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ABSTRACT

We have recently demonstrated that certain camptothecin derivatives
are effective agents in the treatment of human tumor xenografts in nude
mice. \Yhile camptothecin and its derivatives are recognized as inhibitors
of topoisomerase I, little is known about the effects of these agents on
specific gene expression, particularly genes involved in growth control.
The c-jun early response gene codes for a leucine zipper transcription
factor. The present studies demonstrate that 20(S)-camptothecin, 9-
amino-20(5)-camptothecin, and 9-nitro-20(S)-camptothecin inhibit the
growth of human U-937 myeloid leukemia cells and induce expression of
the c-jun gene, c-jun transcripts were increased at 3 h and reached a
maximum at 6 h of drug exposure. We also demonstrate that the induction
of c-jun gene expression by these agents occurs at the transcriptional
level. 1r, a nonselective inhibitor of protein kinase C, completely blocked
c-jun expression in 20(Â£)-camptothecin-treated cells, while another pro
tein kinase inhibitor, HA1004, had no detectable effect. Similar findings
were obtained for other leucine zipper encoding genes, including jun-B.
These results suggest that 20(.S>camptotliccin. 9-amino-20(S)-campto-
thecin, and 9-nitro-20(S)-camptothecin activate a cellular response in
volving the induction of early response genes. Finally, we demonstrate
that induction of c-jun expression occurs in association with internucleo-
somal DNA fragmentation, a characteristic of programmed cell death.

INTRODUCTION

The antitumor activities of the plant alkaloid camptothecin
were reported as early as 1966 (1). Although water-soluble
sodium CAM2 was used to treat cancer patients in the 1970s
(2-5), unacceptable toxicity resulted in discontinuation of this
therapy. However, development of semisynthetic CAM deriva
tives and alternate methods of drug administration in vivo (6-
10) have renewed interest in the use of these antitumor agents.
CAM is a potent inhibitor of RNA and DNA, but not protein,
synthesis (11). Early studies showed that CAM prevents cells
from progressing through S phase (12-15) and induces degra
dation of DNA (13, 16) which is maximal in late S and early
G: phases (12). The sensitivity of malignant cells to CAM has
been correlated positively with topoisomerase I levels in these
cells (6, 17, 18). CAM does not bind to DNA alone or topoi
somerase alone, but interferes with the breakage-reunion proc
ess of topoisomerase I by stabilizing the enzyme-DNA "cleav-
able-complex" ( 19). This effect results in fragmentation of DNA

(19). While CAM and its derivatives are known inhibitors of
topoisomerase I, the basis for their selective antitumor activity
is unclear.

Recent studies have demonstrated that certain classes of
antitumor agents activate transcription of the c-jun immediate
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early response gene (20-22). This gene is rapidly activated in
cells treated with tumor-promoting phorbol esters and growth
factors (23-26). The c-jun gene product, which includes a basic
DNA-binding domain and a leucine zipper motif, is the major
component of the transcription factor AP-1 (27, 28). The c-jun
gene is a member of a multigene family of transcription factors
which includesyMfl-B,ywH-D, c-fos,fos-B, andfra-\ (reviewed in
Ref. 29). These transcription factors bind as dimers to the
consensus sequence TGAG/CTCA which has been identified in

the promoter regions of several genes (27, 28). The protein
product of the c-jun gene, Jun/AP-1, also increases its own
transcription by an autoregulatory mechanism (30).

In the present study, we demonstrate that CAM and CAM
derivatives induce expression of the c-jun gene. The increase in
c-jun expression is dependent on drug concentration and dura

tion of exposure. This effect is regulated in part at the transcrip
tional level. Similar findings have been obtained for the jun-B
gene. Moreover, we demonstrate that induction of these genes
is temporally associated with internucleosomal DNA cleavage.

MATERIALS AND METHODS

Cell Culture. U-937 cells were cultured in RPMI 1640 medium
supplemented with 10% heat-activated fetal bovine serum, 100 units/
ml penicillin, 100 ^g/ml streptomycin, and 2 HIML-glutamine. Exper
iments were performed with exponentially growing cells at 3-6 x IO5/

ml. Viability was determined by trypan blue exclusion.
Reagents. Semipurified CAM obtained from Sigma (St. Louis, MO)

and the Institute of Materia Medica, Academia Sinica, Shanghai,
China, was further purified to analytical standards (31). The CAM
derivatives, 9-amino-20(5)-camptothecin, 9-nitro-20(S)-camptothecin,
and 12-nitro-20(S)-camptothecin were synthesized as described (31).
The drugs were used as a fine suspension in polyethylene glycol 400
(Aldrich, Milwaukee, WI) at a concentration of 5 Mg/ml, distributed in
small aliquots, and stored at -70Â°C. The protein kinase inhibitors H7

and HA 1004 were obtained from Seikagaku America, Inc.
Microscopy. Untreated and drug-treated cells were harvested by

gentle centrifugation. Cell pellets were suspended in phosphate-buffered
saline containing 20% fetal calf serum at 3 x IO6cells/ml. Cell smears
on glass slides were fixed and stained with Wright-Giemsa or mÃ©thylÃ¨ne
blue. Dry preparations of stained cells were covered with immersion oil
(type A, Cargille Laboratories, Cedar Grove, NJ) and coverglass. The
slides were examined under a Zeiss microscope, and photomicrographs
were taken on Gold 100 Kodak film.

Cell Growth Studies. Cells were harvested by gentle centrifugation
and then resuspended in fresh media at a concentration of 3 x IO5

cells/ml. The cell suspension was divided into equal volumes, and the
cultures received various drugs at a concentration of 1 ng/ml in PEG.
Control cell cultures received an equal volume of PEG alone or received
no treatment. The cultures were agitated gently to assure distribution
of the drug and PEG, and then incubated at 37Â°C.Aliquots were

removed from the cultures at 24-h intervals for determination of viable
cells.

RNA Isolation and Northern Blot Hybridization. Total cellular RNA
(20 fig/lane) was isolated by a modification of the guanidine isolino
cyanate-cesium chloride method (20). analyzed by gel electrophoresis
in 1% agarose-formaldehyde gels, and transferred to nitrocellulose
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filters. The hybridization conditions have been described previously
(20). The filters were hybridized to the following 32P-labeled probes:
(a) the 1.8-kilobase BamHl/EcoRl insert of a human c-jun DNA probe
containing 1.0 kilobase complementary DNA and 0.8 kilobase 3'-

untranslated sequences purified from a pBluescript SK(+) plasmid (27);
(b) the 1.8-kilobase EcoRl fragment of a murine jun-B complementary
DNA purified from the p465.20 plasmid (32); (c) the 0.9-kilobase Ncol/
Seal fragment of the human c-fos gene purified from the PC-/OÃ•-!
plasmid (33); and (d) the 2.0-kilobase Pstl insert of a chicken 0-actin
DNA in the pAl plasmid (34). The filters were washed and exposed to
Kodak X-Omat XAR film with the use of an intensifying screen.

Nuclear Run-on Assays. Labeled nuclear RNA was prepared from
IO8 U-937 cells as described previously (20) and hybridized to the
following digested DNAs: (a) the 2.0-kilobase Pstl fragment of the
chicken /3-actin gene (34); and (Â¿>)the 1.8-kilobase BamHl/EcoRl
fragment of the human c-jun DNA (27). The digested DNAs were run
in 1% agarose gels and transferred to nitrocellulose filters by the method
of Southern. Prehybridizations and hybridization to the 32P-labeled

nuclear RNA were performed as described (20).
Analysis of DNA Fragmentation. Cells were washed twice in phos

phate-buffered saline and resuspended in 20 ÃŸ\of 50 miviTris-HCl (pH
8.0), 10 mivi EDTA, 0.1% sodium dodecyl sulfate, and 0.5 ^g/ml
proteinase K (Sigma Chemical Co.). After incubation at 50Â°Cfor 3 h,

10 fil of 0.5 Â¿ig/mlRNase A were added for an additional 3 h. The
samples were mixed with 10 n\ of 10 mivi EDTA (pH 8.0) containing
1% (w/v) low melting point agarose, 0.25% bromophenol blue, and
40% sucrose at 70Â°C.The DNA was separated in 2% agarose gels and
visualized by I 'V illumination after ethidium bromide staining.

RESULTS

Growth Inhibition of U-937 Cells. The growth curves of U-
937 cells treated with CAM derivatives are shown in Fig. 1.
Exposure to 9NC and 9AC at concentrations of 1 ng/ml com
pletely inhibited cell growth by day 3 of treatment. At the same
concentration, CAM resulted in a similar inhibition of cell
growth (data not shown). In contrast, 1 ng/ml of 12NC had no
detectable effect on cell growth (Fig. 1). U-937 cells remained
viable up to 6 days of treatment with 1 ng/ml of CAM, 9NC,
or 9AC. However, treatment of cells with 5 ng/ml CAM and
9AC resulted in complete inhibition of cell growth at day 2 and
the number of viable cells began to decrease at day 3. On the
basis of these results, further experimentation was conducted
with drug concentrations of 5 ng/ml or less.

20

16

12

0 123 0123
DAYS IN CULTURE

Fig. 1. CAM derivatives inhibit growth of U-937 cells. Exponentially growing
cultures of U-937 cells (3 x 105/ml) were exposed to CAM derivatives diluted
directly from stock solutions. Cells were counted every 24 h. The cell cultures
contained no additive (O); 0.5% PEG (â€¢);I ng/ml 9AC-O.I% PEG (A); 1 ng/ml
9NC-0.1% PEG (â€¢);or 5 ng/ml I2NC-0.5% PEG (A). Cell numbers represent
the average of three separate experiments each counted in triplicate.

h>Â»yÂ£â€¢
Fig. 2. Morphology of U-937 cells treated with CAM derivatives. Cultures

containing equal numbers of U-937 cells received no treatment (a), or were
exposed to I ng/ml 9NC for 3 h (*), 6 h (c), 24 h (d). 48 h (<â€¢),and 72 h (/).
Cells were also exposed to I ng/ml 9AC (g) and 5 ng/ml 12NC (h) for 72 h. The
cells were stained with Wright Giemsa. The bar in (a) represents 20 nm.

Microscopy. A comparison of untreated U-937 cells (Fig. 2a)
with those exposed to 1 ng/ml 9AC for 3 h (Fig. 2b) revealed
an increase in cell size and the appearance of more multinucle-
ated cells. Further increases in size were observed in cells treated
with 9AC for 6 h (Fig. 2c), 24 h (Fig. 2d), 48 h (Fig. 2e), and
72 h (Fig. 2/). An increase in the amount of nucleolar material
was also observed in the cells treated with 9AC. The finding
that these enlarged cells excluded trypan blue dye indicated that
their membranes were intact. Treatment of U-937 cells with 1
ng/ml CAM for 72 h had less pronounced effects on cell size
(data not shown), whereas exposure to 1 ng/ml 9NC (Fig. 2g)
yielded effects similar to those of 9AC. Finally, concentrations
of 12NC at up to 10 ng/ml had no apparent effect on the size
and morphology of these cells (Fig. 2h).

Expression of the c-jun Gene. Total cellular RNA was pre
pared from U-937 cells treated with 0.5 and 5 ng/ml 9NC for
various periods of time (Fig. 3A). Low levels of c-jun mRNA
were detectable in untreated cells. However, exposure to 0.5
ng/ml 9NC for 1 h resulted in an increase in c-jun gene
expression. Longer exposures resulted in higher levels of c-jun
mRNA, with maximum expression observed at 6 h and then
partial down-regulation at 12 h. Similar kinetics of c-jun induc
tion were observed in cells treated with 5 ng/ml 9NC but the
hybridization signals at 1,3, and 6 h were more intense than
those obtained with the lower concentrations of this agent.
Similar results were obtained when U-937 cells were exposed
to 0.5 and 5 ng/ml 9AC (Fig. 3Ã„).
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Fig. 3. Camptothecin derivatives induced
expression of c-jun gene. U-937 cells were
treated with the indicated concentrations of
9NC (-4) or 9AC (B) and then harvested at the
indicated times. Total cellular RNA (20 (jg)
was isolated for Northern blot analysis with
hybridization to a "P-labeled c-jun DNA
probe. The lane labeled U-937 represents RNA
from untreated cells. Hybridization toa labeled
actin probe revealed equal loading of the lanes. B.
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Fig. 4. Camptothecin derivatives induce jun-B expression.
U-937 cells were treated with the indicated concentrations of
9NC (A) or 9AC (B) for the indicated times. Total cellular
RNA (20 >ig) was hybridized to the labeled jun-B probe.
Hybridization to an actin probe demonstrated equal loading
of the lanes.

jun-B and c-fos mRNA Levels. We also investigated whether
CAM derivatives regulate expression of other members of the
jun gene family. Low levels of jun-B mRNA were detected in
untreated U-937 cells, while treatment with 0.5 ng/ml 9NC
resulted in increased expression of this gene (Fig. 4/1). jun-B
transcripts increased progressively through 12 h of exposure to
this concentration, while a more rapid and intense induction of
jun-B expression was apparent in cells treated with 5 ng/ml
9NC (Fig. 4A). Similar findings were obtained in cells treated
with 9AC (Fig. 4B) and CAM (data not shown). Maximal
expression of the jun-B gene was detected at 6 and 3 h of
exposure to 0.5 and 5 ng/ml 9AC, respectively (Fig. 4B).

Since the products of the c-jun and jun-B genes form heter-
odimers with the c-Fos protein, we also studied the effects of
these drugs on expression of c-fos mRNA levels. Low levels of
c-fos transcripts were detected in untreated U-937 cells, while
treatment with 0.5 ng/ml 9NC resulted in an increase in c-fos
mRNA levels that was apparent at 6 h (Fig. 5A). Moreover,
treatment with 5 ng/ml 9NC was associated with increases in
c-fos expression which were detectable at l h and increased

through 6 h of drug exposure (Fig. 5A). Taken together, these
findings indicated that 9AC and 9NC induce the expression of
at least three genes (c-jun, jun-B, and c-fos) which code for
components of the AP-1 transcription factor. In contrast, no
detectable increase in c-jun mRNA was observed in cells treated

with 0.5, 5, and 10 ng/ml 12NC (Fig. 5Ã„;data not shown).
There was also no effect of 10 ng/ml 12NC on jun-B and c-fos

expression (data not shown). This lack of activity with 12NC is
in concert with previous studies which have demonstrated that
substitutions at position 12 of Camptothecin result in analogues
which are inactive against topoisomerase I (31, 35).

Activation of c-jun Gene Transcription. Nuclear run-on assays

were performed to determine whether CAM and CAM deriva
tives regulate c-jun mRNA levels by a transcriptional mecha
nism. While a low level of c-jun gene transcription was detect
able in untreated U-937 cells, exposure to 0.5 ng/ml CAM or
9AC for 6 h resulted in a 4- or 6-fold increase in transcription,
respectively (Fig. 6). These changes were accompanied by little
if any change in the transcription rate of the actin gene.
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Fig. 5. Effects of 9NC and 12NC on c-fos and c-jun mRNA levels. U-937 cells
were treated with 0.5 and 5 ng/ml of 9NC or 12NC for the indicated times. Total
cellular RNA (20 Â¿ig)was hybridized to the labeled c-fos (A) or c-jun (B) probes.
Hybridization to an actin probe demonstrated equal loading of the lanes.

Regulation of c-jun mRNA Levels. Previous studies have
demonstrated that the induction of c-jun expression by phorbol
ester is increased by concurrent inhibition of protein synthesis
(26). Similar studies were conducted in 9AC-treated U-937
cells. Treatment of cells with cycloheximide alone for 3 and 6
h resulted in increased levels of c-jun mRNA (Fig. 7). Moreover,
treatment with both cycloheximide and 9AC resulted in levels
of c-jun transcripts similar to those obtained with cycloheximide
alone, but less than that in cells treated with 9AC alone (Fig.
7). These findings indicated that induction of c-jun expression
by 9AC involves, at least in part, new protein synthesis.

Previous studies have also demonstrated that activation of
protein kinase C is associated with induction of c-jun expression
(26). In order to address the role of protein kinases in campto-
thecin-induced expression of the c-jun gene, U-937 cells were
treated with the isoquinolinesulfonamide derivative, H7, which
inhibits protein kinase C (36). H7 decreased constitutive c-jun

expression and blocked induction of this gene by 9AC (Fig. 8).
In contrast, HA 1004, a more selective inhibitor of cyclic GMP-
and cyclic AMP-dependent protein kinases, had little if any
effect on induction of c-jun mRNA by 9AC (37) (Fig. 8).
Furthermore, there was no detectable effect of these agents on
actin gene expression.

Association of c-jun Expression and DNA Fragmentation.
Recent work has demonstrated increases in c-jun expression

during periods of DNA cleavage (38). We therefore examined
whether DNA fragmentation is detectable in cells treated with
CAM and CAM derivatives. There was no evidence for DNA
fragmentation in untreated U-937 cells. In contrast, DNA
fragments at multiples of approximately 200 base pairs were
detectable in cells treated with CAM and 9AC for 3 and 6 h
(Fig. 9). Longer exposures resulted in DNA degradation. These
findings indicated that camptothecin-induced c-jun expression
is associated temporally with activation of endonucleolytic
DNA cleavage.

DISCUSSION

Previous studies have demonstrated that DNA topoisomerase
I is involved in the transcription of ribosomal RNA and heat
shock genes in HeLa cells (39, 40) and in the transcription of
adenoviral genes (40). Transcriptional elongation requires the
movement of RNA polymerase through double helical DNA
and topoisomerase I appears to relieve the torsional conse
quences of this process (41). In this context, topoisomerase I is
localized in regions of active transcription (42-45). Moreover,
microinjection of antibodies against topoisomerase I into nuclei
is associated with a block in elongation of transcripts (46).
Taken together, these findings have led to the conclusion that
topoisomerase I is required for gene transcription.

The present studies demonstrate that treatment of human U-
937 cells with camptothecin or its derivatives is associated with
induction of early response gene expression. This effect is not
limited to U-937 cells since similar findings have been obtained
in other human tumor cell lines treated with these agents.
Camptothecin is a specific inhibitor of topoisomerase I (1).
Furthermore, the cytotoxic effects of this agent in yeast require
expression of this enzyme (47, 48). Taken together, these find
ings indicate that the cellular response to inhibition of topoi
somerase I involves increases in expression of certain early
response genes. The results of nuclear run-on assays further
indicate that this effect is mediated at least in part by an increase
in the rate of c-jun transcription. Thus, while previous studies
have demonstrated that topoisomerase I is required for gene
transcription, our findings suggest that inhibition of this en-

Control CAM 9AC

Fig. 6. Regulation of c-jun gene transcription by CAM and 9AC. U-937 cells were treated with 0.5 ng/ml CAM or 9AC for 6 h. Nuclei were isolated and the newly
synthesized "P-labeled RNA was hybridized to actin and c-jun inserts subjected to restriction enzyme digestion and Southern blotting. The solid lines in the schematic

indicate the positions of the DNA inserts. Similar findings were obtained in two separate experiments. Ordinale, molecular weight in thousands.
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Fig. 7. Expression of c-jun and actin genes in U-937 cells treated with 9AC
and cycloheximide. U-937 cells were treated with 0.5 ng/ml 9AC alone, 10 >ig/
ml cycloheximide (CHX) alone, and 9AC plus CHX for the indicated periods of
time. Total cellular RNA (20 >ig)was analyzed by Northern blot hybridization by
using 3:P-labeled c-jun and actin DNA probes.

zyme by camptothecin can result in both down- and up-regula-
tion of specific genes. This differential effect on gene expression
could be dependent on drug concentration. For example, we
have used concentrations of camptothecin that were 2-5 x 103-

fold lower than that used by others. Thus, lower concentrations
that partially inhibit topoisomerase I may permit induction of
certain genes, while transcription of all genes is inhibited at
high drug concentrations.

Previous work has shown that camptothecin results in a
reversible fragmentation of DNA (13, 16). Inhibition of topoi
somerase I by this agent stabilizes the covalent enzyme-DNA
intermediate and results in strand breaks (19, 49, 50). This
induction of DNA damage may function in the activation of a
signaling cascade that includes early response gene expression.
In this context, other studies have demonstrated that agents,
such as ionizing radiation, l-/3-D-arabinofuranosylcytosine, UV
light, and etoposide, which damage DNA by distinct mecha
nisms, also activate c-jun gene transcription (20-22, 37, 51).
Recent work has suggested that H2O2-induced ROI can con
tribute to the induction of c-jun expression (51). While ROI
could activate AP-1 directly, these intermediates can also dam
age DNA (52). Moreover, l-/3-o-arabinofuranosylcytosine, eto
poside, and camptothecin are not recognized as agents which
induce ROI. Thus, given our present understanding, it would
appear that different types of DNA damage induce a common
signaling pathway which activates genes regulated by the m-
acting AP-1 element. Indeed, DNA damage in bacteria is as
sociated with the SOS response and induction of specific genes
(53). A similar process exists in mammalian cells and may
involve activation of genes that regulate DNA repair or the cell
cycle.

The present results also demonstrate that camptothecin in
duces cleavage of DNA into multiples of nucleosome-sized
fragments. This process of endonucleolytic DNA cleavage is
one of the characteristic of apoptosis or programmed cell death
(54). The finding that novel mRNAs are induced during apop
tosis (55) has suggested that activation of certain transcription

factors may contribute to the control of events in this program.
The results of the present study indicate that c-jun expression
is associated at least temporally with internucleosomal DNA
fragmentation. However, the relationship between these two
events remains unclear. Moreover, other characteristics such as
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Fig. 8. Effects of protein kinase inhibitors on expression of c-jun and actin
mRNA in cells treated with 9AC. Total RNA was prepared from U-937 cells
treated with 0.5 ng/ml 9AC (6 h), 50 MMH7 (2 h), 50 /JM HA 1004 (2 h), or the
indicated combinations of these agents. Total cellular RNA was hybridized to the
32P-labeled c-jun and actin probes.

9NC 9AC

Fig. 9. Fragmentation of nuclear DNA. U-937 cells were treated with 0.5 ng/
ml CAM or 9AC for the indicated times. Nuclear DNA was isolated and separated
in 2% agarose gels. After staining of the gels with et Indium bromide, DNA was
visualized by UV illumination.
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chromatin condensation and plasma membrane blebbing are
needed to determine whether camptothecin induces pro
grammed cell death. Indeed, the cell volume expansion detected
in the present studies is in contrast to the retraction usually
found in apoptosis. Nonetheless, the activation of endonucleo-
lytic DNA cleavage may contribute to the cell lethality induced
by camptothecin and its derivatives. Stabilization of the topo-
isomerase I-DNA cleavable complex by these agents and the
associated strand breaks is probably the initial signal that
activates a cellular response. The induction of early response
genes as part of this signaling cascade could contribute to the
regulation of DNA repair mechanisms and, in the event of
irrepairable damage, to the initiation of programmed cell death.

Finally, the induction of early response gene expression and
DNA fragmentation preceded the marked increases in size of
the CAM-treated U-937 cells and their nuclei. Similar increases
have been observed in other human tumor cells, including
malignant melanoma, treated with CAM derivatives in vitro
and in vivo3.These morphological changes appear to be specific

responses of malignant cells to CAM treatment since they have
not been reported for other antineoplastic agents. The mecha-
nism(s) responsible for this increase in size is not yet known,
but apparently involves events that contribute to unbalanced
growth of cells. Further studies are needed to determine whether
these nondividing, enlarged cells express specific mRNAs not
present in untreated cells.

REFERENCES

1. Wall, M., Wani, M. C, Cooke, C. E.. Palmer, K. H., McPhall, A. T., and
Slim, G. A. Plant antitumor agents. The isolation and structure of campto
thecin, a novel alkaloidal leukemia and antitumor inhibitor from Campto-
tHeca acuminata. J Am. Chem. Sci., 88: 3888-3890, 1966.

2. Gottlieb, J. A., and Luce, J. K. Treatment of malignant melanoma with
camptothecin (NSC 100800). Cancer Chemother. Rep., 56: 104-105. 1972.

3. Moertel, C. G., Schutt, A. J., Reitemeier, R. J.. and Hahn, R. G. Phase II
study of camptothecin (NSC 100880) in the treatment of advanced gastroin
testinal cancer. Cancer Chemother. Rep.. 56: 95-101, 1972.

4. Gottlieb, J. A., Guarino. A. M.. Call. J. B., Oliverio, V. T.. and Block. J. B.
Preliminary pharmacological and clinical evaluation of camptothecin sodium
(NSC 100880). Cancer Chemother. Rep.. 54: 461-470, 1970.

5. Muggia. F. M., Creaven, P. J., Hansen, H. H., Cohen, M. N., and Selawry,
D. S. Phase I clinical trials of weekly and daily treatment with camptothecin
(NSC 100880). Correlation with clinical studies. Cancer Chemother. Rep..
56: 103-105, 1972.

6. Giovanella, B. C.. Wall, M. E., Wani, M. C., Nicholas, A. W., Liu, L. F.,
Silber, R., and Potmesil, M. Highly effective topoisomerase-I targeted
chemotherapy of human colon cancer in xenografts. Science (Washington
DC), 246: 1046-1048, 1989.

7. Kunimoto, T., Nitta, K., Tanaka, T., Uehara, N., Baba, H., Takeuchi. M.,
Yokokura, T., Sawada. S., Miyasaka, T., and Mutai, M. Antitumor activity
of 7-ethyl-10-[4-( 1-piperidino)-1 -piperidino]carbonyloxy-camptothecin, a
novel water-soluble derivative of camptothecin. against murine tumors. Can
cer Res., 47: 5944-5947. 1987.

8. Tsuruo, T.. Matsuzaki, T., Matsushita, M., Saito, H., and Yokokura. T.
Antitumor effect of CPT-11, a new derivative of camptothecin. against
pleiotropic drug-resistant tumors in vitro and in rivo. Cancer Chemother.
Pharmacol., 21:11-74, 1988.

9. Giovanella, B. C., Hinz, H. R., Kozielski, A. J.. Stehlin. J. S., Jr., Silber, R.,
and Potmesil, M. Complete growth inhibition of human xenografts in nude
mice by treatment with 20-(S)-camptothecin. Cancer Res.. 51: 3052-3055,1991. "

10. Ohno. R., Okada, K., Masaoka, T., Kuramoto, A., Arima. T.. Yoshida. Y.,
Ariyoshi. H.. Ichimaru. M., Sakai, Y., Oguro, M., Ito, Y., Morishima. Y.,
Yokomaku. S., and Ota, K. An early phase II study of CPT-11: a new
derivative of camptothecin, for the treatment of leukemia and lymphoma. J.
Clin, pncol.. *: 1907-1912, 1990.

11. Horwitz, S. B. Camptothecin. In: S. W. Corcoran and F. E. Hahn (eds.).
Antibiotics, Vol. 3, pp. 48-57. New York: Springer-Verlag. 1975.

12. Li, L. H., Frazer. T. J.. Olin, E. J., and Bhuyan. B. K. Action of camptothecin
on mammalian cells in culture. Cancer Res., 32: 2643-2650. 1972.

13. Horwitz. S. B.. and Horwitz, M. S. Effect of camptothecin on the breakage
and repair of DNA during the cell cycle. Cancer Res.. 33: 2834-2836. 1973.

14. Tobcy, R. A. Effects of cytosine arabinoside, daunamycin. mithramycin.

3 P. Pantazis, H. Hinz, and B. Giovanella, unpublished data.

azacytidine, adriamycin and camptothecin on mammalian cell cycle traverse.
Cancer Res., 32: 2720-2725, 1972.

15. Tobey. R. A., and Crissman, H. A. Use of flow microfluorometry in detailed
analysis of effects of chemical agents on cell cycle progression. Cancer Res.,
32: 2726-2732, 1972.

16. Spataro, A., and Kessel, D. The effects of camptothecin on DNA. Biochim.
Biophys. Acta, 331: 194-201. 1973.

17. Sugimoto, Y., Tsukahara, S., Oh-hara. T.. Isoe, T., and Tsuruo, T. Decreased
expression of DNA topoisomerase I in camptothecin-resistant tumor cell
lines as determined by monoclonal antibody. Cancer Res., 50: 6925-6930,
1990.

18. Potmesil. M., Hsiang, Y-H., Liu, L. F.. Bank. B., Grossberg, H., Kirschen-
baum. S., Forlenzar, T. J., Penziner, A., Kanganis, D., Knowles. D., TrÃ¡ga
nos, F., and Silber, R. Resistance of human leukemic and normal lymphocytes
to drug-induced DNA cleavage and low levels of DNA topoisomerase I.
Cancer Res., 48: 3537-3543. 1988.

19. Liu, L. F. DNA topoisomerase poisons as antitumor agents. Annu. Rev.
Biochem., 58: 351-375, 1989.

20. Kharbanda. S., Sherman. M. L.. and Kufe, D. Transcriptional regulation of
c-jun gene expression by arabinofuranosylcytosine in human KG-1 acute
myelogenous leukemia cells. J. Clin. Invest., 86: 1517-1523, 1990.

21. Sherman, M., Datta, R., Hallaban. D., Weichselbaum, R., and Kufe, D.
Regulation of c-jun gene expression by ionizing radiation. Proc. Nati. Acad.
Sci. USA, 87: 5663-5666, 1990.

22. Rubin. E., Kharbanda. S., Gunji, H.. and Kufe, D. Activation of the c-jun
protooncogene in human myeloid leukemia cells treated with etoposide. Mol.
Pharmacol., 39:697-701. 1991.

23. Ryder, K., and Nathas, D. Induction of protooncogene c-jun by serum growth
factors. Proc. Nati. Acad. Sci. USA, Â«5:8464-8467. 1988.

24. Ryseck, R. P., Hirai, H. I., Yaniv, M., and Bravo, R. Transcriptional
activation of c-jun during the Go/G, transition in mouse fibroblasts. Nature
(Lond.), 334: 535-537, 1988.

25. Lamph, W. W., Wamsley, P.. Sassone-Corsi, P.. and Verma, I. M. Induction
of proto-oncogene JUN/AP-1 by serum and TPA. Nature (Lond.), 334:629-
631, 1988.

26. Sherman, M., Stone, R., Datta, R.. Bernstein, S., and Kufe. D. Transcrip
tional and posttranscriptional regulation of c-jun expression during induction
of monocytic differentiation. J. Biol. Chem., 265: 3320-3323, 1990.

27. Angel, P., Allegretto, E. A., Okino, S. T.. Hatton, K., Boyle, W. J., Hunter,
T., and Karin. M. Oncogene Â¡unencodes a sequence specific transactivator
similar to AP-1. Nature (Lond.), 332: 166-171, 1988.

28. Bohmann, D., Bos. T. J., Admon, A., Nishimura, T.. Vogt. P. K.. and Tjian,
R. Human protooncogene c-jun encodes a DNA binding protein with struc
tural and functional properties of transcription factor AP-1. Science (Wash
ington DC), 238: 1386-1392, 1987.

29. Mitchell, P. J.. and Tjian, R. Transcriptional regulation in mammalian cells
by sequence-specific DNA binding proteins. Science (Washington DC), 245:
371-378, 1989.

30. Angel. P.. Hattori, K., Smeal, T., and Karin, M. Thej'un proto-oncogene is

positively autoregulated by its product, Jun/AP-1. Cell, 55: 875-885. 1988.
31. Wani, M. C.. Nicholas, A. W.. and Wall, M. E. Plant antitumor agents.

Synthesis and antileukemia activity of camptothecin analogues. J. Med.
Chem.. 29: 2358-2363, 1986.

32. Ryder. K., Lau, L. F., and Nathans, D. A gene activated by growth factors is
regulated to the oncogene \-jun. Proc. Nati. Acad. Sci. USA, 85:1487-1491,
1988.

33. Curran, T., MacConnell. W., van Straaten, F.. and Verma. I. Structure of
the FBJ murine osteosarcoma virus genome: molecular cloning of its asso
ciated helper virus and the cellular homolog of the \-fos gene from mouse
and human cells. Mol. Cell. Biol.. 3: 914-921. 1983.

34. Cleveland, D. W., Lopata, M. A., MacDonald, R. J., Cowan, N. J., Rutter,
W. J., and Kirschner, M. W. Number and evolutionary conservation of Â«-
and . iiihuliii and cytoplasmic ; and 7-actin genes using specified cloned
cDNA probes. Cell, 20: 95-105. 1980.

35. Jaxel, C., Kohn, K. W., Wani, M. C, Wall. M. E.. and Pommier, Y.
Structure-activity study of the actions of camptothecin derivatives on mam
malian topoisomerase I: evidence for a specific receptor site and a relation
to antitumor activity. Cancer Res., 49: 1465-1469. 1989.

36. Hidaka, H., Inagaki, M., Kawamoto, S.. and Sasaki, Y. Isoquinolinesulfon-
amides, novel and potent inhibitors of cyclic nucleotide dependent protein
kinase and protein kinase C. Biochemistry. 23: 5036-5041. 1984.

37. Asano, T., and Hidaka, H. Vasodilatory action of HA1004 (A'-(2-guanidi-
nocthyl)-5-isoquinolinesulfonamide|. a novel calcium antagonist with no
effect on cardiac function. J. Pharmacol. Exp. Ther.. 231: 141-145. 1984.

38. Gunji, H.. Kharbanda. S.. and Kufe. D. Induction of internucleosomal DNA
fragmentation in human myeloid leukemia cells by 1-tf-n-arabinofuranosyl-
cytosine. Cancer Res., 51: 741-743. 1991.

39. Zhang, H., Wang, J. C., and Liu, L. F. Involvement of DNA topoisomerase
I in transcription of human ribosomal RNA genes. Proc. Nati. Acad. Sci.
USA, Â«5:1060-1064. 1988.

40. Schaak, J.. Schedi. P.. and Shenk, T. Transcription of adenovirus and HeLa
cell genes in the presence of drugs that inhibit topoisomerase 1and II function.
Nucleic Acids Res.. IS: 1499-1508. 1990.

41. Stewart, A. F., Herrera. R. E., and Nordheim, A. Rapid induction of c-fos
transcription reveals quantitative linkage of RNA polymerase II and DNA
topoisomerase I enzyme activities. Cell, 60: 141-149, 1990.

42. Bornen, B. J., Gocke. E.. and Westergaard, O. A high affinity topoisomerase

6641

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/24/6636/2446079/cr0510246636.pdf by guest on 19 M

ay 2023



INDUCTION OF c-jun BY CAMPTOTHECIN

I binding sequence is clustered at DNAase I hypersensitivity sites in Tetra- 49. Hsiang, Y-H., and Liu, L. F. Identification of mammalian DNA topoisom-
hymena R-chromalin. Cell, 41: 541-555, 1985. erase I as an intracellular target of the anticancer drug camptothecin. Cancer

43. Stewart, A. F.. and Schutz. G. Camptothecm-induced in vivo topoisomerase Res.. 48: 1722-1726, 1988.
I cleavages in the transcriptionally active tyrosine aminotransferase gene. 50. Covey, J. M., Jaxel, C.. Kohn. K. W., and Pommier. Y. Protein-linked DNA
Cell, 50: 1109-1117, 1987. strand breaks induced in mammalian cells by camptothecin, an inhibitor of

44. Gilmour. D. S., Pflugfelder. Gâ€žWang, J. C., and Lis, J. T. Topoisomerase I topoisomerase I. Cancer Res., 49: 5016-5022, 1989.
interacts with transcribed regions in Drosophila cells. Cell. 44: 401-407. 51. Devary. V., Gottlieb, R. A.. Lau, L. F., and Karin, M. Rapid and preferential
1986. activation of the c-jun gene during the mammalian UV response. Mol. Cell.

45. Gilmour, D. S., and Elgin. S. C. R. Localization of specific topoisomerase I Biol., //.- 2804-2811, 1991.
interactions within the transcribed region of active heart shock genes by 52. Ward, J. F., Blakely, W. F., and Joner, E. I. Mammalian cells are not killed
using the inhibitor camptothecin. Mol. Cell. Biol., 7: 141-148, 1987. by DNA single strand breaks caused by hydroxyl radicals from hydrogen

46. Egyhazi, E., and Durban. E. Microinjection of anti-topoisomerase 1 immu- peroxide. RadiÃ¢t.Res.. 103: 383-392, 1985.
noglobin G into nuclei of Chironomus tentons salivary gland cells leads to 53. Walker, G. C. Inducible DNA repair systems. Annu. Rev. Biochem., 54:
blockage of transcription elongation. Mol. Cell. Biol., 7:4308-4316, 1987. 425-457, 1985.

47. Nitiss, U.. and Wang. J. C. DNA topoisomerase-targeting antitumor drugs 54. Arends, M. J.. Morris, R. G.. and Wyllie, A. H. Apoplosis. The role of the
can be studies in yeast. Proc. Nati. Acad. Sci. USA, 85: 7501-7505. 1988. endonuclease. Am. J. Pathol.. 136: 593-608. 1990.

48. Eng, W-K., Pancette, L., Johnson. R. K.. and Sternglanz. R. Evidence that 55. Buttyan, R., Olsson, C. A.. Pintar, J., Chang, C., Bandyk, M., Ng, P-Y., and
DNA topoisomerase I is necessary for the cytotoxic effects of camptothecin. Sawczuk. I. S. Induction of the TRPM-2 gene in cells undergoing pro-
Mol. Pharmacol.. 34: 755-760. 1988. grammed cell death. Mol. Cell. Biol.. 9: 3473-3481. 1989.

6642

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/24/6636/2446079/cr0510246636.pdf by guest on 19 M

ay 2023




