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ABSTRACT

Hoechst dye 33342 (Ho33342), like many other DNA minor groove
binding ligands and its parent compound Hoechst dye 33258 (Ho33258),
nonspecifically inhibits the catalytic activities of many DNA enzymes.
However, both Ho33258 and Ho33342 also specifically interrupt the
breakage/reunion reaction of mammalian DNA topoisomerase I by trap
ping reversible topoisomerase I cleavable complexes. The enhanced mem
brane permeability of Ho33342 over its parent compound Ho3325S has
allowed studies of the cellular action of Ho33342. Our results suggest that
Ho33342 also traps topoisomerase I but not topoisomerase II into revers
ible cleavable complexes in human KB cells. Although Ho33342 shares a
similar mechanism of action with camptothecin, a prototypic topoi
somerase I poison, in trapping topoisomerase I cleavable complexes,
Ho33342 differs from camptothecin in its effect on drug-resistant cells.
Different from camptothecin, Ho33342 was shown to be about 200-fold
less cytotoxic in MDRl-overexpressing human KB VI cells relative to
parental human KB 3-1 cells. Ho33342 is only 5-fold less cytotoxic for
camptothecin-resistant CPT-K5 cells, which expresses a highly camptoth-
ecin-resistant from of topoisomerase I, than for the wild type human

lymphoblast RPMI 8402 cells. Our studies suggest a potential use of
Hoechst 33342 as a new topoisomerase I poison in antitumor chemother
apy.

INTRODUCTION

Camptothecin has been shown to have broad spectrum antitumor
activity against many tumors in animal models (1-4). Recent clinical
studies of camptothecin derivatives CPT-11 and topotecan have also

demonstrated broad spectrum antitumor activity in humans (5). The
mechanism of action of camptothecin has been extensively studied. It
interrupts the breakage/reunion cycle of mammalian DNA topoi
somerase I by trapping a reversible topoisomerase I-DNA cleavable

complex (6, 7). The lactone E ring of camptothecin apparently inter
acts with the enzyme in a stereospecific manner (8-10). The antitumor

and antimicrobial activities of camptothecin are most likely due to the
formation of these cleavable complexes in drug-treated cells and the

processing of these cleavable complexes by the replication machinery
(11-13). Camptothecin, however, is quickly inactivated due to rapid
hydrolysis of its essential lactone ring at neutral pH (8-10). The active

lactone form of camptothecin is stable at lower pH (8). The inactive
hydrolyzed form of camptothecin was used in clinical trials in the
early 1970s (14-16).

Recent studies have shown that a number of DNA minor groove-

binding ligands can also interrupt the breakage/reunion cycle of mam
malian DNA topoisomerase I.3 However, most DNA minor groove-

binding ligands are positively charged and cannot readily enter cells
by passive diffusion. The bisbenzimidazole dyes (Hoechst dyes):
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Ho333424 and Ho33258 (Fig. 1) are two equally potent topoisomerase

I poisons when tested using purified calf thymus DNA topoisomerase
I.3 However, Ho33342, due to the ethoxy substitution on the 4-phenyl

ring of its parent compound Ho33258, has enhanced membrane per
meability and is about two orders of magnitude more cytotoxic than
Ho33258. A large number of protein-DNA cross-links and DNA
strand breaks can be detected in Ho33342- but not Ho33258-treated
cultured cells (17-19). These protein-DNA cross-links disappear upon
brief heating of the drug-treated culture to 65Â°C,3a condition known

to reverse topoisomerase cleavable complexes (7, 20). These results
suggest that topoisomerase cleavable complexes are formed in
Ho33342-treated cells.

In order to show that topoisomerase I rather than topoisomerase II
is the protein linked to chromosomal DNA in Ho33342-treated cells,

we have analyzed the protein by immunoblot analysis. We show that
topoisomerase I but not topoisomerase II is covalently linked to chro
mosomal DNA in Ho33342-treated cells, consistent with results from
studies using purified topoisomerases.3 The similarity in mechanism

of action to camptothecin suggests that Ho33342 is a new topoi
somerase I poison. The parent compound Ho33258, which is two
orders of magnitude less cytotoxic due to its low membrane perme
ability, has been shown to significantly increase the life span of mice
implanted with L1210 leukemia. However, the low potency and high
toxicity has caused termination of clinical trials (21). Additionally, we
report our studies on the effect of Ho33342 on two human drug-
resistant cell lines, MDRl-overexpressing human KB VI cells (22)
and camptothecin-resistant human lymphoblast CPT-K5 cells (23).

Despite the same mode of action in trapping topoisomerase I cleavable
complexes, Ho33342 and camptothecin behave very differently to
ward these drug-resistant cells. Our findings may therefore suggest a

potential development of Ho33342 as a new and more potent topoi
somerase I poison for antitumor chemotherapy.

MATERIALS AND METHODS

Chemicals, Drugs, and Enzymes. Hoechst dyes 33342, 33258, actinomy-

cin D, vinblastine, and verapamil were purchased from Sigma Chemical Co.
Camptothecin lactone (NSC 94600) was obtained from the Drug Synthesis and
Chemistry Branch, Division of Cancer Treatment, National Cancer Institute.
All drugs were dissolved in dimethyl sulfoxide (Sigma Chemical Co.) at a
concentration of either 5 or 10 m.vi and kept frozen in aliquots at -20Â°C.
I25l-Protein A (30 mCi/mg) was purchased from Amersham Corp. Except for

fetal bovine serum, which was obtained from Inovar Biologicals (Gaithersburg,
MD), media and other reagents for tissue culture work were purchased from
Gibco (Grand Island, NY). HeLa cell DNA topoisomerase I was purified
according to the published procedure with slight modifications (24).

Cell Lines. The drug-sensitive human epidermoid carcinoma KB 3-1 cell
line and its vinblastine-selected multidrug-resistant variant KB VI cells (22)

were kindly provided to us by Dr. Michael M. Gottesman (National Cancer
Institute). The cell line KB VI was isolated from KB 3-1 by stepwise selection

4 The abbreviations used are: Ho33342. 2'-5'-bi-l//-benzimidazole,2',(4-ethoxyphe-

nyl)-5-(4-methyl-l-piperazinyl), trichloride: Ho33258. 2-(2-(4-hydroxyphenyl)-6-benz-
imidazoyl]-6-(l-methyl-4-piperazyl)benzimidazole, trichloride; MDR. multidrug resis
tance; CPT-11. (4j)-4,l l-diethyl-4-hydroxy-9-[(4-piperidinopiperidino)carbonyIoxy]-

dione hydrochloride trihydrate; SDS, sodium dodecyl sulfate; IC^o, dose producing 50%
cytotoxicity.
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Hoechst 33342 R = OCH2CH3
Hoechst 33258 R = OH (Pibenzimol)

Fig. 1. Chemical structures of Hoechst 33342 and 33258.

with increasing vinblastine concentrations (22). Previous studies (25) have
shown that KB VI cells are 210 times more resistant to vinblastine and 420
times more resistant to Adriamycin than KB 3-1 cells. Human colon adeno-

carcinoma SW 620 cells were obtained from the American Type Culture
Collection (Rockville, MD). These cells were grown as monolayer cultures at
37Â°Cin 5% CO2 and maintained by regular passage in Dulbecco's minimal

essential medium supplemented with 10% heat-inactivated fetal bovine serum,
L-glutamine (2 ITIM),penicillin (100 units/ml), and streptomycin (100 ug/ml).

KB VI cells were maintained in the presence of I ug/ml vinblastine. Human
lymphoblast RPMI 8402 cells and their camptothecin-resistant variant CPT-K5

cells (23) were kindly provided by Dr. Toshiwo Andoh (Aichi Cancer Center
Research Institute, Nagoya, Japan). The RPMI 8402 and CPT-K5 cells were
grown in suspension at 37Â°Cin 5% CO2 and maintained by regular passage in

RPMI medium supplemented with 10<7rheat-inactivated fetal bovine serum,

L-glutamine (2 m.M).penicillin (100 units/ml), and streptomycin (100 ug/ml).

Topoisomerase I Relaxation Assay. The relaxation assay was done as
described previously (24). Briefly, each reaction (20 ul) contained a mixture of
relaxed and supercoiled YEpG5 DNA (150 ng each), 10 units of HeLa DNA
topoisomerase I, and drugs. Following an incubation at 37Â°Cfor 30 min, the

reactions were terminated by the addition of 5 ul of a prewarmed stop solution
(5% Sarkosyl, 25% sucrose, 50 m.MEDTA, and 0.05 mg/ml bromphenol blue).
DNA samples were then analyzed by using a 1% agarose gel in TPE (0.08 M
Tris-phosphate, 0.008 M EDTA, pH 8.0 buffer).

Topoisomerase I Cleavage Assay. DNA topoisomerase I cleavage assays
were done as described previously (6). Briefly, YEpG DNA was linearized with
BiimHl and then 3'-end-labeled with Klenow polymerase and (a-'2P]dCTP.

Following phenol extraction and ethanol precipitation, the labeled DNA was
resuspended in IO min Tris, pH 8.0, and 1 ITIMEDTA. The DNA cleavage assay
was done in a reaction (20 ul) containing 40 ITIMTris-HCl, pH 7.8, 150 HIM

KC1, 10 BIMMgCK, 0.5 m.Mdithiothreitol, 0.5 ITIMEDTA, 30 ug/ml bovine
serum albumin. 20 ng of labeled YEpG DNA, and 5 ng of human DNA
topoisomerase I. Following incubation at 23Â°Cfor 15 min, the reactions were

terminated by the addition of SDS (final concentration 1%) and proteinase K
(final concentration 200 ug/ml). Proteinase K treatment continued at 37Â°Cfor

another 1 h. The terminated reactions were either alkali denatured and then
loaded (6) or loaded directed (with the addition of sucrose and bromphenol
blue) onto a 1.0% agarose gel in neutral 0.08 MTris-phosphate, 0.008 MEDTA,

pH 8.0 buffer. Gel drying and autoradiography were done as described (6).
Winding/Unwinding Measurement of Ligand Binding to DNA. The

ability of drug to bind to DNA was assayed by monitoring the winding or
unwinding effect of the drug on plasmid DNA in the presence of topoisomerase
I. Reaction mixtures (32 ul each) containing 50 ITIMTris-HCl. pH 7.5, 100 ITIM

KC1, 10 HIMMgCl2, 0.5 mM dithiothreitol, 0.5 ITIMEDTA, 30 ug/ml acetylated
bovine serum albumin, 240 ng each of relaxed and supercoiled pC15 DNA [a
1.8-kiIobase EcoRl fragment of human DNA topoisomerase II complementary

DNA inserted into the EcoRl site of a Bluescript vector SK( + )], and the
indicated concentration of drug or dimethyl sulfoxide, were incubated at 37Â°C

for 60 min. Two hundred units of calf thymus topoisomerase I were then added
to each reaction, followed by further incubation at 37Â°Cfor 15 min. SDS and

EDTA (1% and 55 mM, final concentrations, respectively) were added to stop

the reactions. The reactions were phenol extracted, chloroform extracted, and
then analyzed by electrophoresis in 1.0% agarose gel.

Cytotoxicity Assay. The cytotoxicity of various drugs was determined by
counting cells at the end of the fourth or fifth day of continuous drug exposure
as described previously (26). Briefly, duplicate aliquots of 2-A x IO4 cells

were exposed to different concentrations of drugs in the absence or presence of
verapamil for 4 or 5 days before cell numbers were determined by using a
Coulter Counter (Coulter Electronics, Inc.). The results were plotted and the
ICjo was measured.

Immunoblot Analysis. Equivalent numbers of human KB 3-1 and KB VI

cells were treated with 100 UMHoechst 33342 for 3 h before lysing with 2x
SDS gel sample buffer. Proteins from cell lysates (5 x IO5 cells/lane) were

separated by electrophoresis in a 10% SDS-polyacrylamide gel and electrob-

lotted onto nitrocellulose filters. Topoisomerase I and topoisomerase II bands
were detected by immunoblotting the filters with a mixture of rabbit antisera
against human DNA topoisomerase I and recombinant human DNA topoi
somerase II (27).

RESULTS

Ho33342 Inhibits Catalytic Activity of Mammalian DNA Topoi
somerase I. Like camptothecin, both Ho33258 and Ho33342
strongly inhibit the catalytic activity of topoisomerase I (Fig. 2).
However, at least part of this inhibition is nonspecific. Many enzymes
tested, including calf thymus DNA topoisomerase II and restriction
enzymes, were also strongly inhibited by these Hoechst dyes but not
by camptothecin. This nonspecific inhibitory effect of Ho33258 and
Ho33342 is most likely due to their strong binding to DNA which
abolishes access of the enzyme to the DNA template. The nonspecific
inhibitory effect of a number of DNA minor groove-binding agents on

mammalian DNA topoisomerase I and II have been described (re
viewed in Ref. 28).

Ho33342 has been shown to interrupt the breakage/reunion reaction
of mammalian DNA topoisomerase I by stabilizing topoisomerase I
cleavable complexes.3 This mechanism of inhibition appears to be
analogous to that of camptothecin.3 To further characterize this inhi

bition mechanism, we have tested several properties of the strand
breaks. First, we show that the breaks generated are primarily single-

5 YEpG. the plasmid YEpG has the regulated yeast GALI promoter inserted between
the Bam\\\ and Sal\ sites of the tetracycline-resistance gene of YEP24; pHDR5. the
complementary DNA 5A (Â£Â«>RI- fcoRI. 1383 base pairs) of human MDR1 was

subcloned into EcoRl she of pGEM4 (Promega Biolec).

axed â€”¿�

supercoiled â€”¿�

Fig. 2. Inhibition of topoisomerase I relaxation activity by Ho33258 and Ho33342. The
relaxation assay was done as described previously (25). Briefly, each reaction (20 ul) in
the same reaction buffer as described for the cleavage assay (see "Materials and Methods" )

contained a mixture of relaxed and supercoiled YEpG DNA (150 ng each), and 10 units
of HeLa DNA topoisomerase I. Incubation was done at 37Â°Cfur 30 min. A mixture of

relaxed and supercoiled DNA is necessary in this assay since Ho33258 and Ho33342
unwind DNA at higher concentrations (see text). The presence of both supercoiled and
relaxed DNA as the reaction products at higher concentrations of Ho33258 and Ho33342
indicates true enzyme inhibition.
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Fig. 3. Ho33342 and Ho33258 induce reversible single-strand DNA breaks in the
presence of mammalian DNA topoisomerase I. The DNA cleavage assay was done as
described in "Materials and Methods." All reaction products except for Lanes A-E were

alkali denatured prior to loading onto a neutral agarose gel. Lane A, DNA control, no
enzyme. Lane B, 5 ng of human DNA topoisomerase I. Lane C, topoisomerase I plus 0.1
UMcamptothecin. Lane D, topoisomerase 1 plus O.I MMHo33258. Lane E, topoisomerase
I plus 0.1 UMHo33342. Lanes F-J. same as Lanes A-E. respectively, except that the
terminated reactions were alkali denatured prior to loading on to the neutral agarose gel
(6). Lanes K-N. same as Lanes C-J. respectively, except that the preincubated reactions
were challenged with 2 Mgof an unlabeled plasmid DNA (pHDRS'l for 15 min al 37Â°C

prior to termination of the reaction. The positions of double-stranded and single-stranded
8.4-kilobase YEpG DNA are labeled, a. h, c. and d mark the major cleavage bands due to

Ho33342 and Ho33258.

strand breaks (Fig. 3). When the reactions containing topoisomerase I
and either Ho33258 or Ho33342 were denatured with alkali prior to
loading onto a neutral agarose gel, several specific DNA fragments
were produced, consistent with the previous report (Fig. 3, Lanes I and
J). However, if the reactions were loaded onto a neutral agarose gel
without prior alkali denaturation, no DNA fragments were detectable
(Fig. 3, Lanes D and Â£), suggesting that only single-strand DNA

breaks were generated. Second, the reversibility of the breaks was also
tested by challenging the preincubated reaction with an excess of
unlabeled DNA. No single-strand DNA fragments were observed after

the preincubated reaction was challenged with excess unlabeled DNA
(Fig. 3, Lanes M and N). As controls, camptothecin was also tested
under identical conditions. Like Ho33342 and Ho33258, camptothe
cin induced primarily single-strand DNA breaks (Fig. 3; compare

Lanes C and H). Challenging a preincubated reaction containing
topoisomerase I and camptothecin with an excess of unlabeled DNA
also abolished DNA breakage (Fig. 3; compare Lanes H and L). These
results are consistent with the notion that Ho33342 interrupts the
breakage/reunion reaction of DNA topoisomerase 1 by stabilizing a
reversible "cleavable complex."3

Previous studies have shown that among a number of DNA minor
groove-binding ligands, Ho33342 and Ho33258, are two of the most
effective DNA topoisomerase I poisons.1 Netropsin, being a strong

DNA minor groove-binding ligand, is ineffective in trapping mam
malian topoisomerase I cleavable complexes.3 The higher efficiency

of Ho33342 and Ho33258 in trapping topoisomerase I cleavable com
plexes is not understood. In principle, this higher potency could be due
to qualitative differences in drug-DNA, drug-enzyme, or drug-en-
zyme-DNA interactions. Since Ho33342 and Ho33258 do not bind
DNA with much higher affinity than other DNA minor groove-binding

ligands, we decided to investigate the mode of interaction between
drug and DNA by using a winding/unwinding assay. In this experi
ment, mixtures of relaxed and negatively supercoiled plasmid DNA
were used to bind various ligands in the presence of eukaryotic DNA
topoisomerase I. The DNA winding and/or unwinding properties of a
ligand can be deduced from the linking number of the plasmid DNA
at equilibrium with drug and topoisomerase I. As shown in Fig. 4B. at
25 UM, both Ho33258 and Ho33342 reduced the mobility of the
topoisomers. However, at 125 UM,both Ho33258 and Ho33342 in
creased the mobility of the topoisomers. Since fully relaxed topoiso
mers in the topoisomerase reaction electrophoresed as positively su
percoiled topoisomers under these electrophoresis conditions, these
results suggest that Ho33258 and Ho33342 unwind the DNA double
helix upon binding. As controls. Adriamycin, a strong DNA interca-

lator which is known to unwind DNA upon binding; and netropsin, a
DNA minor groove-binding ligand which is known to wind (not

unwind) DNA upon binding, were included in the measurement. Like
Ho33258 and Ho33342, Adriamycin caused an upward shift of the
topoisomers at 1.0 UMwhich was followed by a downward shift above
5.0 |OM(Fig. 4B). Netropsin, on the other hand, caused a downward

A.
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iupÂ«rcolted â€”¿�
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Fig. 4. Determination of the winding/unwinding effect of DNA minor groove-binding
ligands. The winding/unwinding assay was carried out as described in "Materials and
Methods." The concentrations of various drugs are marked in the figure. Following

phenol/chloroform extraction, the reactions were divided in half and analyzed by gel
electrophoresis under the following electrophoresis conditions: A. 1% agarose, IX TBE
electrophoresis buffer supplemented with 7 IHMMgCI2, electrophoresed at 4Â°Cfor 16 h

at 4 V/cm. B, 1% agarose, IX TBE electrophoresis buffer, electrophoresed at room
temperature for 16 h at 1.5 V/cm.
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KB 3-1 KB V1

Topo II â€”¿�

Topo I

H033342 0 100 0 100 (UM)
Fig. 5. Ho33342 specifically depletes cellular human DNA topoisomerase I hut not

topoisomerase II from human KB 3-1 cells. Immunoblot analysis of Ho33342-treatedcell
lysates was performed as described in "Materials and Methods." This analysis has been

repeated 3 times, and a representative experiment is shown. A M, 170,000 band, marked
TupoII. and a M, KX).(XX)hand, marked TopoI. are detected by the mixed antibodies. One
r/cdimethyl sulfoxtde was used in both drug-treated and untreated cells.

shift of topoisomers without an upward shift at lower concentrations
(Fig. 4ÃŸ).To confirm that Ho33258 and Ho33342 unwind DNA upon
binding, the same samples as shown in Fig. 4B were also analyzed
with the use of different electrophoresis conditions; electrophoresis
was carried out at 4Â°Crather than at room temperature in the same

TPE buffer but supplemented with 7 mm MgCU. Fully relaxed (in the
topoisomerase reaction) topoisomers migrated as negatively rather
than positively supercoiled topoisomers under these new electro
phoresis conditions. The winding effect of netropsin is evidenced by
an upward shift of topoisomers (Fig. 4/4; compare 1.0 and 5.0 UM
netropsin lanes). Similarly, the unwinding effect of Ho33258 and
Ho33342 is confirmed by the downward shift of the topoisomers
without an upward shift with increasing concentrations (Fig. 4A,
Ho33258 and Ho33342). The striking difference among various DNA
minor groove-binding ligands may indicate a qualitative difference in

their interaction with DNA. It is not known whether this difference is
responsible for the higher potency of Ho33258 and Ho33342 in trap
ping topoisomerase I cleavable complexes. Our results also suggest
that these. Hoechst dyes may have an intercalative mode of DNA
binding in addition to DNA minor groove binding.

Ho33342 Stimulates Covalent Linking of Topoisomerase I but
not Topoisomerase II to Chromosomal DNA. Ho33342 has been
shown to stimulate the formation of protein-DNA cross-links in cul
tured human KB cells. The protein-DNA cross-links can be com
pletely abolished by brief heating of Ho33342-treated cells to 65Â°Cfor
10 min.3 These results suggest possible involvement of a topoi-

somerase(s) in forming reversible cleavable complexes in Ho33342-

treated cells (10, 29). One simple way to identify the topoisomerase
involved in this process is to measure the residual level of free (un-
cross-linked to DNA) topoisomerase in drug-treated cells by immu-

noblot analysis (7. 20). This method has been successfully applied to
identify the cellular target of camptothecin (7). Human KB 3-1 and

KB VI cells were treated with Ho33342 for 3 h and total cell lysates
were analyzed by SDS-polyacrylamide gel electrophoresis. Immuno

blot analysis of the lysates was done by using a mixture of rabbit
antisera against human DNA topoisomerase I and calf thymus DNA
topoisomerase II (Fig. 5). Free topoisomerase II levels remained un
changed in both KB 3-1 and KB VI cells following Ho33342 treat

ment. The free topoisomerase I levels also remained unchanged in KB
VI cells following Ho33342 treatment. However, the free topoi
somerase I level in Ho33342-treated KB 3-1 cells was reduced by

40%. This result suggests that topoisomerase I but not topoisomerase
II is the cellular target of Ho33342. The absence of a change in the
free topoisomerase I level in Ho33342-treated KB VI cells could be

due to the effect of MDR1 overexpression which reduced cellular
accumulation of Ho33342 (see below).

MDR1 Reduces Ho33342 Cytotoxicity. The impressive antitumor
activity of camptothecin against colon tumor xenografts has been
attributed in pan to the ability of camptothecin to overcome MDR1-

mediated resistance (26). To test whether Ho33342 can also overcome
MDR1-mediated resistance, the cytotoxicity of Ho33342 in drug-
sensitive human KB 3-1 cells and MDRl-overexpressing KB VI cells

was measured. KB VI cells were selected for their high levels of
resistance (210-fold) to vinblastine and were shown to overexpress
MDR1 (320-fold) (25). Ho33342 (IC50 = 9 nw) is 200-fold more
potent than Ho33258 (IC5(, = 2.1 JIM)against human KB 3-1 cells

(Table 1), consistent with increased cellular uptake of Ho33342 rel
ative to Ho33258 (30). Ho33342 is about 222-fold less cytotoxic for
human KB V1 than for human KB 3-1 cells. Cotreatment of Ho33342
with a known MDR1-reversing agent, verapamil increased Ho33342
cytotoxicity 10-fold for KB VI cells (Table 1). Ho33258, however, is
only marginally sensitive to MDR1 overexpression (3.8-fold relative

resistance). The strong MDR1 sensitivity of Ho33342 contrasts the
total lack of MDR1 sensitivity of camptothecin (26).

Ho33342 was also tested against a human colon tumor cell line SW
620 which is known to express a modest level of MDR1 (31). Again,
Ho33342 (IC5(, = 55 nM) is about 64-fold more cytotoxic against
SW620 than Hoechst 33258 (IC50 = 3500 nM) (Table 2). Cotreatment
with the MDR 1-reversing agent, verapamil, caused a 2.7-fold increase

in Ho33342 cytotoxicity, consistent with the modest expression of
MDR1 in SW 620 cells. Cotreatment with verapamil did not increase
the cytotoxicity of Ho33258 in SW620 (Table 2).

Camptothecin-resistant Human Lymphoblast Cells Are Mini
mally Resistant to Ho33342. The cell line CPT-K5 was derived from
human lymphobast RPMI 8402 by selecting for its resistance to CPT-

11, a prodrug which can be metabolized to its active form SN38 (23,
32). CPT-K5 expresses a camptothecin-resistant form of topoi
somerase I and is greater than 400-fold resistant to camptothecin

Table l Hoechst 33342 is a potent cvtotoxic agent for human KB 3-1 epiJermoid
carcinoma cells, hut not their MDRI-overexpressing KB VI variant*

1C,,,"

KB 3-1 cells KB VI cells
Relative

resistance'1Drugs [~!vp( [+]vp [-)vp l+]vp resistant

Hoechst 33342 (nM) 9.0 Â±0.4'' 9.0 Â±0.5 2000 Â±300 200 Â±20 222x
Hoechst 33258 (UM) 2.1 Â±0.1 2.1 Â±0.1 8.0 Â±0.3 2.5 Â±0.5 3.8x

" Cytotoxicity of Hoechst 33342 and Hoechst 33258 in KB 3-1 and KB VI cells was
determined at the end of 5-day continuous drug exposure as described in "Materials and
Methods."

'' Relative resistance = IC50for KB VI cells ([-] vp)/IC,0 for KB 3-1 cells ([-] vp).
'' vp = 10 UMverapamil; 10 uM verapamil is cytotoxic to neither KB 3-1 nor KB VI

cells under our assay condition (data not shown).
'' Mean Â±SE from two independent experiments.

Table 2 Verapamil potentiates the cytotoxicity of Hoechst 33342 against human
colon cancer SW 620 cells

DrugsHoechst

33342
Hoechst 33258IC5â€ž

<nM)"(-)

20 UMverapamil''55

Â±Se

3500 Â±500(+)20

UMverapamil20

Â±2
3300 Â±300

" Cytotoxicity of both compounds in SW 620 cells was determined at the end of a
4-day continuous drug exposure as described in "Materials and Methods."

h Verapamil (20 UM)is cytotoxic to neither KB 3-1 nor KBV1 cells under our assay

condition (data not shown).
' Mean Â±SE from two independent experiments.
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Table 3 Hoechst 33342 is a potent cytotoxic agent for both human lymphoblast
RPMI 8402 and its camptothecin-resixtant variant CPT-K5 cells

DrugsCamptothecin

Hoechst 33342
Actinomycin D1CParental

RPMI 8402cells4.0

Â±0.5*

75 Â±5
1050 Â±505o(nM)aCamptothecin-resistant

CPT-K5cells>

10000
400 Â±10

1850 Â±50
" Cytotoxicity of various drugs in RPMI 8402 and CPT-K5 cells was determined at the

end of a 4-day continuous drug exposure as described in "Materials and Methods."

Mean Â±SE from two independent experiments.

relative to the parental line (32). The higher fold resistance to camp-
tothecin shown in our data (2500-fold in Table 3) may due to the
different cytotoxicity assay used. Surprisingly, CPT-K5 shows only a
5-fold resistance to Ho33342 relative to the parental line (Table 3).

DISCUSSION

Like many other DNA minor groove-binding ligands, Ho33258 and
Ho33342 are DNA minor groove-binding ligands which have strong
A+T sequence specificity (33) and induce highly specific protein-
linked, single-strand DNA breaks on DNA in the presence of mam
malian DNA topoisomerase I.3 Several other DNA minor groove-

binding drugs, such as distamycin, berenil, and netropsin, which are
equally strong in their interaction with DNA, induce much less topoi
somerase I-linked DNA breaks under the same conditions.3 These

DNA minor groove-binding ligands do not stimulate mammalian
DNA topoisomerase II-mediated DNA cleavage.3 Most of the drugs

which stimulate mammalian DNA topoisomerase II-mediated DNA

cleavage are DNA intercalators (34). Although there are exceptions
(e.g., actinomycin D, an intercalator with a DNA minor groove-

binding mode through the peptide chain, induces both topoisomerase
I- and topoisomerase II-mediated DNA strand breaks), the striking

dichotomy in the mode of DNA binding for topoisomerase I and
topoisomerase II poisons may imply fundamental mechanistic differ
ences in forming the enzyme-drug-DNA ternary complex.

Due to its strongly enhanced fluorescence upon DNA binding,
Ho33342 has been used extensively for flow cytometry as a "viable"

stain (35). Our findings that Ho33342 traps large numbers of topoi
somerase I cleavable complexes in cells and is cytotoxic suggest
potential complications, especially for S-phase cells, in using

Ho33342 as a viable stain. Topoisomerase I cleavable complexes have
been shown to cause cell death, G2 arrest, and other cellular responses
commonly associated with DNA-damaging agents (36). Our results

show that Ho33342 is strongly cytotoxic to human KB cells and to a
lesser extent human colon tumor SW 620 cells. The IC50 (9 nM) of
Ho33342 in human KB cells is comparable to that of camptothecin,
consistent with the similar levels of topoisomerase I cleavable com
plexes trapped by these drugs in human KB cells.3 The striking

similarity between Ho33342 and camptothecin in their mechanism of
topoisomerase I inhibition suggests the potential use of Ho33342 and
possibly other DNA minor groove-binding drugs for antitumor and

antimicrobial chemotherapies.
Like many DNA minor groove-binding ligands, Ho33258 and

Ho33342 are highly positively charged and their passive diffusion
across the cellular membrane is expectedly slow. Ho33342, being
equally potent in trapping topoisomerase I cleavable complexes in the
purified enzyme system as Ho33258, is about two orders of magnitude
more cytotoxic in human KB cells than Ho33258. The higher cyto
toxicity of Ho33342 can be explained by its higher lipophilicity which
is one of the crucial determinants for passive diffusion across the
cellular membrane. This interpretation is also consistent with the

much higher levels of protein-DNA cross-links, which reflect topoi
somerase I cleavable complexes, in Ho33342-treated cells.

Ho33342 is only slightly (4-fold) more cytotoxic than Ho33258 in
MDRl-overexpressing human KB VI cells. This is due to the pref

erential sensitivity of Ho33342 to MDR1. There are at least two
possible explanations for the stronger sensitivity of Ho33342 to
MDR1. First, hydrophobicity may be crucial for drug-MDRl interac

tion (37). Ho33342, being more hydrophobic than Ho33258, is rapidly
effluxed by MDR1 pump. Ho33258, being less hydrophobic, cannot
be efficiently recognized by the MDR1 pump. Second, Ho33258 may
be cytotoxic without entering cells. For example, Ho33258 may be
cytotoxic by interacting with the cellular membrane as has been pro
posed for Adriamycin (38). We favor the first explanation.

CPT-K5 is one of the clonal isolates derived from unmutagenized

human acute lympholastic leukemia cells selected for resistance to
CPT-11 (23). CPT-K5 is about 400-fold more resistant to camptoth

ecin than its parental line and is known to express a mutant topoi
somerase I enzyme which is about 125-fold more resistant to camp

tothecin than wild type topoisomerase I (32). It is interesting that
CPT-K5 is only about 5-fold more resistant to Ho33342 than its

parental cells. There are several possible explanations. Since there is
3.8-fold decrease of topoisomerase I content in CPT-K5 cells (32), one

conceivable explanation is that the site of mutation of topoisomerase
I (39) only affects the camptothecin-topoisomerase I interaction but
not the Ho33342-topoisomerase I interaction. The 5-fold cross-resis

tance to Ho33342 may therefore simply reflect the lower amount of
drug target available in CPT-K5 cells. This possibility can be tested by

using purified enzyme from the mutant cell line. The second possi
bility is that Ho33342 has more than one mechanism of cell killing.
However, our results suggest that topoisomerase I targeting is the
primary mechanism of cell killing by Ho33342. The identification of
Ho33342 as a new potent topoisomerase I poison may suggest poten
tial application of this drug for antitumor chemotherapy. The sensi
tivity of this drug to MDR1 and its high potency against camptothe-
cin-resistant cells may suggest a different spectrum of antitumor

activity than that of camptothecin and its potential use in treating
camptothecin-resistant tumors.
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