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Proteins necessary for the survival, 
proliferation, and differentiation of he- 
matopoietic progenitor cells are pro- 
duced by a variety of murine and human 
cell types (1). The biological activity of 
these factors, known as colony-stimulat- 
ing factors or CSF's, is measured by 
their ability to stimulate hematopoietic 

a1 has impeded their study and virtually 
precluded analysis of their functions in 
vivo. Thus it has not been possible to 
evaluate the potential clinical utility of 
natural CSF in the treatment or preven- 
tion of human disease. The ability of 
GM-CSF to stimulate both neutrophilic 
granulocyte and macrophage production 

Abstract. Clones of complementary DNA encoding the human lymphokine known 
as granulocyte-macrophage colony-stimulating factor (GM-CSF) were isolated by 
means of a mammalian cell (monkey COS cell) expression screening system. One of 
these clones was used to produce recombinant GM-CSF in mammalian cells. The 
recombinant hematopoietin was similar to the natural product that was purijed to 
apparent homogeneity from medium conditioned by a human T-cell line. The human 
T-cell GM-CSF was found to be 60 percent homologous with the GM-CSF recently 
cloned from murine lung messenger RNA.  

progenitor cells to form colonies in semi- 
solid medium. The CSF's are classified 
by the types of mature blood cells found 
in the resulting colonies. Thus multi- 
CSF, also known as interleukin-3 (IL-3) 
( 2 ) ,  stimulates the progenitor cells for 
most of the hematopoietic cell lineages. 
Other CSF's have been identified which 
specifically stimulate committed progen- 
itor cells of the granulocyte-monocyte 
lineage: macrophage-CSF (M-CSF; also 
known as CSF-1) (3) and granulocyte- 
CSF (G-CSF) (4) stimulate the prolifera- 
tion of progenitors committed to the 
macrophage or granulocyte lineages, re- 
spectively, while granulocyte-macro- 
phage CSF (GM-CSF; also known as 
CSF-2) (1, 5) stimulates the proliferation 
of cells of both lineages. 

Results of experiments in vitro suggest 
a primary role for the various CSF's in 
the regulation of hematopoiesis (1, 6), 
but the paucity of highly purified materi- 
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implies that this factor could be clinically 
useful in situations where increased vro- 
duction of these cells may be desirable, 
for example, in immuno-compromised 
patients or those about to undergo irra- 
diation or chemotherapeutic treatment of 
cancer (7). 

We now report the isolation of com- 
plementary DNA (cDNA) clones that 
express biologically active human GM- 
CSF. The cloning was accomplished by a 
novel direct method involving the con- 
struction of cDNA libraries in an expres- 
sion vector and the screening of plasmid 
pools by transient expression in COS 
monkey cells. We also describe the puri- 
fication of natural human GM-CSF to 
homogeneity. This protein served as a 
standard to demonstrate the authenticity 
of the CSF we further vurified from 
medium conditioned by monkey cells 
expressing the cloned sequence. The re- 
cent publication (8) of the nucleotide 

sequence of a murine lung GM-CSF 
cDNA has allowed us to compare the 
sequences of the human and murine pro- 
teins. 

Identijcation and isolation of a hu- 
man GM-CSF cDNA clone. A number of 
human cell lines that produce GM-CSF 
have been described (9). The develop- 
ment of methods for transforming nor- 
mal human T cells in vitro with the use of 
human T-cell leukemia virus (HTLV) 
has provided a routine means of generat- 
ing continuous T-cell lines (lo), many of 
which could serve as useful sources of 
the hematopoietin. We have used a natu- 
rally arising HTLV-transformed T-lym- 
phoblast cell line designated Mo (1 1) as a 
starting point both for the purification of 
analytical amounts of the GM-CSF pro- 
tein and for the isolation of GM-CSF 
cDNA clones. Like other HTLV trans- 
formed T-cell lines, the Mo cell line 
produces several regulatory factors in- 
cluding GM-CSF (9, 12). GM-CSF pro- 
tein has been partially purified from the 
Mo-conditioned medium (13) and the 
GM-CSF mRNA has been identified by 
translation of Mo cell messenger RNA 
(mRNA) in Xenopus oocytes (14). How- 
ever, the dEculty we encountered in 
obtaining sufficient sequence informa- 
tion from the very small quantities of 
GM-CSF that could be purified to homo- 
geneity and the unreliability of the oo- 
cyte assay for the GM-CSF mRNA 
prompted us to develop a novel strategy 
to directly identify lymphokine cDNA 
clones by transient expression in COS-1 
(15) cells. 

Our cloning procedure exploits the ef- 
ficient protein expression obtained after 
transfection of COS-1 monkey cells with 
the cDNA cloning vector (16) illustrated 
in Fig. 1. Control experiments demon- 
strated that p91203(B)-derived con- 
structs synthesized proteins such as y- 
interferon or interleukin-2 (IL-2) suffi- 
ciently well to allow detection after 500- 
to 1000-fold dilution with other plasmid 
DNA. It was therefore possible to con- 
struct cDNA libraries directly in 
p91203(B) and to screen pools of 300 or 
more recombinants for the ability to in- 
duce GM-CSF secretion by transfected 
COS-1 cells (see Table 1). The library, 
derived from membrane-bound mRNA 
of lectin-stimulated Mo cells, consisted 
of 60,000 independent clones. Two hun- 
dred pools, each containing 200 to 500 
colonies, were screened initially, colony 
formation with the KG-1 human myeloid 
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leukemia cell line being used as an indi- 
cator of CSF activity (17). Six pools 
induced the transfected COS cells to 
secrete GM-CSF activity; the same six 
pools were also positive when reassayed 
with fresh human bone marrow in the 
colony assay (Table 1). Standard sib- 
selection methods were used to identify 
one single GM-CSF cDNA clone present 
in each of three of the original six posi- 
tive pools (Table 1). Hybridization and 
DNA sequence analysis proved that the 
three independent plasmids pCSF-1, -2, 
and -3 contain the same cDNA se- 
quence. We subsequently identified, by 
colony hybridization, the same cDNA 
sequence in each of the three remaining 
positive plasmid pools. To confirm that 
this sequence encoded a GM-CSF, we 
examined several colonies from the bone 
marrow CSF assay of the transfected 
COS cell-conditioned medium and found 
that the majority of the cells were either 
granulocytes or macrophages (Fig. 2). 

Sequence of human GM-CSF. The 
DNA sequence of the first GM-CSF 
cDNA (pCSF-I), shown in Fig. 3, con- 
tains a single long open reading frame of 
432 nucleotides encoding 144 amino ac- 
ids. Comparison of this sequence with 
the NH2-terminal sequence from the pu- 
rified Mo protein suggested that GM- 
CSF, like other secreted proteins, is syn- 
thesized as a precursor that is cleaved 
after residue 17 to yield a mature protein 
of 127 residues. Two potential NH2-gly- 
cosylation sites (Asn-X-ThrISer) (18) 
were noted in the sequence (residues 44 
to 46 and 54 to 56; Fig. 3). The complete 
nucleotide sequence of pCSF-1 consists 
of 754 nucleotides (exclusive of the po- 
lyadenylated stretch) including eight nu- 
cleotides of 5' and 314 nucleotides of 3' 
untranslated sequence. 

Determination of the DNA sequence 
of four other, independently isolated, 
GM-CSF clones confirmed the sequence 
of pCSF-1. All of the clones contain the 
complete coding region identified in Fig. 
3. In three of the clones, however, a 
single base substitution (thymine for cy- 
tosine) was noted at the nucleotide num- 
bered 358. This was the only base change 
detected among all of the clones. As 
multiple independent clones were ob- 
tained having either sequence, we be- 
lieve this difference probably results 
from a polymorphism among the GM- 
CSF genes in Mo cell DNA. Restriction 
enzyme analysis of the CSF genomic 
sequences in Mo cell DNA and in human 
liver DNA suggested that there is a sin- 
gle human gene encoding GM-CSF that 
has one or more introns (Fig. 4B). The 
sequence polymorphism found in Mo 
cell cDNA's was not detected at the 

level of restriction endonuclease map- genes with a DNA sequence very closely 
ping of the genomic DNA. We infer related to T cell GM-CSF, but do not 
therefore that Mo has two different al- rule out the possibility that there are 
leles of a common GM-CSF gene. Our other CSF genes that have little or no 
results imply that there are no other sequence homology. 

SV40 Origin 
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Fig. 1. Structure of expression 
vector p91023(B). The basic 
features of the expression sys- 
tem used have been described 
(16). The expression vector 
p91023(B) was derived from 
pQ2 (16) by standard DNA 
manipulations. The plasmid 
has the pBR322 origin of repli- 
cation and tetracycline resist- 
ance gene for propagation in 
Escherichiu coli, and lacks the 
bacterial sequences which in- 
hibit DNA replication in COS 
monkey cells (32). It contains, 

322 Ori  in addition, eukaryotic regula- 
tory elements from several dif- 
ferent sources: (i) an SV40 ori- 
gin and SV40 enhancer seg- 

ment, which together allow the plasmid to replicate to a very high copy number in COS cells 
(15) and to efficiently transcribe inserted cDNA genes (33); (ii) the adenovirus major late 
promoter (34) coupled to a cDNA copy of the adenovirus tripartite leader (16); (iii) a hybrid 
intron consisting of a 5' splice site from the first exon of the tripartite leader and a 3' splice site 
from a mouse immunoglobulin gene (16); (iv) the SV40 early polyadenylation signal; and (v) the 
adenovirus VA I and VA I1 gene region (35). Plasmid p91023(B) also contains the mouse 
dihydrofolate reductase (DHFR) coding sequence downstream from the unique Eco RI cloning 
site which is positioned just after the 3' splice site. cDNA's inserted at this Eco RI site can be 
transiently expressed at  high levels in COS cells. The inserted cDNA is transcribed into a 
hybrid mRNA such that the cDNA sequence is flanked by the adenovirus tripartite leader at the 
5' side and by the mouse DHFR sequence serving as a nontranslated sequence at  the 3' side. 
The adenovirus tripartite leader and the VA RNA's increase the translatability (16,36) while the 
DHFR sequence appears to enhance the stability of the hybrid mRNA (R. Kaufman, 
unpublished results). 

Table 1. CSF activity in supernatants from COS cells transfected with DNA's from the Mo cell 
cDNA expression library. The Mo cell cDNA expression library in p91023 (13) was prepared by 
standard methods (30). Sixty thousand bacterial colonies from the library were replica-plated 
onto nitrocellulose filters. The colonies from each filter were scraped into L-broth and plasmid 
DNA was isolated as described (31). Each DNA sample was prepared from a pool of 200 to 500 
independent clones. We used 5 pg of each DNA sample to transfect a 10-cm dish of COS-1 cells 
by DEAE-dextran-mediated DNA transfection with the addition of chloroquine treatment (16). 
The transfected COS cell-conditioned medium was harvested 72 hours after DNA transfection 
and activity was measured in KG-1 CSF assay (17). From the primary screen of 200 DNA 
samples, six pools (A) were found to produce CSF activity in COS cells. These pools were also 
assayed with the use of lo4 light-density nonadherent human bone marrow cells as targets (17). 
The bacterial colonies from each of the first three positive pools were picked and placed in 
square matrices (pool M99 had approximately 340 clones, pool MI81 had 370 clones, and pool 
MI95 had 470 clones). DNA was prepared from each horizontal row and vertical column of each 
matrix, and transfected to produce COS cell-conditioned media samples which were assayed 
for CSF by the KG-1 cell assay. Two positive samples (B) were obtained from each set of 
transfections corresponding to each matrix, thereby unambiguously identifying the position of 
the CSF clone in the matrix. These cloned DNA's induced the expression of GM-CSF when 
transfected into COS-I cells (C). NT, samples that were not tested in the bone marrow assay. 

A B C 

DNA CSF Activity DNA CSF activity DNA CSF activity 
sample (Ulml) sample (Uiml) sample (Ulml) 

(primary Bone (secondary Bone (isolated 
pools) KG-1 marrow pools) KG-1 marrow clone) Bone 

KG-1 marrow 
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~t n by cos cell GM- 
CI adherent human bone 
mhl~uw L C I I ~  W C L C  p ~ d ~ e d  (2 X lo5 cells per milliliter) with 10 01 L U ~ I U I L I U I I C U  ~rlt-u~urrr from 
COS cells transfected with pCSF-I in 35-mm dishes as described (17)  except 0.87 percent 
methylcellulose was used instead of soft agar. More than 25 colonies were stimulated to grow: 
no colonies were observed in negative control dishes. A numher of colonies were picked and the 
cells were dispersed onto slide.; and treated with Wright's stain. (A)  Field showing a single 
macrophage (Mb) and a mature granulocyte (g): ( R )  field showing several mature granulocytes 
(g) and a single myelocyte, a granulocyte precursor (m). 
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Val Thr Leu Clu Va 1 Am. Clr 
TC AC T 

Ser Pbe Lym Lys 
GAG G T A C G A  C T C  T A A 

GCT GAG ATC AAT GAA ACA CTA CAA GTC ATC TCA GAA ATC TTT CAC CTC CAC GAG 
A1a Clu HIT Aan Glu Thr Val Glu Val 11. Ser 010 11T the Asp Leu Gln Clu 
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Asn 
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CCG ACC TCC CTA CAG ACC CCC CTG GAC CTG TAC AAC CAG CCC CTC CCC CCC ACC 
Pro Tbr Cyr Lew Clo Thr Arc Lew C1o L.8 Tyr Lys Cln C1y Lcw Arg C1y 8.1 
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T A C A C A C ACA T 
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Leu Tbr Lys Leu Lys Gly Pro Leu Thr HIT MI? A1a Icr Pim Tyr Lys Gln Rim 

100 

Amp Clu Val Tbr Tyr Ala Asp 
C T C CA A A C T  C A CC CA 

ICC CCT CCA ACC CCC CIA ACT TCC TCT CCA ACC CAC ACT ATC ACC TTT CAA ACT 
Cys Pro Pro Tbr Pro Glu Tbr Scr Cym AIa Thr Cln Thr 11. Tbr Ph* Clu 8.r 
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380 
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1 C C T A A C  AC AT A AAA A A 

TTC AAA CAC AAC CTC AAC CAC TTT CTC CT? GTC ATC CCC TT? CAC TCC TCC CAC 
?he ~ y s  clu Asn Lcu Lys Asp Pbc Leu Leu Val Ilc Pro Pbc Amp Cym Trp Clu 

I40 
440 

ser .Lym 
AC A A A  

CCA CTC CAC CAC TCA CACCCGCCAC ATCACCCTGC CCAACCCCCC CAGCTCCTCT CTCATCAAAC 
Pro Val Cln Glu 

500 550 
AACACCTACA AACTCACCA? CCTCATCTTC CACCCACCAA CCCCTCCGCC ACAGCCATCC TGCGACTGGC 

COO 
CTGGACCTGC CCTCCGCCAC ACTCACCCTC ATACAGCCAT CCCACAACAA TCGGUTATT TTATACTCAC 

Expression of GM-CSF mRNA. We 
examined mRNA from several cellular 
sources known to produce proteins with 
CSF activity. RNA blot analysis (Fig. 
4A) revealed that two mature T-cell lines 
(Mo and UCD-144-MLA) (34), as well as 
lectin-stimulated peripheral blood lym- 
phocytes (PBL's), synthesized readily 
detectable levels of a 1-kb mRNA that 
hybridized with the GM-CSF clone. The 
messenger could not be detected in RNA 
samples from the immature T-lympho- 
blastoid cell line CCRF-CEM (19) or 
from the B-lymphoblastoid cell line 
Daudi (20), neither of which produces 
measurable CSF (data not shown). Al- 
though Mo cells constitutively produce 
the transcript, treatment with phytohe- 
magglutinin (PHA) and phorbol myris- 
tate acetate (PMA) increased the abun- 
dance of the message two- to fourfold 
whereas treatment with the glucocorti- 
coid dexamethasone decreased the level 
of the CSF mRNA by a similar amount. 
Analysis of a secodd HTLV-transformed 
T-cell line, C10-MJ2 (21), confirmed that 
the CSF gene could be activated by 
lectin stimulation. In coiltrast to Mo 
cells, the level of GM-CSF mRNA de- 
tected in RNA obtained from the C10- 
MJ2 cells was very low in the absence of 
stimulation but could be increased more 
than tenfold by treatment of the cells 
with PHA and PMA. Isolation of further 
GM-CSF clones from a cDNA library 
prepared from lectin-stimulated C10- 
MJ2 cells suggested that the abundance 
of the CSF mRNA in these cells is 0.05 
to 0.1 percent of the total mRNA. 

Fig. 3. (A) Restriction map of human GM- 
CSF and (B) comparison of the sequences of 
the human and the murine GM-CSF's. (A) 
The cDNA insert of pCSF-1 is bounded by 
Eco RI linkers. Other restriction sites found 
in the sequence are as indicated. The heavy 
line indicates the position of the open reading 
frame. (B) The complete sequence of the 
cDNA insert of pCSF-1 was determined by 
the dideoxynucleotide chain termination 
method following subcloning of fragments 
into M13 vectors-(37). The predictedamino 
acid sequence of the single long open reading 
frame is indicated below the nucleotide se- 
quence. The position of cleavage of the signal 
peptide, indicated with an arrow, was deter- 
mined by amino terminal sequencing of GM- 
CSF isolated from Mo cell-conditioned medi- 
um and recombinant GM-CSF from medium 
conditioned by COS cells transfected with 
$SF-1 (23). The nucleotide sequence analy- 
sis of five independent CSF clones (all from 
the Mo cell cDNA library) revealed sequence 
heterogeneity at one position (two clones had 
the sequence shown while three clones had a 
T at position 358 instead of the C indicated 
here). The nucleotide sequence of the coding 
region of murine lung GM-CSF (8) along with 
predicted amino acid changes is indicated 
above the human sequence. The sequence as 
indicated (-----) is deleted in the mouse se- 
quence relative to the human. 



Purijication of the natural and recom- 
binant CSF's. The purification of human 
GM-CSF from T cell-conditioned medi- 
um proved to be difficult for several 
reasons. First, the time (10 to 14 days) 
required for colonies to grow in the bio- 
assay made it difficult to follow the activ- 
ity through sequential fractionation 
steps. Second, regardless of the source, 
GM-CSF is always present as a minor 
component of the total protein in condi- 
tioned medium and extensive purifica- 
tion is necessary to achieve homogene- 
ity. Finally, the molecular heterogeneity 
of the GM-CSF protein, which is evident 
as heterogeneity in size, charge, and 
hydrophobicity [see also (13)l made frac- 
tionations based on these physical prop- 
erties inefficient. Nevertheless, using 
conventional column chromatography 
and two reversed-phase high-perform- 
ance liquid chromatography (HPLC) 
steps, we were able to extensively purify 
the T cell-derived GM-CSF (22). In a 
typical preparation, 40 liters of starting 
conditioned medium yielded 4 to 6 kg 
(about 200 to 400 picomoles) of the natu- 
ral hematopoietin. Sodium dodecyl sul- 
fate-polyacrylamide gel electrophoresis 
(SDS-PAGE) of the protein in the most 
active fraction from the final purification 
step revealed that the CSF protein mi- 
grated as a single diffuse band with an 
apparent molecular mass of 18 to 22 
kilodaltons (Fig. 5, lane 2). This highly 
purified GM-CSF had a specific activity 
of 1 x 10' to 4 x 10' units per milligram 
when assayed with human bone marrow 

target cells and was active at 4 to 20 
picomolar concentrations in the KG-1 
cell assay. 

To produce quantities of recombinant 
GM-CSF, we used DNA transfection to 
introduce pCSF-1 into large numbers of 
COS-1 cells (see Fig. 5) which were 
subsequently allowed to condition medi- 
um in the absence of serum. By this 
procedure we could readily prepare 4- to 
5-liter batches of serum-free conditioned 
medium with CSF activity 10 to 30 times 
higher than the activity in the T-cell 
conditioned medium. The recombinant 
GM-CSF had fractionation properties 
virtually identical to those of the natural 
protein as described above. This similar- 
ity plus the higher levels of activity gen- 
erated by COS cells greatly facilitated 
the isolation of the recombinant GM- 
CSF (23). In fact, gel filtration followed 
by reversed-phase HPLC yielded 200 pg 
of recombinant CSF from 4 liters of 
conditioned medium (Fig. 5, lane 1). One 
of the most highly purified fractions, 
when analyzed by SDS-PAGE, migrated 
as a heterogeneous band with an appar- 
ent molecular mass of 18 to 24 kD, a 
result similar to that obtained with the 
natural T cell-derived protein (Fig. 5, 
lane 1). The specific activity of the 
recombinant CSF was indistinguishable 
from that of the native protein isolated 
from Mo cell-conditioned medium. We 
have been able to prepare milligram 
quantities of such highly purified materi- 
al from the transiently expressing COS 
monkey cells. 

The quantities of natural GM-CSF pu- 
rified from the continuous T-cell line 
and the larger amounts of recombinant 
GM-CSF purified from the pCSF-1 
transfected COS cells were sufficient for 
microsequencing of the NH2-terminus 
(24). The sequence of the first six resi- 
dues of natural GM-CSF was found to be 
Ala-Pro-Ala-Arg-Ser-Ro, which is iden- 
tical to the sequence predicted from the 
cDNA sequence (Fig. 3) for residues 18 
to 23. This confirms our identification of 
the cDNA as that for GM-CSF and indi- 
cates that the signal sequence is removed 
by cleavage after serine residue 17. With 
the recombinant GM-CSF we deter- 
mined the sequence of the 16 residues 
(Ala-Pro-Ala-Arg-Ser-Pro-Ser-Pro-Ser- 
Thr-Gln-Ro-Trp-Glu-His-Val) corre- 
sponding to the 18th through the 32nd 
amino acids predicted by the DNA se- 
quence. The fact that the same NH2- 
terminal sequence was obtained with 
both natural and recombinant CSF pro- 
vides evidence that the observed molec- 
ular heterogeneity of the purified pro- 
teins is not a result of differential 
processing at the NH2-terminus but most 
likely is a result of heterogeneity in car- 
bohydrate modification of the polypep- 
tide. We cannot rule out the alternative 
possibility of COOH-terminal processing 
or other forms of posttranslational modi- 
fication. In either case, our results 
demonstrated that the expression of a 
unique GM-CSF gene in COS-1 cells can 
produce protein with substantial molecu- 
lar heterogeneity similar to that observed 

Fig. 4. Nitrocellulose blot analysis of (A) the CSF mRNA and (B) restriction A B 
fragments of the human CSF gene region. (A) Polyadenylated cytoplasmic RNA 1 2 3 4 5 6 7 8 9  -- --- * 9 3  4 5  6 7  
(5 pg), isolated as described (16), from Mo cells cultured for 20 hours in the . 
presence of 10 nM dexamethasone (lane 1); from Mo cells (lane 2); from Mo cells 
cultured for 20 hours in the presence of PHA and PMA (see legend to Fig. 1) -3 2bO 
(lane 3); from C10 MJ2 cells (lane 4); from ClO MJ2 cells cultured for 20 hours in 4.5 - 
the presence of PHA and TPA (lane 5); from UCD-144-MLA cells cultured for 2 . ~ ~  + , CI 

20 hours in the presence of 5 nM PMA (lane 6); from Ficoll-separated peripheral 2.0 - 
'11::" 

blood lymphocytes (PBL's) (lane 7); and from two different samples of PBL's 
pooled from four donors and stimulated for 20 hours with PHA and PMA (lanes 'W*c @' 83.2 
8 and 9). The samples were fractionated on a 1 percent agarose gel in the 
presence of 6 percent formaldehyde and transferred to nitrocellulose as de- 

@ 

scribed by Kaufman and Sharp (16). The nitrocellulose filter was hybridized 0.5 - 
with the GM-CSF cDNA clone labeled with 32P to about 5 x lo7 c p d p g  with T4 
DNA polymerase replacement synthesis (38). The hybridization was performed - 0 . 5  
for 16 hours at 68°C in a mixture containing 4x SSC (SSC contains 0.15M NaCI, 
O.Ol5M sodium citrate, pH 7.4), 5x PM (PM contains 0.02 percent each of 
bovine serum albumin, polyvinylpyrrolidone, and Ficoll400), denatured hening 
sperm DNA (100 pglml), and the labeled probe (lo6 cpdml). After hybridiza- 
tion, the filter was washed at 68°C for several hours in 2x SSC with 0.1 percent 
SDS and for 30 minutes in 0.2x SSC with 0.1 percent SDS. The size markers were denatured A Hind I11 fragments. (B) High molecular weight 
DNA (20 pg) from human liver (kindly provided by J. Toole) and from Mo cells (20 pg) was digested to completion with Eco RI (lane 5, Mo cell 
DNA; lane 6, human liver DNA), Pst 1 (lane 3, Mo cell DNA; lane 4, human liver DNA), and with both enzymes (lane 1, Mo cell DNA; lane 2, hu- 
man liver DNA), fractionated by agarose gel electrophoresis (0.7 percent gel), and transferred to nitrocellulose (39). The resulting filter was 
probed as described above except 1 x lo7 cpm of labeled probe per milliliter was used. The size markers are end-labeled fragments of a Hind I11 
digest of A DNA. Digestion of the human DNA's with Eco RI, which does not cleave within the cDNA sequence, gave a single hybridizing 
fragment of approximately 6000 base pairs (lanes 5 and 6). Cleavage with Pst I, which cleaves the cDNA twice within a 25 nucleotide sequence 
near the 5' end of the clone, generates two hybridizing fragments of 3000 and 300 nucleotides, respectively (lanes 3 and 4). Since the 32P-labeled 
cDNA probe only extends 25 nucleotides upstream from the first Pst I site, this probe will not anneal with the genomic Pst I fragment containing 
the first 25 nucleotides of the cDNA sequences. Therefore, the two hybridizing fragments probably result from an additional Pst I site contained 
within an intron in the genomic sequence. Cleavage of the genomic DNA's with both Pst I and Eco RI yields two hybridizing fragments, one 2000 
base pairs and the other 300 base pairs in length (lanes 1 and 2). From these data we conclude that under the hybridization stringency used here, 
there is a single human GM-CSF gene that contains at least one intron. 



with the natural purified T-cell pro- 
tein. 

Discussion. The isolation by expres- 
sion screening of six virtually identical 
independent CSF clones from a library 
of 60,000 clones suggests that the GM- 
CSF reported here is the major species 
of CSF produced by Mo cells. Alterna- 
tively, CSF's encoded by other mRNA's 
may be more difficult to convert to full- 
length cDNA's or more difficult to ex- 
press in the COS cell expression system 
and therefore could have been missed in 
the expression screen. Antibodies to the 
recombinant GM-CSF protein would 
help clarify the issue of whether or not 
there are other human proteins with GM- 
CSF activity. 

We have compared the sequence of 
human GM-CSF with all the sequences 
recorded in Genbank including those of 
oncogenes and such growth factors as y- 
interferon, IL-2, and murine IL-3, and 
with the recently published sequence for 
murine GM-CSF. The only significant 
homology that we detected was with the 
murine GM-CSF, which was recently 
cloned from murine lung mRNA. Maxi- 
mum homology of the coding regions of 
the human and mouse cDNA's was ob- 
tained by deleting the codons for amino 
acids 18 to 23 and 40 to 42 from the 
human sequences as indicated in Fig. 3. 
The amino acid sequences are then 60 
percent homologous while the nucleotide 
sequences are approximately 70 percent 
conserved. The sequence of the murine 
signal peptide was not reported, but it is 
interesting that the processing of the 
human GM-CSF apparently occurs six 
amino acids before the corresponding 
cleavage site of the mouse protein. The 
positioning of the four cysteine residues 
appears to have been preserved in the 
two proteins, suggesting some impor- 
tance for the location of disulfide bridges 
in the structure of GM-CSF. 

The sequences of the 3' noncoding 
regions of the murine and human CSF 
cDNA clones show little homology, with 
the exception of a long stretch of nucleo- 
tides consisting of T's and A's beginning 
roughly 1 10 nucleotides before the poly- 
adenylic acid sequence in each clone. 
The mouse sequence consisting of 59 T's 
and A's [nucleotides 542 to 620 in (8)l 
contains within it an almost exact replica 
(93 percent homologous) of a 47-nucleo- 
tide sequence (nucleotides 646 to 692) in 
the human cDNA. Regions rich in A and 
T which share some homology with this 
sequence have been found in the 3' non- 
coding regions of other cDNA's, notably 
the human and mouse sequences for 
interferon a2 (25). Other conserved se- 
quences have been observed in 3' non- 

coding regions, but the function of such 
sequence elements remains unclear (26). 

Another factor produced by Mo cells, 
T-cell derived neutrophil migration in- 
hibitory factor (NIF-T), has recently 
been purified to homogeneity (27). NIF- 
T was identified by its ability to inhibit 
the migration of human neutrophils in 
vitro, but the highly purified protein also 
proved to have GM-CSF activity (27). 
The partial NH2-terminal sequence de- 
termined from the purified NIF-T exact- 
ly corresponded with the sequence of the 
GM-CSF protein reported here. The 
identity of NIF-T and GM-CSF was con- 
firmed by the demonstration that our 
recombinant GM-CSF has high levels of 
NIF-T activity (27). Thus a single hema- 
topoietin can not only stimulate the 
growth and differentiation of progenitor 
cells in bone marrow but can also acti- 
vate the biological function of the result- 
ing circulating mature blood cells. These 
results are consistent with the findings 
that the purified murine G-CSF and GM- 
CSF can activate murine neutrophil cy- 

-- 

Fig. 5. Electrophoresis (SDS-PAGE) of puri- 
fied Mo T cell and recombinant GM-CSF. 
Highly purified Mo GM-CSF (1 pg; lane 2) 
and recombinant GM-CSF (approximately 4 
kg; lane 1) were subjected to electrophoresis 
(13.5 percent SDS-PAGE) in parallel with the 
indicated molecular size markers (lane 3) as 
described (40). The protein bands in the gel 
were visualized by silver staining. The Mo 
GM-CSF was isolated from 40 liters of serum- 
free Mo-conditioned medium (22). Recombi- 
nant CSF was isolated from 4 liters of serum- 
free conditioned medium from COS-1 cells 
transfected with pCSF-1 (23). 

totoxic functions (28) and that semipuri- 
fied human CSF from placental-condi- 
tioned medium can enhance the anti- 
body-dependent cell-mediated cytotox- 
icity of human neutrophils (29). Thus 
GM-CSF and NIF-T may have several 
functions, including the stimulation of 
the production of effector cells and ulti- 
mately the activation of these cells in the 
periphery. With the availability of the 
human GM-CSF cDNA clone it should 
be possible to produce pure CSF in 
quantities sufficient to evaluate the rela- 
tive importance of these activities in vivo 
and to test the clinical potential of CSF 
for the treatment and prevention of gran- 
ulocytopenia and infection. 
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Cell surface receptors are multifunc- 
tional proteins with binding sites that 
face the external environment and effec- 
tor sites that couple the binding to an 
intracellular event. Many receptors have 
an additional function: they transport 
bound ligands into cells (1). Such recep- 
tor-mediated endocytosis requires that 
the proteins have specific domains that 
allow them to cluster within clathrin- 
coated pits on the plasma membrane and 
in many cases to recycle to the cell 
surface after ligand delivery (2). 

The multiple functions of coated pit 
receptors imply that they will have multi- 

ple domains, each with a single function. 
The structural features responsible for 
these functions are currently the subject 
of intense study. Recent insights have 
emerged from the complementary DNA 
(cDNA) cloning of the messenger RNA's 
(mRNA) for several receptors and the 
subsequent determination of their amino 
acid sequences. These studies have re- 
vealed surprising homologies between 
the primary structures of receptors and 
other proteins. For example, the recep- 
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tor for plasma low-density lipoprotein 
(LDL), a cholesterol transport protein, 
contains one region that is homologous 
to the precursor of a peptide hormone, 
epidermal growth factor (EGF) (3, 4), 
and another region that is homologous to 
complement component C9, the terminal 
component of the complement cascade 
(5). The cell surface receptor for immu- 
noglobulin A/immunoglobulin M is ho- 
mologous to the immunoglobulins them- 
selves (6). Finally, the receptor for EGF 
is homologous to a viral and cellular 
gene, erb-B, that produces a protein with 
tyrosine kinase activity (7). 

These findings suggest that coated pit 
receptors share functional domains with 
other proteins. One likely mechanism for 
such sharing is through the duplication 
and migration of exons during evolution 
(8). Although the cDNA's for five coated 
pit receptors have been isolated and se- 
quenced (4, 6, 9), the organizations of 
the genes encoding these proteins are not 
yet known. The elucidation of the gene 
structures of coated pit receptors should 
reveal the relationships between exons 
and protein domains and provide insight 
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