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SUMMARY

The epipodophyllotoxin etoposide is an inhibitor of topoisomer- etoposide is regulated at the transcriptional level. The results
ase II. The effects of this agent on gene expression, particularly further demonstrate that etoposide-induced c-jun expression
the transcriptional induction of genes implicated in growth con- occurs in association with the appearance of c-fos transcripts.
trol, are unknown. The present results demonstrate that etopo- Moreover, the c-jun gene is induced by etoposide during periods
side induces expression of the c-jun protooncogene in HL-60 of oligonucleosomal DNA cleavage, which is characteristic of
myeloid leukemia cells. This induction of c-jun expression was programmed cell death. These findings suggest that transcrip-
maximal at 3 hr and was transient. Similar findings were obtained tional induction of c-jun expression represents a signaling path-
in the human U-937 myeloid leukemia cell line. Nuclear run-on way activated in the cellular response to etoposide-induced DNA
assays demonstrated that the induction of c-jun expression by damage.

DNA topoisomerase activity and the resultant alterations in (11-15). The c-jun gene codes for the major form of the AP-1

supercoiled DNA are necessary for replication and gene tran- transcription factor and is a member of a multigene family that

scription (1, 2). Topoisomerase II is the target of several anti- includes jun-B and c-fos (reviewed in Refs. 16-18). The prod-
tumor agents, including the semisynthetic podophyllotoxin eto- ucts of this family form dimers through leucine zipper motifs,

poside (1, 2). Treatment of mammalian cells with this agent is while a basic domain binds to the DNA consensus sequence
associated with the formation of DNA strand breaks (3). These TGAG/cTCA (16-18). DNA binding affinity is higher for c-Jun

breaks are induced as a result of cleavable complex formation and c-Fos heterodimers than that of c-Jun homodimers (19,
between etoposide, topoisomerase II, and the 5’ terminus of 20). The c-Jun product increases transcription ofthe c-jun gene

the DNA strand (4, 5). Previous studies have demonstrated a by an autoregulatory mechanism (21). This nuclear factor also
correlation between etoposide-induced DNA double-strand activates the transcription of a variety of other genes, including
breaks and cytotoxicity (6). The finding that these breaks are metallothionein (22).

rapidly repaired in the absence of drug has suggested that The present results demonstrate that etoposide treatment is
additional cellular events may contribute to etoposide-induced associated with increases in c-jun expression. This effect is
lethality. In this context, etoposide and the other topoisomerase regulated by activation of c-jun gene transcription. The finding

II inhibitors induce cell cycle arrest in G2 phase (7, 8). However, that the induction of c-jun expression by etoposide is associated

the precise mechanisms by which etoposide induces cell lethal- with internucleosomal DNA cleavage suggests that this agent

ity remain unclear. may activate a programmed cellular response to DNA damage.

Little is known about the effects of etoposide on the tran-
scriptional regulation of specific genes, particularly those in-
volved in growth control. However, recent studies have dem-

Materials and Methods

onstrated that other cytotoxic agents activate transcription of Cell culture. HL-60 human myeloid leukemia cells (American Type
the c-jun immediate early response gene (9, 10). The c-jun Culture Collection) were grown at 37’ in RPMI 1640 medium contain-
immediate early response gene is rapidly activated during stim- ing 15% heat-inactivated fetal bovine serum, 100 units/ml penicillin,

ulation ofcell proliferation by growth factors and phorbol esters

This investigation was supported by United States Public Health Service
Grants CA-29431 and CA-42802, awarded by the National Cancer Institute,

100 �zg/ml streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate,

and 1 mM nonessential amino acids. U-937 monoblastic leukemia cells

(American Type Culture Collection) were grown in RPM! 1640 medium

containing 10% heat-inactivated fetal bovine serum, 100 units/ml

Department of Health and Human Services. penicillin, 100 �zg/ml streptomycin, and 2 mM L-glutamine. Cells in

ABBREVIATION: kb, kilobases.
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lethality. Cells were also exposed to 30 �tg/ml etoposide for

varying intervals, washed, and seeded in agar. A 1-hr exposure

to this agent was associated with a 98% decrease in colony

formation, whereas treatment for 3 hr resulted in complete loss

of clonogenicity.

In order to determine whether the antiproliferative effects of

etoposide were associated with changes in c-jun gene expres-

sion, we performed Northern analyses of HL-60 cells treated

with varying concentrations of etoposide for 3 hr. There were

low to undetectable levels of c-jun transcripts in untreated HL-

60 cells (Fig. 2). However, treatment with 0.3-300 �zg/ml eto-

poside resulted in an increase in c-jun mRNA levels relative to

untreated cells (Fig. 2). A more pronounced effect was observed
at the higher dose levels (Fig. 2). In contrast, actin transcripts

were decreased after treatment for 3 hr. Additional experiments

utilizing cells treated for intervals from 1 to 24 hr demonstrated

a maximal increase in c-jun mRNA levels at 3 hr (Fig. 3).

Longer exposures were associated with a decline in these tran-

scripts (Fig. 3).

Nuclear run-on experiments were performed to determine

whether the increase in c-jun mRNA levels was related to an
increase in transcription. There was no detectable change in

constitutive actin gene transcription after treatment of HL-60

cells with 30 �tg/ml etoposide for 3 hr (Fig. 4). In contrast, the

rate of c-jun gene transcription was at low to undetectable
levels in untreated HL-60 cells and increased after exposure to
etoposide (Fig. 4). Similar findings were obtained in three
separate experiments. These data indicate that the change in
c-jun expression after etoposide treatment is at least in part

related to an increase in transcription.

In order to determine whether the effects of etoposide on c-

jun expression were limited to HL-60 cells, similar experiments
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logarithmic growth phase (0.5-1.0 x 106 ml) were treated with varying

concentrations of etoposide.

RNA isolation and Northern blot hybridization. Total cellular
RNA was isolated by a modification of the guanidine isothiocyanate
technique, as described (15). RNA (20 �zg/lane) was separated by

electrophoresis in 1 % agarose/2.2 M formaldehyde gels, transferred to

a nitrocellulose filter, and hybridized to the following 32P-labeled DNA
probes: 1) the 1.8-kb BamHI/EcoRI insert of a human c-jun DNA

probe containing a 1.0-kb cDNA and 0.8-kb 3’ untranslated sequences
purified from a pBluescript SK(+) plasmid (23); 2) the pAl plasmid
containing a 2.0-kb PstI insert of the chicken 13-actin gene (24); and 3)
the 0.9-kb ScaI/NcoI c-los DNA consisting of exons 3 and 4 (25).
Hybridizations were performed as described (15). The filters were
washed and exposed to Kodak X-Omat XAR film using an intensifying
screen. Autoradiograms were scanned using a laser densitometer.

Nuclear run-on assay. Labeled nuclear RNA was prepared from
iO� HL-60 cells, as described (15), and hybridized to the following
digested DNAs: 1) the 2.0-kb PstI fragment ofthe chicken fl-actin gene

(24) and 2) the 1.8-kb BamHI/EcoRI fragment of the human c-jun

cDNA (23). The digested DNAs were run in 1% agarose gels and

transferred to nitrocellulose filters. Prehybridization of the filters and
hybridization to the 32P-labeled nuclear RNA were performed as de-

scribed (15).

Analysis of DNA. Cells were washed twice with phosphate-buffered
saline and resuspended in 20 ml of 50 mM Tris.HC1 (pH 8.0), 10 mM

EDTA, 0.5 mg/ml proteinase K (Sigma Chemical Co., St. Louis, MO).
After incubation at 50� for 1 hr, 10 ml of 0.5 mg/ml RNase A were
added for an additional 1 hr. The samples were mixed with 10 ml of 10

mM EDTA (pH 8.0) containing 1% (w/v) low-melting point agarose,
0.25% bromophenol blue, and 40% sucrose, at 70’. The DNA was

separated in 2% agarose gels and visualized by UV illumination after

ethidium bromide staining.

Clonogenic survival. Cells were exposed to etoposide for various
intervals up to 6 hr and were collected by centrifugation. After three
washes with ice-cold phosphate-buffered saline, the cells were seeded
(103/35-mm dish) in culture medium and 0.3% agarose on a base layer

of 0.5% agarose. The cells were incubated, and colonies of >50 cells
were counted after 7 days.

Results

HL-60 cells were exposed to varying concentrations of eto-
poside to determine the effects of this agent on growth. Treat-

ment with etoposide at 0.3 �g/ml for 24 hr was associated with
a partial decrease in cell number, compared with untreated cells

(Fig. 1). Similar 24-hr exposures to 30 �g/ml resulted in nearly

complete cessation of growth (Fig. 1). There was little detect-

able loss of cell viability, as determined by trypan blue exclu-
sion, at 24 hr whereas 48-hr exposures were associated with

18S-

28S-

18S-

Fig. 1. Effects of etoposide on HL-60 cell growth. HL-60 cells were
cultured in the presence of 0 (-), 0.3 (- . _), 3 (_ _), or 30 �tg/ml Fig. 2. Effects of etoposide on c-jun and actin mRNA levels. HL-60 cells
( ) etoposide. Viable cell number was determined at the indicated were treated with the indicated concentrations of etoposide for 3 hr.
times by trypan blue exclusion. Viability at 24 hr was >90%. At 48 hr, Total cellular RNA (20 ag/lane) was isolated for Northern blot analysis,
the viability was >90%, 75%, and 74% at 0.3, 3, and 30 ag/mI, respec- with hybridization to 3�P-labeled c-jun and actin DNA probes. HL-60,
tively. RNA from untreated cells.
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Fig. 5. Effects of etoposide on c-jun and c-fos mRNA levels in U-937
cells. U-937 cells were treated with 30 pg/mI etoposide for the indicated
times. Total cellular RNA was prepared for Northern blot analysis, with
hybridization to ‘�P-1abeled c-jun and c-fos DNA probes. U937, RNA from
untreated cells.
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Fig. 3. Effects of etoposide exposure time on c-jun and actin mRNA
levels. HL-60 cells were treated with 30 ,sg/ml etoposide for the indicated
times. Total cellular RNA was isolated and hybridized as described for
Fig. 2.
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Fig. 4. Effects of etoposide on rates ofc-jun and actin gene transcription.
HL-60 cells were treated with 30 ,�g/mI etoposide for 3 hr. Nuclei were
isolated, and the newly synthesized �P-labeled RNA was hybridized to
actin and c-jun inserts that had been subjected to restriction enzyme
digestion and Southern blotting. Solid lines in the schematic, insert DNA
fragments.

were performed with the U-937 cell line. c-jun mRNA expres-

sion was at low levels in untreated U-937 cells, whereas treat-
ment with etoposide for 3 hr was associated with increases in
these transcripts (Fig. 5). These results indicate that etoposide

has similar effects on c-jun expression in different cell lines.

Because the affinity of c-jun for DNA binding is increased by

the c-fos gene product, we also studied the effects of etoposide

on c-fos mRNA levels. The results demonstrate that this agent
similarly increased c-fos expression. Maximal levels of these

transcripts were also detectable at 3 hr of drug exposure (Fig.
5).

Recent studies have demonstrated an association between c-
jun expression and DNA cleavage after treatment of cells with

certain cytotoxic agents (26). DNA from HL-60 cells treated

with 3 or 30 �g/ml etoposide was, therefore, subjected to analy-

sis in agarose gels. There was no evidence of fragmentation in
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Fig. 6. Effects of etoposide on DNA fragmentation. HL-60 cells were
treated with 3 or 30 �g/ml etoposide for 1-6 hr. Cellular DNA was
separated in a 2% agarose gel and visualized by IN illumination after
ethidium bromide staining.

untreated cells (Fig. 6). Moreover, 1-hr exposures to this agent

had little if any effect. In contrast, treatment for 3 hr was

associated with the appearance of DNA fragments at multiples
of approximately 200 base pairs (Fig. 6). This fragmentation of
DNA into multiple nucleosome-sized pieces was, thus, detect-

able during maximal expression of the c-jun gene. Similar
findings were obtained with U-937 cells (data not shown).

Discussion

The available evidence indicates that topoisomerase II is
involved in the regulation of gene transcription (27-30). Indeed,
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inhibition of topoisomerase II activity has been associated with

decreases in transcription of certain genes (30-32). In contrast,

there are no previous reports that treatment of cells with

etoposide or other topoisomerase II inhibitors is associated

with activation of specific genes. The present results demon-

strate that exposure of HL-60 cells to growth-inhibitory con-

centrations of etoposide results in expression of the c-jun gene.

Run-on assays further demonstrate that the increase in c-jun

mRNA levels is related at least in part to activation at the

transcriptional level. This induction of c-jun transcripts by

etoposide was transient, with maximal levels at 3 hr and then

subsequent down-regulation. Taken together, these results sug-

gest that the cellular response to etoposide induces transient

activation of specific genes.

The transcriptional regulation of c-jun expression has been

described for certain growth factors and phorbol esters (11-15).

This immediate early response gene is activated in the absence

of protein synthesis and codes for the AP-1 DNA binding

protein. Jun/AP-1 regulates the transcription of a variety of

genes, including that of c-jun itself (21, 22). The affinity of

Jun/AP- 1 binding and presumably the pattern of induced genes

is controlled by complex formation of c-Jun with the c-fos gene

product (19, 20). In this regard, treatment of myeloid leukemia

cells with etoposide was also associated with increased expres-

sion of the c-fos gene. The kinetics of c-los expression were

similar to those for c-jun, with transient increases that were

maximal at 3 hr. These results indicate that etoposide induces

at least two members of this gene family that code for leucine

zipper DNA binding proteins. The findings also suggest that

activation of these transcription factors, and thereby the

expression of other genes, could represent a programmed cell-

ular response to this agent.

Etoposide blocks cells in late S/G2 phase (7, 8). This effect

is associated with inhibition of p34cdc2 kinase activity and may

play a role in etoposide-induced cell death (33, 34). Etoposide

also induces DNA fragmentation (3, 6). However, the precise

mechanisms responsible for etoposide-induced cytotoxicity re-

main unclear. Moreover, it is not clear whether the activation

of c-jun expression by etoposide represents part of the cellular

response to the lethal effects of this agent. Of potential rele-

vance to the present findings is the recent demonstration that

cytosine arabinoside activates transcription of the c-jun gene

(9). Other studies have demonstrated that ionizing radiation

induces c-jun expression (10). Taken together with the present

results, these findings suggest that activation of the c-jun gene

is associated with exposure to distinct classes of DNA-damag-

ing agents. Of interest, similar findings have been described for

the c-fos gene. A variety of agents that damage DNA, including

Uv light, transiently activate c-fos transcription (35-37). Thus,

both c-jun and c-fos expression appear to represent at least one

component of the cellular response to alterations in DNA

structure. This response of mammalian cells may be analogous

to SOS induction in bacteria after exposure to DNA-damaging

agents (38).

Previous studies have demonstrated that treatment of cells

with topoisomerase II inhibitors is associated with internucleo-

somal DNA cleavage (39). This pattern of DNA damage has

been described in apoptosis or programmed cell death (40). The

same pattern of oligonucleosomal DNA fragmentation has been

identified in cells exposed to ionizing irradiation or cytosine

arabinoside (26, 41). Recent findings have also indicated that

activation of c-jun transcription occurs during periods of en-

donucleolytic DNA cleavage (26). Similar results were obtained

in the present study. c-jun expression was detectable in asso-

ciation with etoposide-induced oligonucleosomal DNA cleav-

age. Moreover, these events occurred in a terminal cell popu-

lation that had undergone complete loss of survival in colony-

forming assays. The induction of specific genes has been de-

scribed during apoptosis of ventral prostate cells (42). Thus,

activation of Jun/AP-1 in response to DNA-damaging agents

may constitute at least part of a program that commits these

cells to terminal events. However, the relationship, if any,

between c-jun expression and induction of programmed cell

death will require further study.
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