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SUMMARY

c~Jun/AP-1 is a transcription factor commonly induced in mam-
malian cells by serum, phorbol compounds, or peptide growth
factors. We show that c-Jun/AP-1 is inducible as well as coor-
dinately regulated, in the human acute myelogenous leukemia
cell line KG-1, by the cytostatic drug 1-8-p-arabinofuranosyicy-
tosine (Ara-C). Concomitantly with Ara-C treatment, growth in-
hibition and loss of clonogenic survival of KG-1 cells were ob-
served. Whereas KG-1 cells displayed only barely detectable
amounts of c-jun transcripts when cultured in the presence of
serum, Ara-C at concentrations of 1 to 50 um induced c-jun
transcripts in a dose-dependent fashion. Time course studies
showed that 10 um Ara-C induced c+jun transcripts 6 hr after
initiation of culture. Induction of c-jun mRNA was independent©

The c-jun protooncgg ig_the St
the avian sarcoma ans g
39,000 protein product o 3, O
ment of the mammalian \rinAicri
is structurally similar to
volved in yeast gene regulation (4) GCN A
specific DNA cis-element, the TPA-respgnsive element, con-
taining the TGACTCA motif §). This"fotif has been found to
be part of the 5’ flanking sequefices of an increasing number
of cell growth-associated genes. c-jun expression is rapidly
inducible in fibroblasts by serum and phorbol esters (6). Also,
a number of polypeptide growth factors have been shown to
either enhance or induce c-jun expression in various cell types,
such as epidermal growth factor (7), transforming growth fac-
tors -a (8) and -B (9), and nerve growth factor (10). In endo-
thelial cells, the antimitogenic action of tumor necrosis factor-
a was associated with elevations in c-jun/AP-1 (11), thus
confirming that c-jun/AP-1 induction is not exclusively related
to mitogenic/proliferative cellular events.

Ara-C is an S phase-specific cytotoxic drug extensively used
in the treatment of various hematologic malignancies, including
acute myelogenous leukemia and the myelodysplastic syn-
drome. Its mechanism of action as a nucleoside analog is to
cause incorporation of Ara-CTP instead of dCTP into DNA

~1 bind to a

de novo protein synthesis, because the protein synthesis inhibitor
cycioheximide failed to alter Ara-C-induced c-jun mRNA accu-
mulation. Furthermore, cycloheximide did not induce c-jun tran-
scripts, ruling out the possibility of posttranscriptional stabiliza-
tion of c-jun mRNA by labile proteins, as has been previously
reported for a variety of serume«ifiducible protooncogenes and
early response genes. Meréover, ntclear run-on analysis dis-
closed that c-jun induction ¥ Ara-C\i\ KG-1 cells took place at
a transcriptiopai“fevel«”T gke pr), these findings indicate

that c-jup-mMRNA thi\, minutes) induction by

ef] brOblg KG-1 cells following
am egulated essentially
at a §

_ &%
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gynthesis and to terminate chain elongation (12).
: P Om its cytostatic potential, Ara-C is also known to

x€rt antiviral effects (13). Furthermore, Ara-C treatment is
associated with differentiation of various human hematopoietic
cell lines (14, 15). During induction of differentiation of HL-60
or U 937 human myeloid cell lines, alterations in expression of
the protooncogenes c-myc and c-fos have been observed. Pre-
vious experiments of our own have shown that Ara-C treatment
resulted in a transient increase of c-fos transcripts in KG-1
cells (12). Because heterodimer formation between c-Fos and
c-Jun proteins has been reported to result in complexes with
DNA binding affinities exceeding those of Jun-Jun homodimers
by far (16), we thought to address in this study the question of
whether Ara-C was also capable of inducing c-jun transcripts
in KG-1 cells. A more recent study showed that c-jun mRNA
levels increased during differentiation of HL-60, U 937, and
THP-1 induced by the phorbol ester TPA, indicating a role of
c-jun in monocytic differentiation (17). Transcriptional as well
as posttranscriptional mechanisms were shown to govern pro-
tein kinase C-mediated c-jun mRNA accumulation in these
cells. Little is known, however, about the expression of c-jun
associated with Ara-C treatment and the mechanisms of c-jun
gene regulation by Ara-C in myeloid cells.

ABBREVIATIONS: TPA, tetradecanoylphorbol-13-acetate; Ara-C, 1-8-p-arabinofuranosyicytosine; CHX, cycloheximide; kb, kilobase; MOPS, N-

morpholinopropanesulfonic acid; SSC, standard saline citrate.
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Materials and Methods

Cell culture and clonogenic assay. KG-1 and KG-1a cells (kindly
provided by Dr. H. P. Koeffler, University of California, Los Angeles,
CA) were cultured in RPMI 1640 medium (GIBCO/BRL Laboratories,
Paisley, UK), supplemented with 10% low-endotoxin fetal calf serum
(Hazelton Laboratories, Vienna, UT), L-glutamine, and penicillin/
streptomycin (Sigma Chemicals, Munich, FRG), at densities of 1-5 X
10° cells/ml. Ara-C, Actinomycin D, CHX, and the phorbol ester TPA
(all from Sigma) were diluted in RPMI 1640 before use. After the
incubation periods (2-24 hr), cells were collected by centrifugation and
washed. For clonogenic assays, cells that were previously exposed to
Ara-C for 1-24 hr were plated, after several washings, at 1 X 10°/well
in 0.3% agarose (Difco Laboratories, Detroit, MI), on top of an under-
layer consisting of 0.5% agarose in RPMI/fetal calf serum, in 24-well
plates. After the culture period, agar overlayers were removed from
underlayers by agitation, dried onto glass slides, fixed in methanol, and
stained with acidic hematoxylin (Sigma). Colonies with >20 cells were
enumerated.

RNA preparation, Northern blot analysis, cDNA probes, and
nuclear run-on transcription assay. Cells were lysed with 4 M
guanidinium isothiocyanate (Sigma) and extracted by the cesium chlo-
ride method (18). Samples were fractionated by electrophoresis through
a 1% agarose gel in 0.02 M MOPS (Serva, Heidelberg, FRG), pH 7.0,
0.66 M formaldehyde, transferred to synthetic membranes (Schleicher
and Schuell, Dassel, FRG), and hybridized to a minimum of 10® cpm/
ml 3?P-labeled cDNA probes. cDNA probes (50 ng) were labeled with
[32P)dCTP (3000 Ci/mmol; Amersham, Braunschweig, FRG), using the
hexanucleotide primer technique (19). The filters were washed to a
final stringency of 0.1X SSC (1x SSC is 0.15 M sodium chloride, 0.015
M sodium citrate, pH 7.0) at 65° and exposed to Kodak X-Omat films

once in ice-cold phosphate-buffered saline.
26° in 15% glycerol, 70 mM KCl, 2.5 mM

blotting with a slot-blot apparatus (Schleicher and Schuell). After
hybridization at 42° for 3 days, filters were rinsed in 2x SSC at 55°,
2% SSC containing 10 ug/ml RNase A at 37°, and finally 0.5x SSC at
55°, for 30 min each time, and were exposed to Kodak X-Omat films
for 10 days. Plasmids and cDNA probes used were the 0.8-kb BamHI-
Pstl chicken a-actin fragment in pBR 322 (20), the 1.2-kb EcoRI-
BamHI fragment of human c-jun in p Bluescript SK (3), and the 414-
base pair Pstl-Pst]l fragment of human c-myc in pHSRI (21). All
experiments were repeated three times. A representative result is shown
for each experiment.

Results

Whereas c-jun expression was barely detectable in untreated
cultures of KG-1 cells (10° cells/ml), exposure to 1 uM Ara-C
for 6 hr resulted in induction of 2.7-kb c-jun transcripts (Fig.
1). Ara-C at 10 and 50 uM further increased c-jun transcript
levels. A time course study with 10 uM Ara-C revealed that 15
ug of KG-1 total cytoplasmic RNA contained c-jun transcripts,
with a peak observed at 6 hr. c-jun mRNA returned to almost
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Ara<C. KG-1 cells were treated with 1, 10, or 50 um
fid harvested thereafter. Total cytoplasmic RNA was

starting levels within 24 hr (Fig. 2). In contrast, a-actin mRNA
levels were unaffected by Ara-C-treatment at all time points
and concentrations investigated (Figs. 1-5). Exposure of KG-1
cells to concentrations of 1-50 uM Ara-C resulted in a slight
decrease of expression of c-myc transcripts (Figs. 1 and 2).
When cells were cultured in the presence of the phorbol ester
TPA (107° M), c-jun transcripts became detectable after 2 hr
of treatment and were still at a relatively high level at 24 hr
(Fig. 3).

Ara-C-mediated induction of c-jun mRNA was not depend-
ent on de novo protein synthesis, inasmuch as comparable
signal intensities of c-jun transcripts were obtained in both the
presence and absence of the protein synthesis inhibitor CHX
(Fig. 4). Moreover, CHX was not able to induce c-jun transcript
levels by itself, ruling out posttranscriptional regulation of c-
Jjun expression by mRNA-stabilizing proteins (Fig. 4). Complete
blockade of protein synthesis in these experiments was con-
firmed by the lack of [**C]leucine incorporation into the cells
over a 6-hr period (data not shown). When cells were treated
with TPA (10~° M), exposure to CHX resulted in superinduction
of c-jun transcripts (Fig. 3), suggesting a considerable impact
of posttranscriptional mechanisms on TPA-induced c-jun
mRNA expression. This was assayed by densitometric scanning
of Northern blot signals and normalization to actin transcript
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comparable to that of c-jun mMRNA (not shown). Nuclear run-
on assays confirmed that induction of c-jun transcripts by Ara-
C is regulated at the transcriptional level (Fig. 6).

Although cell viability, as assessed by trypan blue dye exclu-
sion, was not significantly affected by Ara-C treatment (1-50
uM, 24 hr) of KG-1 cells (data not shown), clonogenic survival
of KG-1 cells cultured in agar for 7 days decreased dose de-
pendently upon exposure to Ara-C for 1-24 hr (Table 1),
indicating that Ara-C did not confer immediate toxicity to KG-
1 cells at the concentrations used. Treatment of the differen-
tiation-defective subclone of KG-1, KG-1a, with 1-50 uM Ara-
C also revealed a clear induction of c-jun transcripts (Fig. 7),
supporting the notion that Ara-C-mediated c-jun induction is
not associated with differentiation of KG-1 cells.

Discussion

The protooncogene c-jun was initially defined as a member
of the immediate early gene family and was thought to play a
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»afh mMRNA in KG-1 cells by the phorbol ester TPA.
g.eXposed to 10~ m TPA for 2 or 24 hr or were pretreated

fridized to cun or a-actin CONA probes. Autoradiographic signals
were analyzed by laser densitometry.

key role in the activation of fibroblasts by serum, phorbol
esters, and growth factors (6). Its protein product, the mam-
malian transcription factor AP-1, is known to bind to the TPA-
responsive element that regulates a number of cell growth-
associated genes. Its homology to GCN 4, a yeast homolog of
AP-1, suggests that this structure was highly conserved during
the evolution of heterotrophic organisms and that it plays a
role as an essential component in the transcriptional control of
genes encoding vital cell functions.

In our studies, Ara-C treatment of KG-1 cells resulted in a
dose-dependent induction of c-jun transcripts, which, unlike
their rapid (within minutes) induction by serum or TPA in
fibroblasts, followed a much more prolonged time course. Fur-
thermore, the protein synthesis inhibitor CHX did not enhance
Ara-C-mediated c-jun mRNA expression. CHX was also unable
to induce c-jun transcripts by itself. Therefore, short lived
mRNA-stabilizing proteins, reported to exert major effects on
the increase in mRNA levels of a variety of other protoonco-
genes, as well as that of serum-induced c-jun (6, 22, 23), appear
to have no role in Ara-C-mediated induction of c-jun. Hence,
in contrast to serum-induced c-jun in fibroblasts, Ara-C-in-
duced c-jun in KG-1 cells was regulated at a transcriptional
level. Nuclear run-on assays showed that, whereas the c-jun
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for various durations after induction of jun expression by Ara-
C, to study c-jun mRNA stability. The decrease in signal
intensities, as determined by densitometric scanning, indicated
that the half-life of c-jun mRNA was approximately 1 hr.

The 3’ untranslated region of c-jun mRNA contains AU-rich
sequences, which are thought to regulate mRNA instability by
allowing short lived RNA-binding proteins to specifically con-
trol cleavage and subsequent degradation of mRNAs coding for
protooncogenes and growth factors (24, 25). However, unlike it
was demonstrated for the regulation of gene expression of c-
jun as well as c-fms and c-fos protooncogenes during mitogenic
stimulation (6) and monocytic differentiation (17, 22, 23), Ara-
C-mediated induction of c-jun expression in KG-1 cells was
unaffected by posttranscriptional regulative mechanisms.

Viability of cells was greater than 90% at all time points and
concentrations of Ara-C investigated, demonstrating that Ara-
C did not confer immediate toxicity to the cells. Clonogenic
survival was severely impaired over a 6-day culture period when
Ara-C doses exceeded 1 uM. However, c-jun was also inducible

Ara-C 6h + Act. D 4h

Ara-C 6h + Act. D 2h
Ara-C 6h + Act. D 3h
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. '- cDNA probes. Intensities of autoradiographic exposures were
analyzed by laser densitometry.

following treatment of the differentiation-defective subclone of
KG-1, KG-1a. This gives an indication that c-jun is not likely
to play a role in Ara-C-mediated induction of differentiation in
KG-1 cells. A discrepancy is observed between the kinetics of
induction of c-jun gene by TPA and that by Ara-C. Moreover,
superinduction in the presence of CHX was only seen in TPA-
treated cells. Apart from the assumption that Ara-C-mediated
cell signaling and transcriptional control are not expected to
be mediated by protein kinase C (as is the case with TPA),
different regulative mechanisms on the c-jun gene promoter/
enhancer level may also be expected.

The nuclear protein c-Fos is known to enhance the DNA-
binding affinity of Jun protein by the formation of a Jun-Fos
dimer via the leucine zipper motif (26, 27). Jun-Fos dimers
exhibit by far higher DNA-binding affinities than Jun-Jun
homodimers (16). We have previously observed induction of c-
fos transcripts in KG-1 cells by Ara-C (12). Because Ara-C-
induced c-fos expression followed a very similar dose depend-
ence and time course, compared with that of c-jun in our
present experiments, it is inferred that the induction of both c-
fos and c-jun transcripts may be the prerequisite for a coordi-
nate interplay of both protooncogenes to regulate gene expres-
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Fig. 6. Nuclear run-on analysis of c-jun gene transcription in KG-1 cells.
KG-1 cells (10%) were exposed to medium only (controf) or to 10 um Ara-
C for 3 hr, and nuclei were assayed for transcriptional activity of the a-
actin, c-jun, and vector (pB KS) cDNA.

TABLE 1

Clonogenic survival of KG-1 cells upon exposure to Ara-C
KG-1 cells (10%/well) were exposed for the indicated times to ALz

KG-1 ceils with >20 cells were enumerated.

means + standard errors of triplicate culturs
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