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Evidence suggests that DNA topoisomerases (topos) may be involved in the anticancer and carcinogenic properties
attributed to flavonoids. Using the cell-based assay TARDIS, the dietary flavonoids genijteid(luteolin ) have

been evaluated as topo | and topo Il poisons and catalytic inhibitors in K562 leukemia cells. Both flavonoids induced
topo II=DNA complexes, but they did not induce significant levels of top@NA complexes. Genistein decreased

the topo IFDNA complexes induced by the topo Il poison etoposide, suggestive of a catalytic inhibition of topo I, and
luteolin decreased the tope-DNA complexes induced by the topo | poison camptothecin, indicative of a catalytic
inhibition of topo I. Murine transgenic cells lacking topg Nvere resistant to genistein-induced cell growth inhibition

(XTT assays) and cytotoxicity (clonogenic assay). High levels of tofe-MNA complexes were also observed in

K562 cells exposed to genistein. These data suggest that tBgmsl an important function in genistein-induced cell
growth inhibition and cell death. The possible role of topoisomerases in the putative anticancer and carcinogenic properties
of genistein and luteolin is discussed.

DNA topoisomerases (topos) are essential enzymes that govern Several studies have revealed that specific flavonoids can inhibit
DNA topology. During the normal catalytic cycle of these enzymes, or poison topo | and Il. However, these are mostly in vitro studies
transient enzyme-bridged DNA strand breaks are formed, which and sometimes show contradictory results. For instance, Chd’t al.
allow the enzyme to alter DNA topology; this allows cellular suggested that genistein was a catalytic inhibitor of topo | (relaxation
processes such as replication, transcription, recombination, andassay), but Constantinou et?keported that it was not (relaxation
chromatin remodeling? Topo | and topo Il can be targeted by assay). Flavonoids are abundant in our diet and are also frequent
poisons and catalytic inhibitors. Topo I and topo Il poisons (e.g., components of dietary supplemeitSherefore, it is important to
topotecan and etoposide, respectively) represent a group of clinicallyclarify the effects of these dietary agents on topoisomerases in order
important anticancer drugs. These drugs stabilize the normally to understand their potential anticancer effects and their possible
transient DNA breaks; then cellular processing converts these toxicity.
protein-bridged breaks into permanent strand breaks that trigger
cell death®=®> Topo Il poisons have been suggested to induce
leukemiaf—® Catalytic inhibitors of topoisomerases, on the other
hand, inhibit stages in the catalytic cycle of the enzymes, therefore
preventing the formation of such DNA strand breaks and reducing
the activity/toxicity of topo poisons. For instance, dexrazoxane can
inhibit the catalytic activity of topo Il and has clinical utility for
the prevention of toxicity resulting from topo Il poisohs. Genistein (1) Luteolin (2)

Flavonoids are plant secondary metabolites widely distributed
throughout the plant kingdom and are commonly present in plant-
derived foods. Several dietary flavonoids have shown anticancer
effects in vitro and in animal models of carcinogenesis, and some
have entered clinical trials for the prevention or treatment of specific
cancers%-13 Conversely, several studies have shown that flavonoids
may be toxic and carcinogenic agehtst®

DNA topoisomerases may play a role in the anticancer and - - .
carcinogelgic effects shown l})/ypﬂa)\//onoids. First, the inhibition of cells?5’26Mur|n_e transgenic cell_s lacking topoAiivere thgn used
the catalytic activity of topo Il has been suggested to be an important to assess the |mp.ortance of this enzyme as a cytotoxic target for

; : (}hese two flavonoids.
parameter for the selection of cancer chemopreventive agents, an
some_ﬂgvonoids are con;idered cancer chemopreventive agents ablgagits and Discussion
to inhibit the catalytic activity of topo I}7 Second, topo | and topo o ) ) )
Il poisons are commonly used in cancer chemotherapy, and several Genistein and luteolin were evaluated as topo | poisons in K562

flavonoids have been described as topo poidérid Finally, topo leukemia cells using the TARDIS assay. Control or drug-treated
poisons are known to produce DNA damage-induced toxfcity K562 cells were embedded in agarose on microscope slides. The

and several flavonoids cause topo Il-mediated DNA damage that cells were then lysed to disrupt the cellular membranes and remove
may lead to infant leukemi. soluble proteins. After this, salt extraction was used to remove

nuclear proteins and any noncovalently bound topo | from the DNA
*To whom correspondence should be addressed. Feld 191 222 matrix. Drug-stabilized topeDNA complexes remained and were

8864. Fax: +44 191 222 7424. E-mail: caroline.austin@ncl.ac.uk. detected by staining with isoform-specific antisera followed by an
T Institute for Cell and Molecular Biosciences, University of Newcastle- FITC-conjugated secondary antibody. Digital images of Hoechst

upon-Tyne. . ) o
* Faculty of Pharmacy, University of Seville. (DNA) fluorescence and FITC immunofluorescence (drug-stabilized

§ Northern Institute for Cancer Research, University of Newcastle-upon- tOPO (_:c_)mplexes) were capture(_j, and levels c_)f fluorescence were
Tyne. quantified. To obtain an appropriate concentration range, K562 cells

In the present communication, the topo | and topo Il poison and
catalytic inhibition activity of the common dietary flavonoids
genistein 1) and luteolin R) has been evaluated using a cell-based
immunofluorescence assay. The TARDIS assapped inagarose
DNA immungtaining) uses specific antibodies to DNA topo | or
topo Il to detect the protein covalently bound to the DNA in intact
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Table 1. Evaluation of Genisteinl) and Luteolin 2) as Topo | and Topo Il Poisons in K562 Leukemia Cells Using the TARDIS
Assayt

flavonoid 1Gs50 (uM) control 0.5h 2h 6h 24 h PC
genistein {) 17.56+ 1.3 topo | 0.40+ 0.19 0.96+ 0.16 0.44+ 0.09 0.44+ 0.07 0.18+0.70 11.3%3.79
topo Il —0.09+ 0.17 7.03+4.11 20.40+ 2.91 7.03+ 3.07 12.62+ 6.28 49.35+ 6.28
luteolin (2) 14.65+ 2.3 topo | 0.13+0.25 0.49+ 0.42 0.28+ 0.10 0.51+ 0.27 0.19+ 0.29 6.72+ 0.96
topo Il 0.39+0.43 317+ 1.70 4.08+ 0.92 7.39+ 1.68 5.05+ 0.99 35.47+ 3.97

a2 The 1G5 growth inhibition activity in K562 cells was calculated using the XTT assay follgvarb day drug exposure. Both flavonoids were
evaluated for topo | and topo Il poison activity using the TARDIS assay. The flavonoids were used at the following concentMjiogeristein
(175), luteolin (146); these concentrations are 10 times theirv&lue obtained in the XTT assayrfa 5 day exposure. PC (positive control): the
topo | poison camptothecin was tested agMfor 1 h and the topo Il poison etoposide atA® for 2 h. Values show integrated green fluorescence
(indicating topo poison activity} SEM and have been reduced for simplicity by 10All data are averaged from at least three independent
experiments. The 16 values (XTT assay, 5 day exposure) were also determined for camptothecin{@.@4 «M) and etoposide (0.3Z 0.03
uM). Camptothecin and etoposide induced topodnd |—DNA cleavable complexes, respectively, at concentrations 10 times thgivaie:
camptothecin (control: 0.1% 0.05, 2 h: 2.514+ 1.03, 8 h: 1.58&+ 0.33, 24 h: 1.04+ 0.31), etoposide (control=0.03+ 0.04, 2 h: 13.16+
4.27,8 h: 20.87A 5.02, 24 h: 23.45+ 5.35).

100000+ Table 2. Evaluation of Genisteinl) and Luteolin 2) as

Catalytic Inhibitors of Topo | and Topo Il in K562 Leukemia
Cells Using the TARDIS Assay

1Gs0 (uM)
17.56+ 1.3

flavonoid ICs0+ PC

112+ 3
95+ 3

101Go + PC

148+ 5
67+ 2
99+ 7 52+ 8

133+ 19 85+ 10

aK562 cells were treated with the positive controls (PC) camptoth-
ecin (topo | poison) and etoposide (topo Il poison), alone or in
combination with each flavonoid. Camptothecin was tested atM0
for 1 h and etoposide at 1M for 2 h. The flavonoids were tested for
24 h at the following concentrationgN1): genistein (17 and 175),
luteolin (14 and 146); these concentrations are 1 and 10 times their
ICso value obtained in the XTT assayrfa 5 day exposure. The levels
of topo—DNA cleavable complexes induced by camptothecin and
etoposide were normalized to 100%. The relative levels of-tdpeA
cleavable complexes induced by camptothecin and etoposide in K562
cells pretreated with each flavonoid are shown in Table 2. Data were

t averaged from at least three independent experimers&EM.

genistein 1) topo |
topo Il
topo |

topo Il

50000

luteolin (2) 14.65+ 2.3

Integrated fluorescence

Figure 1. Evaluation of genisteinlj and luteolin ) topo Il poison
activity in K-562 leukemia cells using the TARDIS assay. The plo
illustrates representative individual experiments and shows the
distribution of cleavable complexes in individual cells treated with
175uM genistein, 146:M luteolin, and 3uM etoposide at different
exposure times. These concentrations are 10 times thgivélue
obtained in the XTT assay fa 5 day exposure.

drug-induced topo+ or topo [I-DNA complexes, as standard topo

| and topo Il poisons such as camptothecin and etoposide can induce
topo—DNA complexes at these concentrations. However, we
incubated K562 cells fo2 h with luteolin at higher concentrations
were treated for 5 days with the flavonoids, and theil@lues (30 x ICsp), and we did not observe topo | complexes (results not
were estimated using the XTT assay (Table 1). For the TARDIS shown). The results showed that luteolin induced top®NA
assay, K562 cells were treated for 0.5, 2, 6, and 24 h with the complexes in vitro. In addition, using the cell-based SDS-K
flavonoids, and the levels of topo—DNA complexes were precipitation assay, Chowdhury et al. observed that this flavonoid
evaluated using the TARDIS assay. Untreated cells or cells treatedinduced proteir-DNA complexes in cell§? It is known that drugs
with the topo | poison camptothecin were used as negative andthat are topo poisons in vitro are not always topo poisons in cells.
positive controls, respectively. Three independent experiments wereThe SDS-K precipitation assay is not specific for topoisomerases
carried out for each flavonoid for each exposure time. The results, and does not differentiate between topeDNA complexes and
shown in Table 1, indicate that none of the tested flavonoids induced topo II-DNA complexes. Since luteolin induces topo Il complexes

significant levels of topo+DNA cleavable complexes at any of
the tested exposure times.

K562 cells were then treated for 0.5, 2, 6, and 24 h with genistein
and luteolin, and the levels of topo II-DNA complexes were

in cells (Table 1, Figure 1), it is possible that the teflaNA
complexes found by Chowdhury et#lin cells were with topo Il
and not with topo I.

Catalytic inhibitors of topoisomerases prevent the formation of

evaluated using the TARDIS assay. Untreated cells or cells treatedtopo—DNA complexes induced by topo poisons. Using the TARDIS
with the topo Il poison etoposide were used as negative and positiveassay, the ability of genistein and luteolin to decrease the topo
controls, respectively. The results, represented in Table 1 and Figurel —DNA complexes induced by the topo | poison camptothecin and

1, show that both flavonoids induced tope-DNA complexes in the topo Il poison etoposide was evaluated (Table 2, Figure 2).
K562 leukemia cells. Genistein induced the highest levels of topo The levels of tope-DNA complexes induced by camptothecin and
II-DNA complexes in cells treated for 2 h. Luteolin was ap- etoposide in K562 cells were measured in the presence and absence

proximately 2-3 times less active than genistein and induced the
maximum levels of topo HDNA complexes in cells treated for 6
h.

The topo Il poison activity observed for genistein and luteolin
in K562 cells is in agreement with previous resedre¥:2° The
lack of topo | poison activity of luteolin, however, disagrees with
previous resultd? The concentrations of flavonoids used in our
experiments (10x ICsq) are appropriate for this assay to detect

of each flavonoid. Luteolin decreased the levels of topo | complexes
induced by camptothecin, while genistein did not. Both flavonoids
reduced the levels of topo Il complexes induced by etoposide; the
reductions produced by genistein were greater than those produced
by luteolin.

Since genistein and luteolin showed topo Il poison and/or
inhibition activity, a topo lI-deficient cell line (murine topo/l
—/—) was used to evaluate the importance of this enzyme in the
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Figure 2. Evaluation of genisteinlj topo Il catalytic activity and
luteolin (2) topo | catalytic activity in K-562 leukemia cells using
the TARDIS assay. (A) K562 cells were treated with the topo Il
poison etoposide (1@M, 2 h) in the absence or presence of
genistein (175:«M, 24 h). (B) K562 cells were treated with the
topo | poison camptothecin (1M, 1 h) in the absence or presence
of luteolin (146uM, 24h). Plots show a representative individual
experiment in which the distribution of cleavable complexes in
individual cells can be observed.

growth inhibitory activity of these dietary ageritdNestern blotting
analysis confirmed that topodl—/— cells did not contain any topo
118 as previously reportetl. Topo |5 +/+ and topo I —/— cells
were treated fo4 h with each flavonoid at the concentrations shown
in Figure 3. After treatment, cells were placed in drug-free medium
for 68 h (to complete 3 days to observe effects on cell growth),
and then cell viability was estimated using the XTT assay.
Amsacrine (m-AMSA), a topo Il poison with selectivity for the
topo 118 isoenzymé? was used as a positive control (results not
shown). Figure 3 shows that murine top@ H/— cells treated
with genistein at 100 and 3QMM were resistant to growth inhibition
compared with murine topofl+/+ cells (p < 0.05, paired, two-
tailedt-test), while no significant differences were found for luteolin.

To assess this effect further, clonogenic assays were carried out to

examine the cytotoxicity of genistein on murine topf #/— and
+/+ cells. Both cell lines were treatedrfd h with genistein at 10,
30, 100, and 30Q«M. Figure 3C shows that genistein-induced
cytotoxicity on topo IB —/— cells was markedly lower than in
topo I +/+ cells. For instance, the survival of top@ H-/+ cells
exposed to 10&M genistein was close to 0%, while the survival
of topo 5 —/— cells exposed to 108M genistein (or even 300
uM) was around 50%. There was a 6.4-fold difference in thg IC
for wild-type cells (47uM) and for the knockout cells (300M).
These results agree with a previous report indicating that two
genistein-resistant cell lines derived from CCRF-CEM leukemia
cells had a markedly reduced expression of togh While topo
Iloe was unaffected®

The resistance of cells lacking topgIto genistein suggested
that thef isoform of topo Il was an important drug target for this
flavonoid. The TARDIS assay was used with isoform-specific
antisera to evaluate whether genistein induced tgf@dimplexes
in individual cells. Figure 3D shows that genistein (14, 2 h)
induced higher levels of topodlcomplexes than the positive control
etoposide (1M, 2 h) in K562 cells. Genistein, under the same
experimental conditions, also induced topa domplexes in K562
cells, but the levels of complexes were slightly lower than those
induced by the positive control etoposide (control: 46 170;
genistein: 1355t 402; etoposide: 159% 261). Collectively, our
results suggest that genistein-induced cytotoxicity involves tgpo Il
However, other mechanisms (e.g., topa Ipoisoning) may
contribute to genistein-induced cytotoxicity.
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Figure 3. Evaluation of genistein activity on DNA topoisomerase
I13. Topo I +/+ and topo I —/— cells were treated for 4 h
with luteolin (A) and genistein (B) at different concentrations. After
treatment and drug removal, cells were placed in drug-free medium
to complete 3 days; then the percentage of cell viability in relation
to untreated cells was estimated using the XTT assay. Three
experiments were carried out, and data are expressed assmean
SEM. There was a statistically significant difference (paired, two-
tailedt-test) between the two cell lines for genistein 100 (p =
0.004) and 30«M (p = 0.02). (C) Topo IB +/+ and topo IB

—/— cells were placed in 9 cm plates and treated with genistein
for 4 h. After drug removal, cells were cultured for 9 days and
then cell survival was estimated using the clonogenic assay. Three
experiments were carried out, and data are expressed assmean
SEM. (D) Genistein induction of topo ADNA complexes in
K562 (TARDIS assay). Three independent experiments showed that
the levels of topo | complexes were as follows: control 292

38; etoposide (2 h, 1aM) 3945+ 711; genistein (2 h, 1756M)

12 723+ 4149. The plot shows a representative experiment in
which the distribution of complexes in individual cells can be seen
in a scattergram.
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The present communication shows that the dietary flavonoids plates. After 48 h, drug was added to exponentially growing cells at
genistein and luteolin may have important in vivo effects on DNA appropriate concentrations for 4 h. The clonogenic assay was carried
topoisomerases; this may have relevance to several facets of canceut as described previousiy.

First, topo Il poisons are widely used in cancer chemotherapy, and Antibodies..Anti-topo I po!yclonal antibodies were raised in rgbbits.
genistein is shown here to behave as a topo Il poison that induces8°11 was raised to recombinant human topo 18513 to recombinant
DNA complexes with both topo ¢ and topo IB. Interestingly, it human topo I8 C-terminal fragment andCT to recombinant topo

. . Ila. C-terminal fragment. 18511 detected thasoform specifically,
has been reported that the levels of top6 ¢ain be increased in and 18513 detected thg isoform specifically®® Western blots

human tumors compared with normal tisstié$and that slow- confirmed thataCT detected both isoforms of topo Il (results not
growing tumors contain significant levels of this isoenzythe.  shown). This was the antibody used for all the experiments with topo
Genistein might therefore display anticancer effects in these typesil in which the isoenzyme is not specified. For top a polyclonal
of tumors. Second, topo Il inhibition has been suggested to be human antibody from Topogen (2012) was used. Antibodies were
important in cancer chemopreventibhand Table 2 and Figure  diluted in PBS containing 0.1% Tween 20 and 1% BSA. 18511 (topo
2A show that genistein behaves as a catalytic inhibitor of topo Il 1l®) andaCT (topo Il a+/5) were used at a 1:50 dilution, 18513 (topo
in cells. This activity, however, occurs at relatively high concentra- !l/#) at 1:200, and 2012 (topo ) at 1:1000. For topod| ¢, anda-+f),
tions. Considering the pharmacokinetics of dietary flavonoids in € anti-rabbit FITC-conjugated second antibody (1262), from Sigma,
2 o ) s . was used at 1:200 dilution. For topo I, the goat anti-human FITC-
humans'? we suggest that it is unlikely that genistein or luteolin

S . S conjugated second antibody (F5512), from Sigma, wa ed at 1:50
inhibits the catalytic activity of topo Il and topo | when they are diIuJ[ili)%]. S ibody ( ). fr 9 was us

taken through the diet or supplements. Finally, topo Il-mediated  pyeparation of Slides. The slide preparation method is described
DNA damage may lead to toxic and carcinogenic efféctsand in detail by Willmore et af® Briefly, cells were seeded (8 10* cells/
Table 1 and Figure 1 show that genistein and luteolin induce topo well) into six-well tissue culture plates. These were grown-<a8 h,

Il complexes in cells. The in vivo plasma concentrations of genistein and drug was added to exponentially growing cells at appropriate

after supplementation has been reported to be-8.2M,32 and concentrations. Microscope slides were precoated with agarose, and
the threshold for genistein induction of topo-IDNA-mediated drug-treated or control (untreated) cells were immediately embedded
clastogenicity has been suggested to be within this r&hgais in agarose and spread onto the slide. Slides were then placed in lysis

buffer containing protease inhibitors for 30 min (after this stage slides

example suggests that some flavonoids may exert topo II-medlatedCoulol be stored at20°C in PBS containing 10% glycerol), followed

toxic and carcinogenic effects when !ngested ‘."’lt relatively high by 30 min in 1 M NaCl plus protease inhibitors. Slides were then
concentrations, such as tho_se present in some dietary supplt_ament%vashed three times in PBS (5 min/wash) and exposed to primary
Howevgr, accu_m_ulatlng eyldence_ suggests that consumption Of antisera for 1 to 2 h. Slides were washed three times in PBS containing
flavonoid-containing foods is associated with a reduced cancer risk. 0.1% Tween 20 (PBST) and subsequently exposed far 4 I to a
This suggests that low concentrations of some flavonoids, achiev-secondary antibody (anti-rabbit fluorescein isothiocyanate (FITC)-
able through a diet rich in plant-derived foods, may exert anticancer conjugated secondary antibody, Flaliragment; Sigma) diluted in
effects via topoisomerase-independent mechanisms, e.g., estogeRBST containing 1% w/v BSA. Slides were washed three times in PBST
receptors mediated effects (30 nM:35In brief, evidence suggests ~ followed by an overnight wash in PBS containing protease inhibitors,
that some flavonoids such as genistein or luteolin may produce at4°C. o ) ) )

anticancer effects at concentrations achievable through a diet rich _ Quantitation of Complexes.Slides were stained with Hoechst 33258

: Aari : . _ (10uM in PBS; Sigma Chemical Co.) for 5 min, and cover slips were
In plant-derived f00d$ (submlcromolgr)_through t_opmsomgrase applied and secured. Images of blue (Hoechst-stained DNA) fluores-
independent mechanisms (e.g., antioxidant, antiestrogenic). At

. . . ’ cence and green (FITC-stained covalently bound topo Il) immuno-
higher concentrations (micromolar, noncytotoxic), these agents may1|,grescence were then captured with an epifluorescence microscope

induce topo Il-mediated DNA damage that may produce carcino- attached to a cooled slow scan charge-coupled device camera. For each
genic effects. At high concentrations (micromolar, cytotoxic), these of eight randomly chosen fields of view, images of blue and green
dietary agents may produce cancer chemotherapeutic effects byfluorescence were captured to give a totabdf00 cells/dose for each

inducing topo II-mediated DNA damage. antibody. Images were then analyzed to quantify the levels of Hoechst
) ) (blue) fluorescence and FITC (green) immunofluorescence with Imager
Experimental Section 2 software (Astrocam, Cambridge, UK) based on Visilog 4 (Noesis,

General Experimental Procedures.Human K562 leukemia cells ~ Paris, France). All images were corrected for stray light and camera
were maintained as a suspension culture in RPMI 1640 medium background. Additionally, images were subjected to blue and green
supplemented with 10% fetal bovine serum and penicillin (50 U/mL)/ shade correction to compensate for_vaflatlon in intensity of illumination
streptomycin (5Qug/mL). This cell line was maintained at 375% and nonuniformities in light transmissigh.
CQO,). The murine topo  —/— cell line and the wild-type topo fi
+/+ cell line were grown as monolayers at 3€ in a humidified
atmosphere containing 5% G& These were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum
and penicillin. Cell culture reagents were obtained from Life Technolo-
gies. Genistein, luteolin, etoposide, camptothecin, and m-AMSA were
purchased from Sigma. Stock solutions were prepared in DMSO (except (1) Champoux, J. JAnnu. Re. Biochem.2001, 70, 369-413.
for etoposide, which was in MeOH) and were stored-20 °C. (2) wang, J. CNat. Re.. Mol. Cell Biol. 2002 3, 430-440.

XTT Assay. This is a colorimetric assay that allows the quantitative ~ (3) Fortune, J. M.; Osheroff, Nerog. Nucl. Acid Res. Mol. Bio200Q

determination of cell viability. It is based on the capability of viable 4) 6H%I§§r11_§§220urr. Med. Chem. Anticancer Ager2601, 1, 1—25.

cells to transform the tetrazolium salt XTT into a formazan dye.  (5) Sordet, O.; Khan, Q. A.; Kohn, K. W.; Pommier, Curr. Med.
Exponentially growing cells were seeded ¥210%well in 100 L) Chem. Anticancer Agen003 3, 271-290.

into 96-well plates. Drugs were added to the plates 24 h later. Following  (6) Felix, C. A.Biochim. Biophys. Actd998 140Q 233-255.

the incubation period indicated in figure or table legends, cell viability (7) Felix, C. A.Med. Pediatr. Oncol2001, 36, 525-535.

was quantified using an XTT cell proliferation kit assay (Roche,  (8) Mistry, A. R, Felix, C. A.; Whitmarsh, R. J.; Mason, A.; Reiter, A.;
Mannheim, Germany). After drug exposure, plates were incubated for Cassinat, B.; Parry, A.; Walz, C.; Wiemels, J. L.; Segal, M. R.; Ades,
4 h with XTT before reading them on a Bio-Rad 550 plate reader at '(-:';OBS?”N" CA gﬁgﬁﬁgfghg"cp?ggﬁr’nﬁh J'é'fa'%%eaﬁocg"%?%xéae
450 nm. Cell viability was expressed as a percentage in relation to [ e o o ’

: D. N. Engl. J. Med2005 352 1529-1538.
controls. All data were averaged from at least three independent (g Hoﬂandn%(. F.'T?wugagrd i. V.- Sehested. M.: Jensen. EEIB.

experimentst: SEM. _ ) _ Cancer Res2005 11, 3915-3924.
Clonogenic AssayThe murine topo |8 —/— cell line and the wild- (10) Lopez-Lazaro, MCurr. Med. Chem. Anticancer Agen2902 2,
type topo 15 +/+ cell line were seeded (2.5 1(°/plate) into 9 cm 691-714.

Acknowledgment. This work was supported by a Marie Curie
Individual Fellowship (MCFI-2002-01661), the Leukaemia Research
Fund, BBSRC, and The University of Newcastle.

References and Notes



Cells Lacking DNA Topoisomerase3 |l

(11) Ren, W,; Qiao, Z.; Wang, H.; Zhu, L.; Zhang, Med. Res. Re
2003 23, 519-534.

(12) Manach, C.; Donovan, J. Eree Radical Res2004 38, 771-785.

(13) Roginsky, A. B.; Ujiki, M. B.; Ding, X. Z.; Adrian, T. EIn Vivo
2005 19, 61-67.

(14) strick, R.; Strissel, P. L.; Borgers, S.; Smith, S. L.; Rowley, J. D.
Proc. Natl. Acad. Sci. U.S.£2000 97, 4790-4795.

(15) Galati, G.; O’Brien, P. Jree Radical Biol. Med2004 37, 287—
303.

(16) Rietjens, I. M.; Boersma, M. G.; van der, W. H.; Jeurissen, S. M,;
Schutte, M. E.; Alink, G. MMutat. Res2005 574, 124-138.

(17) Cho, K. H.; Pezzuto, J. M.; Bolton, J. L.; Steele, V. E.; Kelloff, G.
J.; Lee, S. K.; Constantinou, Aur. J. Cancer200Q 36, 2146—
2156.

(18) Yamashita, Y.; Kawada, S.; Nakano,Blochem. Pharmacoll99Q
39, 737-744.

(19) Austin, C. A,; Patel, S.; Ono, K.; Nakane, H.; Fisher, L.Bibchem.

J. 1992 282 883-889.

(20) Constantinou, A.; Mehta, R.; Runyan, C.; Rao, K.; Vaughan, A.;
Moon, R.J. Nat. Prod.1995 58, 217—-225.

(21) Boege, F.; Straub, T.; Kehr, A.; Boesenberg, C.; Christiansen, K.;
Andersen, A.; Jakob, F.; Kohrle, J.Biol. Chem1996 271, 2262
2270.

(22) Chowdhury, A. R.; Sharma, S.; Mandal, S.; Goswami, A.; Mukho-
padhyay, S.; Majumder, H. KBiochem. J2002 366, 653-661.

(23) Mittra, B.; Saha, A.; Chowdhury, A. R.; Pal, C.; Mandal, S;
Mukhopadhyay, S.; Bandyopadhyay, S.; Majumder, HVi¢l. Med.
2000Q 6, 527-541.

(24) Lopez-Lazaro, M.; Martin-Cordero, C.; Toro, M. V.; Ayuso, M. J.
J. Enzyme Inhib. Med. Cher002 17, 25—29.

Journal of Natural Products, 2007, Vol. 70, No. 367

(25) Willmore, E.; Frank, A. J.; Padget, K.; Tilby, M. J.; Austin, C. A.
Mol. Pharmacol.1998 54, 78—85.

(26) Padget, K.; Carr, R.; Pearson, A. D.; Tilby, M. J.; Austin, C. A.
Biochem. PharmacoR00Q 59, 629-638.

(27) Errington, F.; Willmore, E.; Tilby, M. J.; Li, L.; Li, G.; Li, W,;
Baguley, B. C.; Austin, C. AMol. Pharmacol.1999 56, 1309~
1316.

(28) Markovits, J.; Junqua, S.; Goldwasser, F.; Venuat, A. M.; Luccioni,
C.; Beaumatin, J.; Saucier, J. M.; Bernheim, A.; Jacquemin-Sablon,
A. Biochem. Pharmacoll995 50, 177—186.

(29) Turley, H.; Comley, M.; Houlbrook, S.; Nozaki, N.; Kikuchi, A;
Hickson, I. D.; Gatter, K.; Harris, A. LBr. J. Cancer1997, 75,
1340-1346.

(30) Gatto, B.; Leo, ECurr. Med. Chem. Anticancer Agen203 3,
173-185.

(31) Giaccone, G.; Ark-Otte, J.; Scagliotti, G.; Capranico, G.;vand., V;
Rubio, G.; Dalesio, O.; Lopez, R.; Zunino, F.; Walboomers, J.
Biochim. Biophys. Actd995 1264 337—346.

(32) Green, N. S.; Foss, T. R.; Kelly, J. \Rroc. Natl. Acad. Sci. U.S.A.
2005 102, 14545-14550.

(33) Lynch, A.; Harvey, J.; Aylott, M.; Nicholas, E.; Burman, M.; Siddiqui,
A.; Walker, S.; Rees, RMutagenesi003 18, 345-353.

(34) McCarty, M. C.Med. Hypothese2006 66, 1093-1114.

(35) Borras, C.; Gambini, J.; Gomez-Cabrera, M. C.; Sastre, J.; Pallardo,
F. V.; Mann, G. E,; Vina, JFASEB J.2006 20, 2136-2138.

(36) Cowell, I. G.; Willmore, E.; Chalton, D.; Marsh, K. L.; Jazrawi, E.;
Fisher, L. M.; Austin, C. AExp. Cell Res1998 243 232-240.

NP060609Z



