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ABSTRACT

T^pe II DNA topoisomerase breaks both DNA strands, and many an-
ticancer agents including etoposide (VP-16) and teniposide (VM-26) have

been developed by targeting topoisomerase II molecules. In this study we
examined whether expression of the topoisomerase II gene is regulated in
response to heat shock stress in human epidermoid cancer KB cells.
Exposure of KB cells to 42Â°Cfor 3 to 24 h permitted cell growth at a

slightly reduced rate but still at an exponential rate, in comparison with
that at 37Â°C, whereas exposure to 45Â°Cfor 15 to 120 min caused the

almost complete cessation of exponential growth. There appeared 5-fold or

higher increases in mRNA levels of both topoisomerase II and a heat shock
protein, hsp-70, after exposure to 42Â°Cfor 3 h, but only a slight, if any,

increase in topoisomerase I mRNA. Nuclear run-on assays showed in
creased transcription of topoisomerase II and the hsp-70 gene after expo
sure to 42Â°C.By contrast, KB cells induced a rapid and transient increase
of topoisomerase II mRNA after exposure to 45Â°C for 15 to 30 min,

whereas the cellular level of hsp-70 mRNA was dramatically enhanced 60
min after exposure to 45Â°C.The immunoblot assay also demonstrated

increased expression of topoisomerase II in KB cells exposed to 42 (.
Decatenation activity of the nuclear extracts from KB cells was increased
1.5-fold by exposure to 42 ('. but there appeared no increase in topoi

somerase I activity. Prior exposure of KB cells to 42 ( enhanced the
cytotoxicity of VP-16, but not that of a topoisomerase I-targeting agent, a
camptothecin analogue, CPT-11. However, exposure of KB cells to 42 C
after treatment with VP-16 did not enhance the cytotoxicity induced by the
drug. The formation of cleavable DNA-topoisomerase II-VP-16 complexes
was also greatly increased by prior exposure to 42Â°C.Our present study

proposes the hypothesis that the topoisomerase II gene might be one of the
heat-shock-inducible genes and that hyperthermic anticancer therapy
with topoisomerase II-targeting antitumor agents can be improved.

INTRODUCTION

DNA topoisomerases I and II which catalyze conformational
changes of DNA are closely involved in DNA processes such as DNA
replication, transcription, chromosomal condensation, and deconden-
sation (1). Topoisomerase-targeting anticancer agents interfere with
the breakage-rejoining reaction of topoisomerases, and intermediate
forms of drug-enzyme-DNA-cleavable complexes are accumulated in
tumor cells (2, 3). Of the topoisomerase I-targeting camptothecins,
10,11-methylenedioxy-camptothecin produces long-term remission in

nude mice carrying human colon cancer xenografts (4). A new camp
tothecin derivative CPT-11, with higher anticancer activity and less

toxicity (5), has demonstrated chemotherapeutic effectiveness against
various human tumors (6). Of the topoisomerase II-targeting agents,
the podophyllotoxin derivatives, VP-163 and VM-26, are prominent

antitumor drugs (2).
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Establishment of human cancer cell lines resistant to topoisomerase
II-targeting antitumor agents provides invaluable knowledge of how
cell acquire drug resistance (7, 8). Some CPT-11-resistant human

cancer cell lines have decreased levels of topoisomerase I (9, 10).
Some VP-16/VM-26-resistant human cancer cell lines also have de
creased levels of topoisomerase II (11-13), while other VP-16/VM-
26- or amsacrine-resistant cell lines have point mutations of the to

poisomerase II gene (14, 15). These studies suggest a close correlation
of drug sensitivity to topoisomerase I- and II-targeting agents and

cellular levels of the topoisomerases (7, 8). To understand further how
cellular sensitivity to topoisomerases-targeting agents is regulated, an

important question is how the levels of topoisomerases are regulated
in growing tumor cells. However, regulatory mechanisms for the
expression of topoisomerases I and II are poorly understood. If the
expression of the topoisomerase I and II genes could be modified,
therapy to potentiate topoisomerase-targeting agents could be devel

oped. In this study, we determined whether heat shock stress could
modulate expression of the topoisomerase I and II genes. We found
that expression of the topoisomerase II gene was specifically en
hanced in human cancer KB cells in response to heat shock and also
that synergistic cytotoxicity appeared when VP-16 was combined with

heat shock.

MATERIALS AND METHODS

Cell Culture. KB cells were cultured in minimal essential medium (Nissui
Seiyaku Co., Tokyo. Japan) containing 10% newborn bovine serum (Micro
biological Associates, Bethesda, MD), L-glutamine (0.292 mg/ml). kanamycin

(100 ug/ml), and penicillin (100 units/ml) as described previously (12, 13).
Materials. [a-12P]dCTP (3000 Ci/mmol) and [o>'2P]UTP (3000 Ci/mmol)

were obtained from Amersham. Actinomycin D and most other chemicals were
purchased from the Sigma Chemical Co., St. Louis, MO. A human topoi
somerase II complementary DNA probe (pBS-hTOP2) was kindly provided by

J. C. Wang (Harvard University), and antibody to the human DNA topoi
somerase II was provided by L. Liu (The Johns Hopkins University School of
Medicine). VP-16 was obtained from Nihon Kayaku Co., Tokyo, Japan;
CPT-11 was from Yakult Co., Tokyo, Japan. kDNA was prepared as described

previously (12, 13).
Northern Blots. Northern blot analysis was performed as previously de

scribed (12, 13). Total RNA was extracted from KB cells as described previ
ously (12, 13). RNA (20 ug) was electrophoresed in 1% agarose and 2.2 M
formaldehyde gels and transferred to a Nytron membrane (Schleicher &
Schuell). A '2P-labeled cDNA fragment with a specific activity of 10s cpm/mg

of DNA was prepared by random priming. Hybridization proceeded out in
Hybrisol I (Oncor) for 24 h at 42Â°C.The membrane was washed at room

temperature in 2x standard saline-citrate (I X, 150 IÃ•IMNaCI: 15 ITIMsodium

citrate, pH 7.0) and 0.1% SDS and then visualized by autoradiography on
Kodak XAR film. The mRNA levels were quantified by densitometric analysis
or by a Fujix BAS 2000 bio-imaging analyzer (Fuji Photo Film Co.. Tokyo.

Japan).
Western Blots. Crude nuclear extract was prepared from 1 x 10* KB cells

in early logarithmic phase following various periods of stress according to the
method published previously (12). Equivalent amounts of nuclear extracts

dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; HSE. heat shock element;
kDNA, kinetoplast DNA; cDNA, complementary DNA.
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were separated by 7.57r SDS-PAGE. Protein fractions on SDS-PAGE were

electrophoretically transferred onto a nitrocellulose membrane in 25 m\i
Tris/92 imi glycine buffer (pH 8.3) for 2 h at 20 V (13). The membrane was
further incubated with antibody against human DNA topoisomerase II ( 1:2000)
for I h at room temperature. The membrane was rinsed with phosphate-

buffered saline, treated with biotinylated secondary antibody, and developed
according to the manufacturer's specification (Veotastain ABC-GO kit: Vector

Laboratories. Burlingame, CA).
Cell Cycle Analysis. Cells ( I to 3 X IO6cells) at exponential growth were

treated at 42Â°Cfor various periods and then collected by trypsinization. Cells
were stained with propidium iodide (7.5 X 10~5 M) in the presence of 0.5%

nonidet P-40 and 700 units/ml of RNase A. The fractions were then analyzed
by cytofluorometry (FACS. Becton-Dickinson) and estimated from the DNA

histogram.
Hypcrthermia and Drug Exposure. Cell survival was assayed by plating

1 X 10' cells into 60-mm dishes, incubating them at 37Â°Cfor 24 h and then

exposing the cells to drugs and/or hyperthermia. The medium was then re
placed, and the dishes were incubated at 37Â°Cfor 7 days to allow colony

formation.
Nuclear Kun-on Assay. A nuclear run-on assay was done using a modifi

cation of a technique as described previously (16). The nuclei were prepared
from 5 x IO7 cells in KB cells following heat stress. For the transcription
assay, the following were added to 100 ul ( I x IO7 nuclei) of nuclei solution
and incubated at 30Â°Cfor 30 min: 20 |ul of 10X transcription buffer [0.7 M

KC1:50 IHM MgCl2:50 IHM Tris-HCI (pH 8.0):25 HIM dithiothreitol:! ITIM

EDTAl: 20 ul of ATP. CTP, and GTP (2.5 m.w); I ul of RNase inhibitor (200
units/ml): 54 pi of H:O; and 200 mCi of [a-"P]UTP. As DNA probe, pUCl9

plasmid DNA was lineari/ed by ///Will and purified. Topoisomerase II, hsp-

70. and ÃŸ-actincDNAs were digested by appropriate restriction enzymes, and

these fragment cDNAs were purified. The cDNA filters were prepared and
hybridized with '-P-labeled RNA samples as described previously (16). Filters

were analy/ed by the Fujix BAS 21XK)bio-imaging analyzer.

Cleavable Complex Formation Assay. The assay for precipitation of
DNA-protein complexes was determined by the method of Liu et al. (17). The

cleavage assay was done with nuclear extracts of KB cells as described pre
viously (13). The 3' end of pUCI9 DNA was labeled with |eÂ»-"P]dCTP. and

unincorporated nucleotides were removed by three sequential precipitations
with ethanol-ammonium acetate (13).

Assays of Topoisomerascs I and II Activity. The ATP-independenl relax

ation of plusmid pBR322 DNA by nuclear extracts was performed as described
by Constantinou el ul. (18). The topoisomerase II catalytic activity in nuclear
extract was assayed by the ATP-dependent decatenation of kDNA according to

our published method (12. 13).

RESULTS

We investigated by Northern blotting whether exposing human
cancer KB cells to 42Â°Cinduced topoisomerase I and II gene expres

sion. We also investigated the expression of a representative heat
shock-induced gene, hsp-70. The mild heat shock increased the cell
ular level of topoisomerase II mRNA about 5-fold, 3 h after exposure
to 42Â°C.and the elevated level of topoisomerase II mRNA was main
tained during incubation for 24 h at 42Â°C(Fig. 1). In contrast, we did

not find any significant increase in topoisomerase I mRNA expression
during heat shock. A dramatic induction of hsp-70 mRNA was ob
served in KB cells under the same conditions, while the level of
hsp-70 mRNA was decreased during incubation for 24 h at 42Â°C.The
induction of both topoisomerase II and hsp-70 mRNA was almost
completely inhibited by the addition of actinomycin D (Fig. 1). A
nuclear run-on assay was performed to determine whether enhanced
expression of topoisomerase II mRNA is due to increased transcrip
tion. Transcription rates of both topoisomerase II and hsp-70 genes
were found to be increased 2.1-fold and 2.5-fold, respectively, in KB
cells treated at 42Â°Cin comparison with untreated cells (Fig. 2). The
transcription rate of the ÃŸ-actingene was not changed when the cells
were previously exposed to 42Â°C.

-Topo II

â€¢¿�HSP-70

-Topo

Fig. I. Expression of topoisomerases I and II and tit"hsp-70 mRNA in KB cells exposed
to 42Â°C.KB cells were heat shocked at 42Â°Cfor the indicated periods with or without 0.5

mg/ml of actinomycin D (ACD). RNA was then extracted, and Northern blot hybridization
was performed. Ribosomal RNAs loaded on the gels are presented. ToÂ¡n>f, topoisomerase
I; Topo 11, topoisomerase II.

A2Â°C(hr) O

pUC19 â€”¿�

Topo.II â€”¿�

HSP-70 â€”¿�

ÃŸ-actinâ€” Â«â€¢Â»

-

Fig. 2. Nuclear run-on analysis of KB cells exposed to 42Â°C.Nuclei were prepared
from KB cells exposed to 37Â°Cfor 24 h <37Â°C)or KB cells exposed to 42Â°Cfor 24 h
(42Â°C).Transcription in the isolated nuclei was analyzed by hybridization of '-P-labeled
transcripts to 0.5 pg of lopoisomerase II ( Topo. Il ). hsp-70, and ÃŸ-uctin,and pUCI9cDNA
fragments were immobilized on individual nitrocellulose membranes.

We then investigated whether exposing KB cells to a higher tem
perature (45Â°C)could induce topoisomerase II gene expression. Since

the survival rate of KB cells was markedly decreased after exposure
to 45Â°Cfor long periods, we examined the effect of severe heat shock
at 45Â°Cfor short periods. As shown in Fig. 3. under these conditions,

topoisomerase II mRNA was induced 15 to 30 min after exposure to
45Â°C,whereas hsp-70 mRNA was dramatically induced 60 min after
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the exposure. However, no further induction of topoisomerase I (A)
mRNA was observed. The time kinetics for induction of topoi
somerase II and hsp-70 mRNA appeared to be different during expo
sure to 45Â°C.In comparison with heat stress at 42Â°C,induction of

topoisomerase II mRNA was transient, and the level decreased to the
uninduced level 120 min after exposure to 45Â°C(Fig. 3). To examine

whether induction of topoisomerase II mRNA by heat shock could
increase synthesis of topoisomerase II molecules and catalytic activity
of topoisomerase II, we investigated the content and activity of to
poisomerase II before and after 24-h exposure at 42Â°C.Western blots

with anti-topoisomerase II antibody showed that the topoisomerase II

content was significantly increased in crude nuclear extracts after heat
shock at 42Â°C(Fig. 4). We then compared decatenation activity of

topoisomerase II in nuclear extracts of KB cells with or without prior
exposure to 42Â°C.Decatenation of kDNA by serial dilution of crude

nuclear extracts for heat-treated cells was found to be about 1.5-fold

higher than that of untreated cells (Fig. 5A ). By contrast, the catalytic
activity of topoisomerase I was not changed when KB cells were
previously exposed to 42Â°C(Fig. 5fl). ( B)

-Topo II

-HSP-70

Topo I

45Â°C(min)| O | 15 Â¡30|60|l20

Fig. 3. Expression of topoisomeruses I and II and hsp-70 mRNA in KB cells exposed
to 45Â°C.KB cells were heat shocked at 45Â°Cfor the indicated periods. RNA was then

extracted and analyzed as described in Fig. 1. Topo I, topoisomerase I; Topo II, topoi
somerase II.

Nuclear extract(/jg)Heat

treatment (A2Â°C)50

25â€”50 25-4-

Fig. 4. Western blots of topoisomerase II in KB cells exposed to 42Â°C.KB cells were
heat shocked at 42Â°Cfor 24 h, and the nuclear fraction was extracted. Nuclear extracts

containing 25 and 50 pg of protein were analyzed by Western blotting with anti-topoi
somerase II antibody.
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Fig. 5. Topoisomerase II (A ) and topoisomerase I (ÃŸ)activity in KB cells exposed to
heal stress. In A. decatenation activity by lopoisomerase II was compared between nuclear
extracts from heat-treated and untreated KB cells. In B. relaxation of supercoiled pBR322
DNA hy topoisomerase I activity was compared in nuclear extracts from heat-treated and
untreated KB cells. In both assays. KB cells were exposed either al 37Â°Cor al 42Â°Cfor

24 h, and the nuclear fraction was extracted. The reaction mixture was incubated in the
absence of nuclear extract (control) or in the presence of various concentrations of nuclear
extracls (N.E.). The protein concentration in Ihe extracts was presented, m. free minicir-

cles; sc, supercoiled plasmid DNA.

The cellular level of topoisomerase II varies during the cell cycle
(19-21). The enhanced level of topoisomerase II mRNA in the heat-

stressed KB cells might be due to an accumulation of cells at a specific
phase of the cell cycle. We examined the effect of heat stress on the
cell cycle of KB cells after exposure to 42Â°C.In comparison with
exponentially growing cells at 37Â°C,the cell cycle parameter was not
changed when KB cells were exposed to 42Â°Cfor 4 and 24 h, respec
tively (Table 1). The exposure of KB cells to 42Â°Cdecreased the cell

growth rate, but cells could still grow exponentially (data not shown).
This result suggested that the enhanced expression of topoisomerase II
was not due to the alteration of cell growth or cell cycle arrest.

We investigated whether enhanced expression of topoisomerase II
mRNA and protein by heat shock would potentiate the cytotoxicity of
the topoisomerase II-targeting drug, VP-16. When KB cells were
exposed to 5 and 10 UMVP-16 at 37Â°Cfor 1 h after exposure to 42Â°C

for various periods, the cytotoxic effect of VP-16 was apparently
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Table 1 Effect of heal stress at 42Â°Con cell cycle of KB cells

42Â°C(h)0424G,57.058.561.5Cell
population(%)"S34.034.028.5G2

+M9.07.510.0

2.0

" The dala were obtained by cytofluoromeiry as described in "Materials and Methods."

The values were mean values from two independent assays, and the variations were less
lhan 5% of the mean value.

potentiated (Fig. 6/4). In contrast, when KB cells were preexposed to
5 UM VP-16 and then exposed to 42Â°C,there was no significant

enhancement of the cytotoxicity. Fig. 6B shows the effect of the
combination of CPT-11 and heat shock on KB cell survival. There

appeared to be no synergistic effect when heat shock was combined
with topoisomerase I-targeting CPT-11 at 1, 5, and 10 JJM.As shown
in Fig. 6C, we could not observe any potentiation of VP-16 after
exposure to 45Â°Cfor 30 and 60 min. Antitumor activity or cytotoxicity

of VP-16 is mediated through interaction of the drug with topoi

somerase II and formation of cleavable complexes (17). To investigate
a possible relationship between increased topoisomerase II and po
tentiation by VP-16 under heat stress, we quantitated the protein-DNA
complexes stabilized by VP-16. The presence of VP-16 at 12.5 UM
already caused a 1.5-fold increase of the cleavable complex formation
with nuclear extracts from heat-treated KB cells (Fig. 7). The forma

tion of cleavable complexes reaches a maximum level at a much lower
drug concentration at 50 JJMwith nuclear extracts from heat-treated

cells than with those from untreated cells (Fig. 7).

DISCUSSION

This study showed that expression of the topoisomerase II gene as
well as the hsp-70 gene was increased in human cancer KB cells by

heat shock stress, but that the topoisomerase I gene was not (Fig. 1).
The enhanced expression of topoisomerase II and hsp-70 genes by

heat shock appears to be due to transcriptional control (Fig. 2). Heat
shock protein genes such as those of hsp-70 and other heat-inducible

genes share with the consensus HSE, sequences of an 8 base motif in
the 5' promoter region (22). These heat shock-responsible genes are

oÂ»
(A
<0
0;
u

0Â«

1.5

1.0

12.5 25 50

VP-16 (>uM)
100

Fig. 7. Effect of VP-16 on DNA cleavage by DNA topoisomerase II in nuclear prep
arations from heat-treated (A) and untreated (â€¢)KB cells. 3'-End-labeled "P-pUC-19

DNA was incubated with nuclear protein in the presence of various doses of VP-16. Each
point is the average of duplicate samples, with variability of less than 10%. Two inde
pendent assays showed consistently the same data as seen in this figure.

regulated positively by a trans-acting factor whose DNA binding

activity and localization are modulated by heat shock stress (23).
Hochhauser et al. (24) have recently reported the HSE-like element,
SP-1, and an inverted CCAAT box located in the 5'-flanking region of

the topoisomerase II gene. Enhanced expression of the topoisomerase
II gene by heat shock in KB cells might be due to the HSE in the
topoisomerase II regulatory element, and the topoisomerase I gene
promoter might not have such heat shock-responsible elements. How

ever, the time kinetics for topoisomerase II gene expression by heat
shock at the nonpermissive temperature 45Â°Cdiffered from that for

the hsp-70 gene (Fig. 3); topoisomerase II mRNA was transiently
increased in 15 to 30 min at 45Â°Cand the topoisomerase II mRNA

level decreased quickly, whereas hsp-70 mRNA was induced after

Fig. 6. Effect of hyperthermia on cylotoxicity by
VP-16 (A. C) and CPT-11 (Â£)on KB cells. In A. KB
cells were exposed to 42Â°Cfor the indicated peri

ods, followed by incubation in the absence (O) and
presence of 5 (Aland 10 UM(A) VP-16 for 1 h. As

a control (â€¢),KB cells were first treated with 5 UM
VP-16 for 1 h and then exposed to 42Â°Cfor the

indicated periods. Thereafter, KB cells were washed
and further incubated in fresh medium at 37Â°Cfor 7

days. Colonies appearing on the dishes were count
ed. VP-16 reduced the initial surviving fraction to
50% al 5 UMand 20% al IO UM.In B. KB cells were
exposed to 42Â°Cfor the indicated periods, followed

by incubation in the absence (O) or presence of 1
UM(A), 5 MM(A), and 10 UM(â€¢)CPT-11 for 1 h.
After the treatment colony formation was assayed as
described above, CPT-11 reduced the initial surviv
ing fraction to 73% at l UM,to 60% at 5 UM.and to
45% at 10 UM.In C. KB cells were exposed to 45Â°C

for the indicated periods, followed by incubation in
the absence (O) or presence of 5 mM (A) VP-16 for
1 h. Afterward, the treatment colony formation was
assayed as described above. In \ and B, colonies
appearing in the absence and presence of VP-16 or
CPT-11 alone were normalized as 100%. Each value
was the average of triplicate dishes and varied by
less than 15% of the mean values.
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exposure to 45Â°Cfor longer periods (1 to 2 h). Different pathways

might be involved in the differential kinetics for the induction of these
two genes.

We have recently observed that the multidrug resistance 1 (MDR-1)

gene promoter is activated in response to various environmental stim
uli such as heat shock, ultraviolet light irradiation, and anticancer
agents (25-27). Although the MDR-1 promoter has HSE motifs (28),
activation of the MDR-1 promoter in response to heat shock or ultra

violet light irradiation appears to be mediated through a new heat
shock-responsive element, the inverted CCAAT box, on the promoter

(26, 27). The inverted CCAAT box on the DNA topoisomerase II gene
( 18) might be also responsible for enhanced expression of the topoi
somerase II gene by heat shock stress, but this possibility is highly
speculative at present. On the other hand, the expression of topoi
somerase II mRNA is regulated not only by heat shock (this study),
but also by cell cycle progression (19-21) and by malignant transfor

mation (29). The KB cell cycle, however, was not affected by heat
shock stress (Table 1). Further study is required to understand the
regulatory mechanisms for topoisomerase II mRNA expression at
molecular levels.

This study demonstrated that a combination of preexposure to a
high temperature and to a topoisomerase II-targeting agent VP-16
caused synergistic cytotoxicity against human cancer KB cells. Hy-

perthermia and antineoplastic agents have often been used to treat
cancer clinically. In addition to the direct action of hyperthermia itself
on the proliferative capacity of tumor cells, hyperthermia can poten
tiate radiation-induced cell killing and some antitumor agents such as
bleomycin and cisplatin (30-32). It has been previously reported that
a combination of hyperthermia and topoisomerase II-targeting agents
modulates antitumor activity (33-35), but the effects were controver

sial. These studies, however, did not determine the cellular levels of
topoisomerase II in tumor cells when exposed to heat shock stress.

The analysis of VP-16/VM-26-resistant cancer cells provides an

indication of how topoisomerase II is correlated with drug sensitivity
to VP-16/VP-26 (7, 8). Two different mechanisms are involved in
acquired drug resistance to topoisomerase II-targeting agents, namely,
expression and mutation types (8, 11-15). These two types of resistant

cell lines have decreased levels and/or activity of topoisomerase II
accompanying the decreased formation of VP-16/VM-26-DNA-
topoisomerase II-cleavable complexes in VP-16/VM-26-resistant cell
lines. Although topoisomerase II mRNA was stably induced at 42Â°C

in KB cells, only a transient increase occurred in KB cells exposed to
45Â°C.We observed a synergistic effect of heat stress at 42Â°Cand
VP-16 on the cytotoxicity of KB cells, but not at 45Â°C(Fig. 6). The
lack of potentiation of VP-16 by heat stress at 45Â°Cappeared to be due

to decreased protein synthesis activity even when topoisomerase II
mRNA was transiently increased at 45Â°C.In fact, total protein syn
thesis of KB cells was remarkably blocked at 45Â°C.4We also dem
onstrated that prior exposure to 42Â°Cinduced enhancement of both

topoisomerase II content and its activity, resulting in increased for
mation of VP-16-DNA-topoisomerase II-cleavable complexes (Figs.

4, 5, and 7). These results suggest that synergism by hyperthermia and
VP-16 is closely correlated with the stable expression of the topoi

somerase II gene induced by prior exposure to hyperthermia. Our
present study will be useful for further improving hyperthermic anti-

cancer therapy.
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