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Abstract

The present study was undertaken to determine if (a) genistein induces topo II-mediated DNA damage in HT-29 colon cancer
cells; and (b) if this damage is required to induce apoptosis. DNA damage was evaluated using the comet assay. Apoptosis was

determined by the ethidium bromide/acridine orange staining technique. DNA breakage was noted within 1 h of treatment.
Apoptosis was only induced with high concentrations (560 mM) of genistein. Marked inhibition of HT-29 cell growth was evident
at concentrations ranging from 60 to 150 mM. This was associated with a cell cycle arrest at G2/M. Similar ®ndings were obtained in
SW-620 and SW-1116 colon cancer cell lines. Aclarubicin, a topo II antagonist, reduced genistein-induced DNA breaks but did not

reduce apoptosis. These data suggest that, in colon cancer cells, topo II serves as the enzymatic target of genistein. Furthermore, topo
II-mediated DNA cleavage is not required for the induction of apoptosis.# 2000 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

The iso¯avone genistein, a major component of soy,
was reported to be of chemotherapeutic value when
conjugated to tumour-speci®c antibodies. Genistein
conjugated to CD19 and EGF was reported to con-
stitute an e�ective biotherapy in the treatment of lym-
phoma, leukaemia and breast carcinoma [1,2]. Genistein
is known to induce apoptosis in a variety of tumour cell
lines. Several possible mechanisms for the anticancer
e�ects of genistein have been proposed [3±8]. These
include topo II inhibition, induction of di�erentiation,
inhibition of protein tyrosine kinase activity and inhibi-
tion of angiogenesis. Its role as a chemopreventive
agent, although intensely investigated, remains con-
troversial. Genistein treatment during the prepubertal
period could suppress the development of chemically
induced mammary cancer [9]. In human breast cancer
cell lines, genistein acts as a growth stimulator at low
concentrations and as a growth inhibitor at high con-
centrations [10]. Genistein's oestrogenic e�ect was
shown to cause proliferation of cultured human breast

cancer cells (MCF-7) and the induction of oestrogen-
speci®c (pS2) gene expression in ovariectomised athymic
mice [11]. Dietary genistein signi®cantly increased
azoxymethane-induced non-invasive and total adeno-
carcinoma multiplicity in male F344 rats [12]. The pre-
sent study was undertaken to evaluate the e�ect of
genistein on colon cancer cells in vitro. We sought to
determine if genistein induces topo II-mediated DNA
damage in these cells, and if this damage is required to
induce apoptosis.

2. Materials and methods

2.1. Chemicals

Genistein was obtained as a generous gift from the
National Cancer Institute (NCI) (R.K. Varma). VP-16
and aclarubicin were obtained from Sigma Chemicals
(St Louis, MO, USA).

2.2. Cell lines and cell culture conditions

HT-29, SW-620 and SW-1116 colon cancer cell lines
and the mitoxantrone-resistant human leukaemia HL-60/
MX2 cell line were obtained fromATCC (Manassas, VA,
USA). The merbarone-resistant leukaemia cell line CEM/
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M70-B1 was kindly o�ered by W.T. Beck (University of
Illinois at Chicago, USA). The breast cancer cell line
ZR75-1 was obtained from R.G. Mehta (University of
Illinois at Chicago, USA). Cells were maintained in
RPMI-1640 medium (MEM-E was used for ZR75-1
cells) supplemented with 15% fetal bovine serum (FBS),
2 mM l-glutamine and 1% antibiotic±antimycotic
solution (10 units/ml penicillin, 10 mg/ml streptomycin
and 25 mg/ml amphotericin B). They were grown at
37�C in a humidi®ed atmosphere of 5% CO2.

2.3. Comet assay

DNA strand breaks were evaluated using single-cell
gel electrophoresis (comet) assay. We modi®ed the
technique described by Singh and colleagues [13] and
Duthie and associates [14]. Brie¯y, cells (2±4�105) were
suspended in 1 ml phosphate bu�ered saline (PBS) fol-
lowing treatment are transferred onto fully frosted
slides precoated with 1% high-melt agarose. Thirty
microlitres of this cell suspension were added to 80 ml of
1% low-melt agarose. A coverslip was placed on top,
and the slides were kept in the dark at 4�C for 5 min.
The coverslips were then removed, and the slides were
immersed in a lysis solution (100 mM Na2EDTA, 2.5 M
NaCl, 10 mM Tris, pH 10.0 and 1% TritonX100) for 1
h, then into the electrophoresis bu�er (300 mM NaOH,
1 mM Na2EDTA) for 40 min at 4�C. Electrophoresis
was then performed in fresh solution for 30 min (0.5 V/
cm). Slides were immersed into a neutralising solution
(0.4 M Tris, pH 7.5). After staining with ethidium bro-
mide solution (1 mg/ml) for 20 min and destaining with
10 mM MgSO4 for 20 min to decrease background
staining, the slides were examined using a ¯uorescent
microscope. A weak electric ®eld draws negatively
charged DNA towards the anode; the amount of DNA
able to migrate depends on the size of DNA molecule
and the number of broken ends. This allows for the
evaluation of individual cells as `comets'. A semi-
quantitative visual scoring system was devised to quan-
tify the degree of DNA damage. Comets are graded 0, 1,
2, 3 and 4, ranging from the absence of detected comet
tails (0) to the presence of a large tail with no comet
head [4]. One hundred cells are evaluated per treatment.
The DNA damage score (arbitrary units, au) is based on
the equation (�n1 � 2n2 � 3n3 � 4n4), where n1 is the
number of comets with small tails, n2 is the number of
comets with equal-sized heads and tails, n3 is the num-
ber of comets with predominant tails and n4 is the
number of comets with no heads. Therefore, our scoring
system ranges from 0 to 400 [15].

2.4. Assessment of apoptosis

A technique reported by Duke and Cohen [16] was
followed. It is based on the di�erential staining of

viable/apoptotic cells in a mixture of acridine orange/
ethidium bromide. Cultured cells are centrifuged and
suspended in PBS and the mixture of dyes is added.
Fluorescent microscopy is used to identify non-viable
cells whose nuclei stain bright orange. Viable cells
exclude ethidium bromide and stain bright green.
Quantitative assessments can be made by determining
the percentage of apoptotic cells, whose nuclei are
highly condensed or fragmented.

2.5. Immunocytochemistry

Anti-Ki-67 antibody (MIB-1; Immunotech, West-
brook, ME, USA) was diluted 1:50 in PBS. Dako
LSAB2 System/Peroxidase Kit (Dako Corporation,
Carpinteria, CA, USA) was used for immunostaining.
Cells were washed in PBS, then ®xed, in subsequent
order, with 10% bu�ered formalin (4 min), cold metha-
nol (4 min) and cold acetone (2 min). They were then
incubated with the antibody for 2 h. Antibody link (10
min), streptavidin (10 min) and AEC (Biogenex, 5 min)
were added. Cells were stained with haematoxylin and
counterstained with Scott's tap water substitute. After
supermounting and permounting, 200 cells were eval-
uated, and the percentage of cells with positive staining
was calculated and recorded.

2.6. E�ect of pre-incubation with aclarubicin on
genistein- and VP-16-induced DNA breakage and
apoptosis

Cells were pre-incubated with aclarubicin (0.4 mM)
then treated with either genistein (100 mM) or VP-16 (20
mM) for 1 h. In one set of experiments, the comet assay
was performed as described above. Similar experiments
were performed in HL-60/MX2 and CEM/M70-B1
cells. In another set of experiments, the medium was
removed. Cells were washed twice with PBS and fresh
media was added free of drugs. HT-29 cells were
evaluated for apoptosis 4 days later. In these experi-
ments, we used a concentration of 50 nM aclarubicin
because this concentration did not induce apoptosis in
HT-29 cells.

2.7. E�ect of pre-incubation with aclarubicin on the
uptake of [14C] genistein in HT-29 cells

Cells were subcultured into wells (105 cells/ml) and
allowed to assimilate for 1 h. Cells were pre-incubated
with aclarubicin (0.4 mM) for 20 min, then treated with
[14C]genistein (100 mM) for 1 h. The medium was then
removed, and cells were washed twice with ice-cold PBS.
Cells were spun down, washed twice with PBS, and
solubilised with 0.2 M NaOH. They were then analysed
for [14C]genistein uptake using a Beckman liquid scin-
tillation spectrometer.
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Cell count was performed using a Coulter counter
(Coulter Corporation, Miami, FL, USA). Cell cycle
analysis was performed using ¯ow cytometry and pro-
pidium iodide staining as described by Vindelùv and
colleagues [17].

3. Results

3.1. DNA breakage

DNA strand breakage was assessed at 1 and 48 h fol-
lowing treatment with genistein (2±200 mM). Fluor-
escent comets with varying sizes of `tails' were evident
after 1 h when HT-29 cells were treated with 510 mM
genistein. Fig. 1 shows an example DNA strand break-
age with 100 mM genistein. Treatments with 2 and 5 mM
did not show a signi®cant di�erence from untreated
controls, which, for the most part, appeared spherical.
After 48 h of treatment in the presence of 10±30 mM
genistein, there was less DNA breakage than after 1 h
treatment with the same concentrations, indicating that

HT-29 cells can repair the initial DNA breaks induced
by genistein at these concentrations. At higher drug
concentrations, DNA breakage was more extensive
after 48 h when compared with 1 h of treatment. These
results are shown in Fig. 2. DNA breakage by high
concentrations of genistein was also evident in SW-620
and SW-1116 colon cancer cell lines, HL-60 human
leukaemia cell line and ZR75-1 human breast cancer cell
line (not shown).

3.2. Apoptosis

The percentage of apoptotic cells detected by the
acridine orange/ethidium bromide staining technique
after treatment with genistein (60 and 150 mM) for 4
days was evaluated, and the results are shown in Figs. 3
and 4. Apoptosis was not demonstrated in cells treated
with 430 mM genistein. Treatment of HT-29 with 60
mM genistein resulted in 54%�3.5 apoptotic cells,
compared with 94%�1.4 apoptotic cells with 150 mM
genistein treatment. In addition, genistein caused apop-
tosis in SW-620 and SW-1116 cell lines (data not shown).

Fig. 1. DNA strand breakage using the comet assay and evaluated by

¯uorescent microscopy (100�). (a) HT-29 cells treated with 100 mM
genistein for 1 h. The greater the number of DNA breaks, the larger

the comets tails. (b) Untreated HT-29 cells.

Fig. 2. DNA breakage induced by genistein in HT-29 cells at 1 and 48

h. Dose-dependent (510 mM) DNA breaks were detected 1 h after

treatment. Cells treated with 10 and 30 mM genistein showed reduced

levels of DNA breakage at 48 h.

Fig. 3. Apoptosis in HT-29 cells induced by genistein (60 and 150 mm)

and evaluated by the acridine orange/ethidium bromide staining tech-

nique over 4 days.
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3.3. Cell growth

The e�ect of genistein on the growth of HT-29 cells in
vitro was evaluated at di�erent concentrations. Fig. 5
demonstrates the tumoricidal e�ects of 60 and 150 mM
genistein. Interestingly, when cells were grown in the
presence of 30 mM genistein, there was an initial growth
inhibition over the ®rst 2 days. However, cell growth
promotion was evident after 2 days. This growth pro-
motion may be related to the ability to repair DNA
breaks as evidenced by the comet assay (above). Similar
®ndings were obtained in SW-620 and SW-1116 colon
cancer cell lines (data not shown).
Cell proliferation was noted at lower (1±2 mM) genis-

tein treatments. This correlated with an increase in Ki-
67 proliferation antigen immunostaining. Fig. 6 shows
the expression of Ki-67 antigen in HT-29 cells treated
with 9 mM genistein and in untreated cells.

Fig. 4. Apoptosis in HT-29 cells using acridine orange/ethidium bro-

mide staining technique and evaluated by ¯uorescent microscopy

(400�). (a) Control HT-29 cells. (b) Cells treated with 100 mM genis-

tein for 3 days. Apoptotic nuclei appear highly condensed or frag-

mented (arrow).

Fig. 5. The e�ect of genistein (30±150 mM) on the growth of HT-29

cells.

Fig. 6. The expression of Ki-67 proliferation antigen by immunocy-

tochemistry in HT-29 cells. (a) Untreated cells. (b) Cells treated with 2

mM genistein for 3 days. Treated cells display a higher percentage of

staining (brown).
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3.4. Cell cycle analysis

A delay in G2/M became evident in HT-29 cells 3 days
after treatment with 100 mM genistein (Fig. 7). This was
also associated with a sub-G1 apoptotic peak. Also
evaluated were treatments with 2 and 30 mM genistein,
which did not di�er from untreated controls (data not
shown).

3.5. E�ect of pre-incubation with aclarubicin on
genistein- and VP-16-induced DNA breakage and
apoptosis in HT-29 cells

Pre-incubation with aclarubicin (0.4 mM) reduced the
level of DNA breakage induced by both genistein and
VP-16 (Fig. 8a). This reduction was 66.6% for genis-
tein-induced DNA breaks and 58.6% for VP-16-
induced DNA breaks. Pre-incubation with aclarubicin
did not alter the uptake of [14C]genistein into HT-29
cells (data not shown). In the mitoxantrone-resistant
HL-60/MX2 cells, genistein induced a lower level of
DNA breakage than in all other cell lines. Pre-incuba-
tion of these cells with aclarubicin did not alter DNA
cleavage (Fig. 8b). Similar results were obtained with
VP-16. In CEM/M70-B1 cells, genistein induced a lower
level of DNA damage than VP-16. Aclarubicin did not
alter DNA cleavage induced by either drug. Pre-
incubation of HT-29 cells with aclarubicin (50 nM) did
not reduce the percentage of apoptotic cells induced by
either genistein or VP-16 evaluated 96 h following incu-
bation in drug-free culture media (Fig. 8c).
This concentration of aclarubicin did not induce

apoptosis in HT-29 cells. However, apoptosis was evi-

dent when cells were treated with 0.4 mM of aclarubicin.
Both concentrations caused an immediate (within 1 h)
reduction in genistein and VP-16-induced DNA break-
age in HT-29 cells. This reduction was greater when
aclarubicin was used at 0.4 mM. Even at the higher
concentration, aclarubicin did not cause an immediate
increase in DNA breaks.

Fig. 7. Cell cycle analysis by ¯ow cytometry in HT-29 cells. (a)

Untreated cells. (b) Cells treated with 100 mM genistein for 3 days

undergo a G2/M arrest.

Fig. 8. The e�ect of genistein (100 mM) and VP-16 (20 mM) on HT-29

cells with and without pre-incubation with aclarubicin (0.4 mM), eval-

uated using the comet assay on HT-29 cells (a), HL-60/MX2 cells (b)

and CEM/M70-B1 cells (c).
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4. Discussion

We have shown that genistein elicits a concentration-
dependent e�ect on HT-29 colon cancer cells. At low
physiologically relevant concentrations (1±2 mM), gen-
istein caused an increase in cell proliferation as shown
by the immunohistochemical staining for the prolifera-
tion antigen Ki-67. No detectable changes in the level of
DNA cleavage were noted at these concentrations. At
high concentrations (560 mM), genistein caused G2/M
arrest and induced apoptosis. In addition, there was a
signi®cant level of DNA damage caused at high con-
centrations, which increased when evaluated after 48 h.
This is probably the result of internucleosomal DNA
damage and nuclear fragmentation, two hallmarks of
apoptosis. The dual nature of genistein is well docu-
mented in the literature, but has not been previously
evaluated in HT-29 cells. Our results also o�er insight
into the e�ects of genistein (10±30 mM). We have shown
an ability of HT-29 cells to repair genistein-induced
DNA breakage 48 h after treatment. This ability to
repair DNA may explain the cell proliferation that
occurred 72 h following treatment with 30 mM genistein.
Under such conditions, the percentage of cells that
stained for Ki-67 was comparable with untreated con-
trols. The ability of cells to repair DNA damage induced
by various topoisomerase II inhibitors has previously
been described and is not unique to HT-29 cells. It has
been previously reported in human leukaemia (HL-60)
cells [18], human lung adenocarcinoma (A549) [19] and
in Chinese hamster lung ®broblasts (DC3F) [20].
Several mechanisms of action of genistein have been

proposed [3±8]. These include topo II inhibition, inhibi-
tion of tyrosine kinase activity, induction of di�erentia-
tion and inhibition of angiogenesis. In the current study,
we investigated whether genistein induces topo II-medi-
ated DNA damage in HT-29 cells, and if this damage
was required to induce apoptosis. Inhibitors of eukar-
yotic topo II can be categorised into two groups,
depending on the stage of the catalytic cycle they inhibit
[21]. In the ®rst group belong the topo II poisons that
stabilise the covalent enzyme±DNA complex known as
the cleavage complex. VP-16 is a representative topo II
poison and is capable of inducing DNA cleavage. The
second group of agents prevent the formation of cova-
lent enzyme±DNA complexes and enzymatic turnover.
They are referred to as topo II antagonists or catalytic
inhibitors. Aclarubicin belongs to this group. Unlike topo
II poisons, these agents do not induce DNA cleavage.
Using in vitro studies, we and others have shown that

genistein inhibited the activity of DNA topo II and sta-
bilised the cleavable complex [9,22]. In the current
study, we sought to make use of the comet assay to
further delineate the mechanism of action of genistein.
In assays with puri®ed topo II, aclarubicin has been
shown to antagonise topo II-mediated DNA cleavage

induced by VP-16 [23]. In our study, aclarubicin antag-
onised DNA damage induced by both genistein and VP-
16 in HT-29 cells in a similar manner, as determined by
the comet assay. In HL-60/MX2 cells, the level of DNA
cleavage induced by both drugs was lower than in HL-
60 cells (data not shown) and HT-29 cells, and aclar-
ubicin did not antagonise the e�ect of either drug. These
cells have reduced topo IIa levels and no topo IIb [24].
Although CEM/M70-B1 cells have a markedly reduced
level of topo IIa, they have normal topo IIb expression
[25]. Genistein induced a lower level of DNA damage
than VP-16 in this cell line, and aclarubicin did not
antagonise the DNA cleavage induced by either drug.
These observations suggest that topo IIa may be pre-
ferentially targeted by genistein.
Markovits and colleagues [26], based on their obser-

vation that genistein-resistant CEM cell lines contained
normal levels of topo IIa and markedly reduced topo
IIb levels, came to a di�erent conclusion. They sug-
gested that the resistance to genistein in these cells
results from the decreased topo IIb expression that is
also responsible for cross-resistance to topo II inhibitors.
Topo II-mediated DNA breaks in CEM/M70-B1

were markedly reduced in cells treated with genistein
than in those treated with VP-16, indicating that these
two inhibitors target di�erent topo II isoforms. Perrin
and colleagues [27] tested the ability of genistein to dif-
ferentially inhibit the catalytic activity of either topo IIa
or topo IIb using a DNA decatenation assay. Genistein
showed equivalent e�ects on both enzymes. Our data,
deduced from cell culture systems, strongly suggest that
topo IIa is the preferred enzymatic target of genistein,
whereas topo IIb is the preferred enzymatic target of
VP-16.
Our results also suggest that genistein-induced topo

II-mediated DNA breaks are not required for the
induction of apoptosis. Furthermore, pre-incubation
with aclarubicin did not alter the degree of apoptosis
induced by either genistein or VP-16. The process of
apoptosis most likely involves initial drug±target inter-
actions and late nucleosomal fragmentation. The
absence of a temporal relationship between early topo
II±drug interaction and nucleosomal fragmentation is
consistent with previous observations [28,29].
The exact mechanism of action of low concentrations

of genistein in HT-29 cells remains unknown. The pre-
sence of low levels of oestrogen receptors (ER) in colon
cells has been reported [30]. Using two di�erent anti-
bodies against ER, we were unable to detect ER in HT-
29 cells by immunocytochemistry (data not shown). At
these low concentrations, promotion of HT-29 cell
growth has occurred. In addition, there was an
increased percentage of cells that stained positive for the
proliferation antigen Ki-67. These concentrations can
be attainable in the serum of individuals or animals
ingesting diets rich in genistein. Caution should,
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therefore, be exercised when genistein is being con-
sidered as a chemopreventive agent against colon carci-
nogenesis. It is important to evaluate genistein's activity
on di�erent organs or sites.
Our results thus demonstrate the possible use of gen-

istein as a chemotherapeutic agent when introduced at
high concentrations in patients with colon cancer.
Numerous topoisomerase inhibitors are currently being
used or evaluated for the treatment of various malig-
nancies. Genistein's ability to induce apoptosis and
inhibit the growth of colon cancer cells renders it a
possible chemotherapeutic drug for the treatment of
colon cancer, which continues to be a major public
health problem in the United States.

Acknowledgements

We would like to thank Dr William Beck (University
of Illinois at Chicago) for his input in experimental
designs and Mr Kevin Grand®eld for editing the manu-
script. This study was supported by NIH grant
CA62184, T32-CA09432, an Eleanor B. Pillsbury Fel-
lowship, a Cancer Federation grant, and a gift from the
Raymond Cole Foundation.

References

1. Uckun FM, Evans WE, Forsyth CJ, et al. Biotherapy of B-cell

precursor leukemia by targeting genistein to CD19-associated

tyrosine kinases. Science 1995, 267, 886±891.

2. Uckun FM, Narla RK, Jun X, et al. Cytotoxic activity of epi-

dermal growth factor-genistein against breast cancer cells. Clin

Cancer Res 1998, 4, 901±912.

3. Peterson G. Evaluation of the biochemical targets of genistein in

tumor cells. J Nutr 1995, 125(Suppl.), 784S±789S.

4. Fotsis T, Pepper M, Adlercreutz H, et al. Genistein, a dietary-

derived inhibitor of in vitro angiogenesis. Proc Natl Acad Sci

USA 1993, 90, 2690±2694.

5. Murrill WB, Brown NM, Zhang JX, et al. Prepubertal genistein

exposure suppresses mammary cancer and enhances gland di�er-

entiation in rats. Carcinogenesis 1996, 17, 1451±1457.

6. Zava DT, Duwe G. Estrogenic and antiproliferative properties of

genistein and other ¯avonoids in human breast cancer cells in

vitro. Nutr Cancer 1997, 27, 31±40.

7. Hsieh CY, Santell RC, Haslam SZ, Helferich WG. Estrogenic

e�ects of genistein on the growth of estrogen receptor-positive

human breast cancer (MCF-7) cells in vitro and in vivo. Cancer

Res 1998, 58, 3833±3838.

8. Rao CV, Wang CX, Simi B, et al. Enhancement of experimental

colon cancer by genistein. Cancer Res 1997, 57, 3717±3722.

9. Constantinou AI, Kiguchi K, Huberman E. Induction of di�er-

entiation and DNA strand breakage in human HL-60 and K-562

leukemia cells by genistein. Cancer Res 1990, 50, 2618±2624.

10. Constantinou A, Huberman E. Genistein as an inducer of tumor

cell di�erentiation: possible mechanisms of action. Proc Soc Exp

Biol Med 1995, 208, 109±115.

11. Shao ZM, Wu J, Shen ZZ, Barsky Sh. Genistein exerts multiple

suppressive e�ects on human breast carcinoma cells. Cancer Res

1998, 58, 4851±4857.

12. Barnes S, Peterson TG. Biochemical targets of the iso¯avone gen-

istein in tumor cell lines.Proc Soc Exp BiolMed 1995, 208, 103±108.

13. Singh NP, McCoy MT, Tice RR, Schneider EL. A simple tech-

nique for quantitation of low levels of DNA damage in individual

cells. Exp Cell Res 1988, 175, 184±191.

14. Duthie SJ, Ma A, Ross MA, Collins AR. Antioxidant supple-

mentation decreases oxidative DNA damage in human lympho-

cytes. Cancer Res 1996, 56, 1291±1295.

15. Collins AR, Ai-guo M, Duthie SJ. The kinetics of repair of oxi-

dative DNA damage (strand breaks and oxidised pyrimidines) in

human cells. Mut Res 1995, 336, 69±77.

16. Duke RC, Cohen JJ. Morphological and biochemical assays of

apoptosis. In Coligan JE, Kruisbeak AM, eds. Current Protocols

in Immunology. New York, John Wiley & Sons, 1992, 3.17.1.

17. Videlùv LL, Christensen IJ, Nissen NI. A detergent-trypsin

method for the preparation of nuclei for ¯ow cytometric DNA

analysis. Cytometry 1983, 3, 323±327.

18. Bertrand R, Sarang M, Jenkin J, Kerrigan D, Pommier Y. Dif-

ferential induction of secondary DNA fragmentation by topoi-

somerase II inhibitiors in human tumor cell lines with ampli®ed

c-myc expression. Cancer Res 1991, 51, 6280±6285.

19. Long BH, Musial ST, Brattain MG. Single-and double-strand

DNA breakage and repair in human lung adenocarcinoma cells

exposed to etoposide and teniposide. Cancer Res 1985, 45, 3106±

3112.

20. Bertrand R, Kerrigan D, Sarang M, Pommier Y. Cell death

induced by topoisomerase inhibitors: role of calcium in mamma-

lian cells. Biochem Pharmacol 1991, 42, 77±85.

21. Constantinou A, Mehta R, Runyan C, Rao K, Vaughan A, Moor

R. Flavonoids as DNA topoisomerase antagonists and poisons,

structure-activity relationships. J Nat Prod 1995, 58, 217±225.

22. Markovitz J, Linassier C, Fosse P, et al. Inhibitory e�ects of the

tyrosine kinase inhibitor genistein on mammalian DNA topoi-

somerase II. Cancer Res 1989, 49, 5111±5117.

23. Jensen PB, Sùrensen BS, Demant EJ, et al. Antagonistic e�ect of

aclarubicin on the cytotoxicity of etoposide and 40-(9-acridinyla-
mino)methanesulfon-m-anisidide in human small cell lung cancer

cell lines and on topoisomerase II-mediated DNA cleavage. Can-

cer Res 1990, 50, 3311±3316.

24. Harker WG, Slade DL, Parr RL, Feldho� PW, Sullivan DM,

Holguin MH. Alteration in the topoisomerase IIa gene, messen-

ger RNA, and subcellular protein distribution as well as reduced

expression of the DNA topoisomerase IIb enzyme in a mitoxan-

trone-resistant HL-60 human leukaemia cell line. Cancer Res

1995, 55, 1707±1716.

25. Kusumoto H, Rodgers QE, Boege F, Raimondi SC, Beck WT.

Characterization of novel human leukemia cell lines selected for

resistance to merbarone, a catalytic inhibitor of DNA topoi-

somerase II. Cancer Res 1996, 56, 2573±2583.

26. Markovits J, Junqua S, Goldwasser F, et al. Genistein resistance

in human leukaemic CCRF-CEM cells: selection of a diploid cell

line with reduced topoisomerase IIb isoform. Biochem Pharmcol

1995, 50, 177±186.

27. Perrin D, van Hille B, Hill BT. Di�erential sensitivities of

recombinant human topoisomerase IIa and b to various classes

of topoisomerase II-interacting agents. Biochem Pharmcol 1998,

56, 503±507.

28. Ritke MK, Rusnak JM, Lazo JS, et al. Di�erential induction of

etoposide-mediated apoptosis in human leukemia HL-60 and

K562 cells. Mol Pharmacol 1994, 46, 605±611.

29. Beere HM, Chresta C, Hickman JA. Selective inhibition of topoi-

somerase II by ICRF-193 does not support a role for topoisome-

rase II activity in the fragmentation of chromatin during apoptosis

of human leukemia cells.Mol Pharmacol 1996, 49, 842±851.

30. Hendrickse CW, Jones CE, Donovan IA, Neoptolemos JP, Baker

PR. Oestrogen and progesterone receptors in colorectal cancer

and human colonic cancer cell lines. Br J Surg 1993, 80, 636±640.

802 G.I. Salti et al. / European Journal of Cancer 36 (2000) 796±802


