suggesting that transcription initiates at base 629, 35
bases upstream from the initiation codon.
Two lines of evidence support the assignment of transcrip-

tional initiation to this site. The cDNA cloned by Lee et al.
(11) begins two bases downstream from this position. As their
cDNA library was prepared by the method of Okiyama and
Berg, the 5' terminus of the clone is likely to remain intact.
More importantly, primer-extension experiments using
mitogen-stimulated lymphocyte RNA presented by Cantrell
et al. (12) places the cap site only three bases downstream
from the position we have selected based on nucleic acid
homology. As simultaneous genomic sequencing data were
not available in this report (12), the data represent only an
approximation of the precise cap site.
Although the TATA box is thought to be the most critical

transcription regulatory sequence (24), other sequences also
modulate levels of transcription. The "CAAT box" and
"minus 100 region" have been shown to regulate the level of
transcription of globin genes (24). A 9-base sequence begin-
ning 86 bp upstream from the putative cap site matches the

C
consensus CAAT box sequence (GGTCAATCT, ref. 25) in

X
five positions, and a 9-base sequence beginning 137 bases
from the cap site matches the consensus minus 100 region
sequence [RRCYNCACCC (where R = purine), ref. 24] in
eight positions. An infrequently seen ribosomal initiation site
(27) is present immediately upstream from the initiation
codon. There are donor/acceptor consensus splice junction
sites bounding all three introns (28, 29). Finally, two sites
similar to the poly(A) signal (AATAAA, ref. 30) are present
=300 bp from the termination codon and are followed by a 3'

Proc. Natl. Acad. Sci. USA 83 (1986)
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termination signal (PYGTGTTYY, ref. 31) -20 bases down-
stream.
High molecular weight genomic PNA was obtained from

normal blood leukocytes and digested with restriction
endonucleases known not to cut the gene for hGM-CSF.
Under conditions of moderate stringency, a single band, each
larger than the gene for hGM-CSF, is seen on Southern blot
analysis. These data suggest that the gene for hGM-CSF is
present in a single copy.
The gene for hGM-CSF directs the synthesis of a biolog-

ically active hematopoietic growth factor. Using medium
conditioned by transiently expressing COS cells, we were
able to demonstrate that, at least, granulocyte, macrophage,
eosinophil, erythroid, and megakaryocyte progenitors were
stimulated to proliferate and differentiate into mature cells.
To further investigate the progenitor cell range, we partially
purified the recombinant hGM-CSF by gel-filtration chroma-
tography. The activity that stimulated CFU-GM, BFU-E,
and CFU-Meg was enhanced, cofractionated, and eluted with
a molecular mass of -21 kDa. Half-maximal stimulation of
the growth of the various colony types was elicited by similar
concentrations of recombinant hGM-CSF.
The multilineage growth-promoting activity of recombi-

nant hGM-CSF demonstrated in this report likely represents
the direct stimulation of various hematopoietic progenitor
cells. The very low background of GM, erythroid burst, and
megakaryocyte colony growth seen in our cultures suggests
that most of the accessory cells have been removed and are
unlikely to mediate the hGM-CSF effect. Consistent with this
interpretation, Metcalf et al. (35) in earlier studies have
shown that murine GM-CSF could stimulate the first four to
five cell divisions of single BFU-E and CFU-Meg. More
recently, these same workers and others have reported that
murine GM-CSF can stimulate megakaryocyte colony
growth as well (36, 39). Thus, hGM-CSF, like its murine
counterpart, appears to act on a range of progenitors to
promote their growth and differentiation.
Note. Since this manuscript was initially submitted, the sequence of
the hGM-CSF gene (37) as well as the multilineage effect of the
growth factor (38) have been reported.
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