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SUMMARY

The jun-B gene is a member of the jun family of immediate early
response genes that regulate cellular responses to growth fac-
tors. The present studies have examined the effects of 1 -f3-D-

arabinofuranosylcytosine (ara-C) on jun-B expression in human
KG-i myeloid leukemia cells. The results demonstrate that ara-
C increases jun-B mRNA levels. The level of jun-B transcripts
was maximal after 12 hr of exposure to 1 0� M ara-C and
persisted through 72 hr. Nuclear run-on assays demonstrated
that ara-C treatment is associated with an increased rate of fun-

B gene transcription. The results also demonstrate that ara-C-
inducedjun-B mRNA levels are regulated by a posttranscriptional
mechanism. The level of jun-B transcripts in ara-C-treated cells
was superinduced by inhibition of protein synthesis. Moreover,
cycloheximide prolonged the half-life of ara-C-induced fun-B tran-
scripts. These results, thus, demonstrate that ara-C induces
expression of the jun-B gene in KG-i cells and that this effect is
mediated by transcriptional and posttranscriptional mechanisms.

Polypeptide growth factors activate the expression of imme-

diate early response genes involved in mediating cellular re-

sponses. For example, the c-jun protooncogene is induced as

an immediate early event by growth factors (1-5), as well as by

serum (6) and phorbol esters (3). The c-jun gene codes for a

major form of the AP-1 transcription factor complex (7-11).

This complex binds to a DNA sequence motif (TRE) that

regulates the transcription of genes responsive to phorbol esters

(8, 11-13). The affinity of Jun/AP-1 binding to the TRE is

related to the formation of homodimers or heterodimers with

the product of the c-los gene (14, 15). Jun-B is another member

of the Jun family that forms dimers and binds to the TRE (16,

17). However, the biologic properties of c-Jun and Jun-B differ,

in that Jun-B functions as a negative regulator of genes acti-

vated by c-Jun (17, 18). Although previous studies have dem-

onstrated that jun-B expression is induced by growth factors

and the ras oncoprotein (5, 16, 19), less is known about other

agents that activate this gene.

Ara-C is an inhibitor of cell proliferation that incorporates

into elongating DNA strands (20, 21). The extent of ara-C

incorporation into DNA correlates with inhibition of DNA

synthesis and loss of self-renewal capacity (20-23). The inhi-

bition of replication by ara-C is associated with DNA fragmen-
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tation (24). Moreover, the effects of this agent have been

associated with changes in gene expression. For example, ara-

C induces a differentiated human K562 erythroleukemia cell

phenotype that is characterized by increased heme synthesis

and accumulation of globin mRNAs (25, 26). Other studies

have demonstrated that human myeloid leukemia cell lines can

be induced by ara-C to differentiate along the monocytic lineage

(27-29). This effect has been associated with down-regulation

of c-myc gene expression and increased levels of c-fos tran-

scripts (30). The basis for the effects of ara-C on gene expres-

sion, however, have remained unclear.

The present studies have examined the effects of ara-C on

regulation ofjun-B gene expression in human KG-i myeloid

leukemia cells. The results demonstrate that ara-C induces

transcription of this gene. Moreover, the findings indicate that

ara-C also regulates jun-B mRNA levels by a posttranscrip-

tional mechanism.

Materials and Methods

Cell culture. KG-i myeloid leukemia cells were obtained from the
American Type Culture Collection and grown in Iscove’s modified
Dulbecco’s medium containing 10% fetal bovine serum, 100 units/ml

penicillin, 100 pg/ml streptomycin, and 2 mM L-glutamine. Ara-C
(Sigma Chemical Co., St. Louis, MO) was diluted in medium without
serum and then added to the cell cultures. Aphidicolin (Sigma) was
first dissolved in phosphate-buffered saline/methanol (2:i, v/v) and
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18S-

then diluted in medium. Viability was determined by trypan blue

exclusion.
RNA isolation and Northern blot hybridization. Total cellular

RNA was isolated by a modification of the guanidine-isothiocyanate
technique, as described (31, 32). The RNA (20 �g) was subjected to
electrophoresis in a 1% agarose/2.2 M formaldehyde gel, transferred to
nitrocellulose paper, and hybridized to the following 32P-labeled DNA
probes: 1) the 1.8-kb EcoRI fragment of a murine jun-B cDNA purified
from the p465.20 plasmid (16) and 2) the pAl plasmid containing a
2.0-kb PstI insert of the chicken fl-actin gene (33). Hybridizations were
performed as described (32). The filters were washed and exposed to
Kodak X-Omat XAR film using an intensifying screen. Autoradiograms
were scanned with a laser densitometer.

Nuclear run-on assays. Nuclei were isolated from iO� KG-i cells

A.
ara-C

and suspended in 100 �il of glycerol buffer (50 mM Tris . HC1, pH 8.3,
40% glycerol, 5 mM MgCl2, and 0.1 mM EDTA). An equal volume of

reaction buffer (10 mM Tris.HC1, pH 8.0, 5 mM MgCl2, 100 mM KC1,

1 mM ATP, 1 mM CTP, 1 mM GTP, and 5 mM dithiothreitol) was
added to the nuclei suspension and incubated at 26’ for 30 mm with
250 �Ci of [ce-32P]UTP (3000 Ci/mmol; Dupont, Boston, MA). The
nuclear RNA was isolated as described (32) and hybridized to the
following digested DNAs: 1) the 1.8-kb EcoRI fragment of the murine

jun-B cDNA (16), 2) the 1.1-kb BamHI insert of the human $-globin
gene (34), and 3) the 2.0-kb PstI fragment of the chicken fl-actin gene
(33). The digested DNAs were run in 1% agarose gels and transferred

to nitrocellulose filters. Hybridizations were performed with i0� cpm
of 32P-labeled RNA/ml in 10 mM Tris.HC1, pH 7.4, 4x SSC (0.15 M

sodium chloride, 0.15 M sodium citrate), 1 mM EDTA, 0.1% SDS, 2X

28S-’

18S-

0
C,)

��C1)(OO)�

jun-B

28S-

18S-

B.

28S

ar a - C

actin
Fig. 1. Effects of iO� M ara-C on jun-B and actin mRNA
levels in KG-i cells. KG-i cells were treated with 10� M

ara-C for the indicated times. Total cellular RNA (20 �g/
lane) was monitored by Northern analysis, with hybridiza-
tion to the 32P-labeled jun-B and actin DNA probes. KG-i,
RNA from untreated cells.
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Fig. 2. Effects of ara-C and aphidicolin on KG-i cell growth. KG-i cells
in logarithmic growth phase were seeded at 3 x i05/ml. Ara-C (R) and
aphidicolin (0) were added at 10� M and cell number was monitored for
control (L:s) and treated cells at the indicated times.
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Fig. 3. Effects of 106 M ara-C on jun-B and actin mRNA levels. KG-i
cells were treated with 10_6 M ara-C for the indicated times. Total cellular
RNA (20 ,�g) was hybridized to the 32P-labeled jun-B and actin DNA
probes.

Denhardt’s solution (0.02% bovine serum albumin, 0.02% ficoll, and
0.02% polyvinylpyrrolidone), 40% formamide, 100 �ig/ml yeast tRNA,

for 72 hr at 42’. The filters were washed in: 1) 2x SSC, 0.1% SDS, at
37’ for 30 mm; 2) 200 ng/ml RNase A in 2X SSC at room temperature
for 5 mm; and 3) 0.lx SSC, 0.1% SDS, at 42’ for 30 mm.

Results

The effects of ara-C on jun-B gene expression were studied

in KG-i myeloid leukemia cells. Low but detectable levels of

i.8-kb jun-B transcripts were present in untreated KG-i cells

(Fig. iA). In contrast, treatment with i05 M ara-C was asso-

ciated with an increase in jun-B expression that was apparent

by 6 hr and reached maximum levels by i2 hr (Fig. iA). Longer

ara-C exposures demonstrated persistent elevation in jun-B

mRNA levels through at least 72 hr (Fig. iB). These effects of

ara-C were associated with little if any change in levels of actin

gene transcripts (Fig. i). Similar studies were performed with

aphidicolin, an inhibitor of DNA polymerase a (35). Although

i0-� M aphidicolin also inhibited KG-i cell proliferation (Fig.

2), there was no detectable effect ofthis agent onjun-B expres-
sion in these cells (data not shown). In contrast, other experi-

ments with i06 M ara-C, which partially inhibited KG-i cell
growth, similarly demonstrated increases in jun-B gene expres-

sion. However, this effect was not detectable until i2 hr (Fig.

3).

Run-on assays were performed to determine whether the

effects of ara-C on jun-B expression involve an increase in the

transcriptional rate of this gene. Nuclear RNA was isolated

from cells treated with i0� M ara-C for 6 hr and was hybridized

to actin, fl-globin, and jun-B DNAs. The actin gene was con-

stitutively transcribed in untreated KG-i cells (Fig. 4). More-

over, the rate of actin gene transcription was unaffected by

ara-C treatment (Fig. 4). There was not detectable transcription

of the fl-globin gene (negative control) in untreated or ara-C-

treated cells (Fig. 4). In contrast, a low level ofjun-B transcrip-

tion was observed in untreated cells and this rate was increased

3.0-fold in ara-C-treated cells (Fig. 4). Transcription of the jun-

B gene was increased i.6-fold by ara-C in a similar but separate

experiment. Taken together, these results indicate that ara-C

increases jun-B expression and that this effect is related, at

least in part, to a transcriptional mechanism.

Other studies were performed to determine whether ara-C

regulatesjun-B expression by a posttranscriptional mechanism.

KG-i cells were treated with CHX to inhibit protein synthesis.
CHX alone increasedjun-B mRNA levels at 2, 4, and 8 hr (Fig.

5A). Moreover, the combination of ara-C and CHX demon-
strated superinduction ofjun-B transcripts at 8 hr, compared

with that obtained with either agent alone (Fig. 5A). These

findings suggested that ara-C-induced jun-B transcripts may

be stabilized by inhibition of protein synthesis. Consequently,

KG-i cells were treated with ara-C for 6 hr to induce jun-B

expression and the half-life of jun-B mRNA was determined

after inhibition of transcription with actinomycin D. Using

these experimental conditions, the half-life of jun-B mRNA
was approximately 56 mm (Fig. 5B). In contrast, this half-life

was increased to 86 mm when the ara-C-treated cells were

exposed to both actinomycin D and CHX (Fig. 5B). These
results suggested that the increase in jun-B mRNA levels

during ara-C treatment is also mediated by a posttranscrip-

tional mechanism involving the synthesis of a labile protein.

Discussion

AP-i has been identified as a complex composed of products
of the los and jun gene families (7-15). These proteins bind to

the TRE and, thereby, regulate the transcription of target

genes. There are several known members of the Jun family

that interact with Fos and the TRE (i4, 36, 37). However, the

physiologic roles of the Jun proteins appear to differ. In this

regard, Jun-B acts as a negative regulator of the c-jun gene (17,

18). The balance between members of the AP-i complex may
be disrupted in cell transformation. Mutations in the coding
regions of the c-los and c-jun genes have been associated with
their activation to oncogenes (38, 39). Moreover, deregulated

expression of normal Fos and Jun proteins can also transform

cells (40, 41). Thus, although these genes normally regulate the

cellular response to growth factors, their aberrant expression

may contribute to transformation.
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Fig. 4. Effects of ara-C on rates of/un-B gene transcription.
KG-i cells were treated with i 0� M ara-C for 6 hr. Nuclei
were isolated and the newly synthesized 32P-labeled RNA
was hybridized to actin, �i-globin, and jun-B inserts sub-
jected to restriction enzyme digestion and Southern blot-
ting. Solid lines in the schematic, insert DNA fragments;
dashed line, vector sequences.

Fig. 5. Effects of CHX and actinomycin D on jun-B mRNA levels in ara-
C-treated cells. A, KG-i cells were treated with 10� M ara-C, 10 �g/ml
CHX, or both agents for the indicated times. B, Cells were treated with
1 0� M ara-C for 6 hr followed by the addition of 5 �tg/ml actinomycin D
(Act), alone and in combination with CHX, for the indicated times. Total
cellular RNA (20 �g) was hybridized to the 32P-labeled jun-B probe. The
half-life of the/un-B transcript was determined by laser densitometry and
was normalized to actin mRNA levels. Hybridization to the actin probe
demonstrated equal loading of the lanes.

The present studies demonstrate that ara-C regulates expres-

sion ofthejun-B gene in KG-i myeloid leukemia cells. Similar

results have been obtained in ara-C-treated HL-60 and KG-la

leukemia cells (data not shown), thus suggesting that these

findings are not limited to a certain cell line. The effects of
ara-C on jun-B expression appear to involve at least two
mechanisms. The nuclear run-on assays demonstrate that ara-

C increases the rate ofjun-B gene transcription. Moreover, the

results indicate that levels of ara-C-induced jun-B transcripts

are regulated at the posttranscriptional level by a labile protein.

The finding that inhibition of protein synthesis is associated

with superinduction ofjun-B transcripts is in concert with the

demonstration that immediate early response genes have AT-

rich regions in their 3’ untranslated regions, which presumably

serve as recognition sites for degradation by labile RNases (42).

However, the precise mechanisms responsible for regulation of
jun-B expression at the transcriptional and posttranscriptional

levels remain unknown.

Previous studies have demonstrated that ara-C increases

expression of the c-fos gene in human myeloid leukemia cells

(30). More recent work indicates that this effect on c-fos expres-

sion is in part related to transcriptional activation of the c-los

iun-B ge��.’ Thus, induction ofboth the c-los andjun-B genes in ara-
J C-treated cells could result in the formation of c-Fos-Jun-B

heterodimers and, thereby, the regulation of certain target

genes. However, in contrast to the rapid (within 15 mm)

induction of immediate early response genes by growth factors,

the effects of ara-C on jun-B expression were detectable be-

tween 6 and i2 hr. The physiologic significance of this delay in

jun-B expression is unclear. Nonetheless, induction of meyloid

leukemia cell differentiation with phorbol esters is associated

with induction of the jun-B gene at 6 hr.’ In view of previous

findings that ara-C induces differentiation of myeloid leukemia

cells (25-30), the present results could reflect regulation of jun-

B expression that occurs during a process of terminal differ-

entiation.

Finally, there are few insights regarding mechanisms by

which ara-C might regulate gene transcription. The present

results with aphidicolin, an inhibitor of DNA polymerase a

that does not incorporate into DNA (35), would suggest that

the effects of ara-C are unrelated to cell cycle arrest. In contrast,

previous studies have demonstrated that ara-C induces DNA

strand breaks in a concentration- and time-dependent manner

(24). Moreover, recent work has demonstrated that DNA strand

breakage, and not inhibition of DNA replication, is associated

with increased intracellular levels of c-myc protein (43). Other

studies have also shown that c-los transcripts are increased in

cells treated with DNA-damaging agents (44-46). Taken to-

gether, expression of immediate early response genes may, thus,

represent a physiologic response to damage of genomic DNA.
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