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Abstract Introduction

The proliferative effects of granulocyte colony-stimulating fac-
tor (G-CSF) and macrophage colony-stimulating factor (M-
CSF) on human hematopoietic cells have been reported, but the
intranuclear mechanism of early signal response to these mito-
genic stimuli remains unknown. Using an established human
myeloid leukemia cell line (NKM-1) which can grow in serum-
free medium in response to G-CSF or M-CSF, we examined
expressions of the jun family genes, c-jun, junB, and junD,
which are coexpressed by various growth factors in many tis-
sues. In parallel with regrowth from the Go/GI resting state by
addition of recombinant human G-CSF or M-CSFafter serum
deprivation, NKM-1 cells showed the transient expression of
the junB gene with a peak of ninefold above the basal level
between 40 and 60 min. In contrast, c-jun expression was not
stimulated by these CSFs. JunD expression was constitutively
observed at detectable levels. Furthermore, c-fos mRNAwas
rapidly induced to a peak of 14-fold after CSF stimulation.
Transcriptional run-on assays revealed that treatment of
serum-starved NKM-1 with 50 ng/ml G-CSF or M-CSF in-
creased the transcription rate of the junB gene and the c-fos
gene by 1.8-fold and 2.9-fold, respectively, but did not induce
any transcript of the c-jun gene. The results indicate that the
expression of the junB and c-fos genes is activated, at least in
part, at the transcriptional level in response to these CSFs.
These findings suggest that the signal activating c-jun expres-
sion might not be involved in the proliferative action of G-CSF
and M-CSFbut junB may be one of important elements in early
response events of the signal transduction system in human
CSF-responsive hematopoietic cells. (J. Clin. Invest. 1992.
89:1657-1661.) Key words: hematopoietic growth factors * im-
mediate early genes * jun family genes * transcriptional activa-
tion * signal transduction
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Granulocyte colony-stimulating factor (G-CSF)' and macro-
phage colony-stimulating factor (M-CSF) are members of he-
matopoietic growth factors for granulocytic cell lineage and
monocytic cell lineage, respectively, which are clinically avail-
able for patients with leukopenia as recombinant human CSFs.
There have been some reports about the proliferative effects of
these CSFs on human hematopoietic cells (1, 2), but the intra-
nuclear mechanism of early signal response to these mitogenic
stimuli remains unknown. Each CSFbinds to its specific recep-
tor on the surface of hematopoietic cells (3, 4). The CSF-recep-
tor interaction triggers a complex and poorly understood cas-
cade of molecular events in signal transduction pathways, even-
tually leading to the transcriptional activation of immediate
early response genes within the nucleus.

A series of studies indicate that many of the protooncogene-
encoded products play pivotal roles in signal transduction sys-
tems that regulate cell proliferation in response to growth fac-
tors (5-7). Amongthese growth-related genes, some immediate
early response genes such as members of the jun family or the
fos family have been recently shown to be transiently activated
when quiescent cells are stimulated by serum or various growth
factors (8-12). C-jun, junB, and junD which share significant
sequence homology are coexpressed in many tissues (13-17),
although the transcription of c-jun and junB may reveal differ-
ent responses between various mitogenic stimuli and cell types
(18, 19). Recent studies indicated that these genes are not coor-
dinately regulated in fibroblasts (20) and that junB functions as
a negative regulator of genes activated by c-jun (20, 21). These
findings may suggest that each product of the c-jun and junB
genes confers distinct regulation on different target genes.

Little is known about the response of the jun family genes
to G-CSF or M-CSFin cellular proliferation. To investigate the
molecular mechanism of proliferative action of G-CSF and
M-CSF in human hematopoietic cells, we employed the hu-
man myeloid leukemia cells (NKM-1) coexpressing both dis-
tinct G-CSF receptors and M-CSF receptors in this study. It
was previously shown that NKM-1 cells can proliferate in
serum-free medium in response to the physiological concentra-
tion of recombinant human G-CSFor M-CSFin a dose-depen-
dent manner, and also additively to both CSFs (22, 23). We
report that G-CSFand M-CSFinduce junB transcripts, but not

1. Abbreviations used in this paper: CSF, colony-stimulating factor;
FBS, fetal bovine serum; G-CSF, granulocyte CSF; M-CSF, macro-
phage CSF; MTT, tetrazolium salt.
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c-jun, in the proliferative stimulation of human CSF-respon-
sive myeloid cells.

Methods

Cell culture. Humanmyeloid leukemia cells (NKM- l) were grown in
RPMI 1640 medium (Gibco Laboratories, Grand Island, NY) supple-
mented with 10% fetal bovine serum (FBS) (Flow Laboratories, Stan-
more, Australia), 100 U/ml penicillin, and 50 ,ug/ml streptomycin in
5%CO2humidified atmosphere at 370C. After serum-deprived culture,
NKM-I cells were incubated in RPMI 1640 containing 10 ,gg/ml hu-
man transferrin with either G-CSF, M-CSF, or FBS. No feature of cell
differentiation can be induced by G-CSF or M-CSF in these cells (22).
Flow cytometric analysis of the cell cycle based on DNAcontent was
performed after propidium iodide (Sigma Chemical Co., St. Louis,
MO)staining as described previously (22). The nuclei were analyzed by
Epics Profile flow cytometry (Coulter Electronics Inc., Hialeah, FL).
The percentage of cells in each phase of the cell cycle was estimated by a
program developed by Ortho Diagnostics (Westwood, MA). The viable
cells plated in flat-bottomed 96-microwell plates were quantitated by a
colorimetric assay using tetrazolium salt, MTT, as described (24). The
plates were read on a scanning multiwell spectrophotometer, SLT2 10,
(SLT-LAB Instruments, Salzburg, Austria) using a test wavelength of
545 nmand a reference wavelength of 650 nm. DNAsynthesis of cells
seeded in 96-well microplates was determined by measuring [3H]-

thymidine uptake. After 20 h of incubation at 37°C, 0.2 MCi of [3H]-
thymidine (6.7 Ci/mmol) was added per well. 5 h later the cells were
harvested using a Titertek harvester 550 (Flow Laboratories, McLean,
VA), and the uptake of [3H]thymidine was assessed with a scintillation
counter (LS 5000; Beckman Instruments, Inc., Fullerton, CA). Recom-
binant human G-CSF (KRN8601) and M-CSF were provided from
Kirin Brewery Co. (Shibuya, Tokyo) and Morinaga Milk Industry Co.
(Minato, Tokyo), respectively.

RNApreparation and Northern blot analysis. Total cellular RNA
samples were prepared by the guanidine isothiocyanate-cesium chlo-
ride technique (25) at the indicated times. Each 15 ,g of RNAsamples
was electrophoresed on a 1.2% formaldehyde-agarose gel and trans-
ferred to Hybond-N membrane (Amersham Corp., Arlington Heights,
IL). Prehybridizations, hybridizations, and washings were carried out
according to the manufacturer's manual. 32P-oligo-random-labeled
probes used were the 1.8-kb BamHI/EcoRI fragment of a human c-jun
cDNA(10) (provided by Dr. R. Tjian, University of California, Berke-
ley), the 0.45-kb NarI fragment of a human junB cDNA(21) (provided
by Dr. J. Minna, National Cancer Institute, Bethesda, MD), the 1.8-kb
EcoRI fiagment of a human junD cDNA (17) (provided by Dr. N.
Nomura, Nippon Medical School, Kawasaki, Japan), the 2. 1-kb EcoRI
fragment of a human c-fos cDNA (provided from Japanese Cancer
Research Resources Bank, Shinagawa, Tokyo), and the 1.4-kb PstI
fragment of a human HLA-B7 cDNA(provided from Japanese Cancer
Research Resources Bank). The same membranes were repeatedly re-
hybridized for each probe after being boiled in 0.1% SDSbuffer. The
autoradiograms were scanned using a Fuji x-ray densitometer, model

A

exponentially growing cells

phase %

Go-G. 44.7

S (Go/G-G2/M) 44.5

G2-M 10.8

B
OD

1.0-

0.8-

0.6

0.4

resting cells 48h
after serum deprivation

phase %

Go-Gi 78.6

S (Go/G-G2/M) 17.5
G2-M 3.9

C

0 1 2 3 4 Days

regi
after I

Go-Gi

S (Go/
G2--M

dpm
x104
6-

4-

2

0*

Figure 1. Growth-stimulatory effects
of G-CSF or M-CSF on NKM-1
cells. (A) Flow cytometric analysis
of the cell cycle based on DNAcon-
tent. Left to right, profile of expo-
nentially growing NKM-1 cells in
RPMI 1640 medium supplemented
with 10%FBS; resting cells after 48
h of serum deprivation; regrowing
cells in the medium containing 10
gg/ml human transferrin after 24

rowing cells 24h h of 10 ng/ml G-CSF addition, re-
G-CSF stimulation spectively. Vertical scale, relative

number of cells; horizontal scale,
)hase % relative DNAcontent by fluores-

56.5 cence intensity. The percentage of
cells in GO/GI, S, and G2/M isGGM) 38.1 shown below each figure. (B) Cell

5.4 growth curves of NKM-1 cells by
the MTTassay. The cells (2 X 104/
well) were cultured in serum-free
RPMI 1640 containing only trans-
ferrin for 4 d with either 10 ng/ml
G-CSF (.), 10 ng/ml M-CSF (n), or
without CSF(o). The data were ex-
pressed as a fraction of absorbance
and shown as the mean±SDin trip-
licate culture. The results with the
MTTassay were consistently equiv-
alent with the viable cell counts by
the trypan blue exclusion method.
(C) [3H]thymidine incorporation
assay for DNAsynthesis. As de-
scribed in A and B, after serum star-

NO G M vation, the cells (2 x 104/well) were
cultured with or without CSF. After

20 h of incubation, the cells were grown with [3Hlthymidine for 5 h and harvested. The values shown represent the mean disintegrations per
minute±SD of triplicate culture; NO, without CSF; G, with 10 ng/ml G-CSF; M, with 10 ng/ml M-CSF; bars, ±SD.
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301 (Fuji Film Co., Tokyo). The intensity of mRNAbands estimated
was normalized against HLA-B transcripts of an internal control.

Nuclear run-on assays. Nuclei isolation and run-on transcription
were carried out as described previously (8). The 32P-labeled RNAwas
isolated by the method of acid guanidinium thiocyanate-phenol-chlo-
roform extraction (26) with minor modifications. The labelled RNA(4
X 106 cpm) was hybridized in 2 ml of 40% formamide, 5x Denhardt's
solution, 4X standard saline citrate (SSC), 0.4% SDS, 5 mMEDTA,
and 100 ,g/ml tRNA at 420C for 72 h to cDNAfragments blotted on
Hybond-N membrane by Southern method. The blots were washed
twice in 2x SSC, treated for 10 min at 370C with 10 ,gg/ml RNase A,
washed for 1 h at 420C in 0.1% SSC, 0.1% SDS, and exposed to x-ray
films for 2 d. The intensity of hybridized transcripts quantitated in
autoradiography was normalized against the HLA-B internal control.

Results

Weemployed the human myeloid leukemia cells, NKM-1,
with both G-CSF and M-CSF receptors as a model of human
CSF-responsive cells. NKM-I cells were maintained in RPMI
1640 medium supplemented with 10% FBS and were made
quiescent by deprivation of FBS. Flow cytometric assays
showed that quiescent population in the GO/GI resting phase of
the cell cycle increased from 44.7 to 78.6% after 48 h of incuba-
tion in the serum-deprived condition. The resting cells, then,
resumed their cycle through G, into S phase after stimulating
this serum-deprived culture with 10 ng/ml of G-CSF for an
additional 24 h (Fig. 1 A). Growth response curves using the
MTTassay showed that the number of viable cells in serum-
free RPMI 1640 containing 10 ,g/ml transferrin was progres-
sively increasing for 4 d after G-CSFor M-CSFaddition (Fig. 1
B). These proliferative responses to CSFs were also demon-
strated by [3H]thymidine incorporation. DNAsynthesis was

significantly increased after 24 h exposure to G-CSF or M-CSF
(Fig. 1 C).

Treatment of quiescent, serum-starved NKM-1 cells with
50 ng/ml G-CSF or M-CSF resulted in a rapid, transient in-
crease in the levels ofjunB mRNAand c-fos mRNA.As shown
in Fig. 2, Northern blot analysis reveals that the increase of
junB mRNAoccurred within 20 min of CSFstimulation and
reached a peak of ninefold between 40 and 60 min, and de-
clined gradually to the basal level of untreated cells. In contrast,
c-jun exhibited little change above the basal level for several
hours after CSFaddition. JunD expression was constitutively
observed at detectable levels even in the quiescent state and
anytime after CSFstimulation. The protein products ofthe jun
family genes form heterodimetric complexes with fos protein
to make a higher DNAbinding affinity (27-29). Although c-fos
mRNAwas also present at low levels in untreated NKM-1
cells, it was rapidly induced and elevated to a peak of 14-fold
between 20 and 40 min after CSF stimulation. The results of
these gene responses were similar to those in both cases of G-
CSFand M-CSF. In contrast, the stimulation of quiescent cells
with 10% FBS induced the activated expression of c-jun by
sevenfold, in addition to the similar enhancement ofjunB and
c-fos expression (Fig. 2). This demonstrates that the mecha-
nism of c-jun gene expression is not defective in NKM-1 cells
and that the signal transduction systems to nuclear transcrip-
tion factors are different between CSFand FBS stimuli. When
exponentially proliferating cells in the medium containing 10%
FBSwere treated with G-CSF, no induction in c-jun, junB, and
c-fos mRNAswas observed.

Transcriptional run-on assays in isolated nuclei from
NKM-1 cells revealed the mechanism responsible for the in-
duction of the junB gene expression by CSFs. Fig. 3 shows that
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Figure 2. Northern blot analysis of expressions of the jun family genes and the c-fos gene after stimulation of NKM-I cells with G-CSF, M-CSF,
or FBS. After 48 h of serum deprivation, NKM-l cells were treated with either 50 ng/ml G-CSF, 50 ng/ml M-CSF, or 10%FBS for the indicated
times. In G-CSF/CP, 50 ng/ml G-CSF were added to continuously proliferating NKM-l cells in 10% FBS-containing RPMI 1640 medium.
Total cellular RNA(4 5 ug/lane) was hybridized to each 32P-labeled probe of c-fos, c-jun, junB, junD, or HLA-B7 cDNA. HLA-B expression was

used as an internal control.
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C G M F Figure 3. Transcription
run-on assay ofthe jun

cjun * ; Jo _ family genes and the c-
iun D S fos gene after stimula-I ~~~~~~~~tionof NKM-lI cellsHLUN ; z | with G-CSF, M-CSF, or

FBS. The cells were pre-
pared and treated as de-

scribed in Fig. 2. Nuclei (2 X 107) were isolated from control un-
treated NKM-l cells (C) or from cells treated for 30 min with G-CSF
(G), M-CSF (M), or FBS(F). The left picture indicates the position
of each cDNA fragment (2.10 kb c-fos, 1.96 kb c-jun, 1.80 kb junD,
1.40 kb HLA-B, 1.20 kb junB) stained by ethidium bromide before
Southern blotting.

treatment of serum-starved NKM-1 cells with 50 ng/ml G-CSF
or M-CSF increased the transcription rate of the junB gene and
the c-fos gene by 1.8-fold and 2.9-fold, respectively, but did not
induce any transcript of the c-jun gene. There was a little en-
hancement on junD transcripts. These findings indicate that
CSFs induce junB and c-fos expression, at least in part, by a
transcriptional mechanism. In contrast, the transcription of the
c-jun gene was activated by stimulation of 10% FBS with in'-
duction of junB and c-fos transcripts.

ofjunB transcripts, but the expression of c-jun mRNAwas not
identified at least for several hours after CSFs addition. The
evidence that the stimulation of quiescent NKM-1 cells with
FBS activated cjun expression indicates that the signal trans-
duction system to the c-jun gene and the mechanism of cjun
expression are not impaired in these cells. It suggests that the
signals of serum stimulation are pleiotropic and different from
the proliferative signals of purified recombinant G-CSF or M-
CSF. A second peak of c-jun expressed at the G,/S border in
human fibroblasts (34) has not been determined in NKM-1
cells stimulated by CSFs, but it was reported to be different
from response to receptor-generated signal'and coupled to the
time of entry to S phase. These results suggest that the receptor-
generated signal activating c-jun expression might be not re-
quired for the proliferative action of G-CSF and M-CSF and
that junB may be not sufficient but involved in the mechanism
of hemaitopoietic cell proliferation by these CSFs. These find-
ings will provide a basis for investigating the molecular mecha-
nism of action of G-CSFand M-CSF in human hematopoietic
cells. Further investigation is needed concerning what role the
products of the jun genes play in mediating' the action of G-
CSFand M-CSFand in stimulating the cellular proliferation.

Discussion

The recent availability of cloned DNAprobes for a variety of
cellular response genes has made it possible to examine the
transcriptional events resulting from growth factor stimula-
tion. Immediate early response genes such as members of the
jun family or the fos family have been reported to be induced in
different cell types by serum or a variety of growth factors (8-
20). There is, however, little known about the regulation of
these genes by hematopoietic colony-stimulating factors, G-
CSFand M-CSF, since there have been very few human hema-
topoietic cell lines which can proliferate in response to these
CSFs.

A recent report indicated that M-CSFinduced c-jun expres-
sion with prolonged expression of the junB gene in human
monocytes, but the induction of both c-jun and junB was asso-

ciated with activation to a more differentiated monocytic phe-
notype (19). It suggests that both'c-jun and junB expressions
similar to those in other models of monocytic differentiation
by chemical agents (30) should be definitely distinct from junB
expression without cjun in M-CSF-stimulated proliferation.
Another reported that in the mouse 3T3 cells transformed by a

human CSF- I receptor (c-fms) mutant gene, the expression of
junB was induced after M-CSF stimulation but no mitogenic
response was observed (31). 'It appears that the signal transduc-
tion system of mitogenic response through receptors to nuclear
transcription factors should be very complex and concerted.
Even though junB is activated, cells could not proliferate when
another component of the responsive orchestration in the sig-
nal transduction system was dysfunctional because of the mu-

tation of receptors (32).
It was recently reported that all three of anti-jun family

antibodies prevented serum-stimulated DNAsynthesis in 3T3
fibroblasts (33). In our experiment using an established human
myeloid leukemia cell line, NKM-1, which can proliferate in
response to G-CSF or M-CSF, the proliferative stimulation of
NKM-1 cells with these CSFswas in parallel with the induction
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