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ABSTRACT

ED-110 is a new semisynthetic Â¡nitiiunior agent derived from a novel
indolocarbazole antibiotic, BE-13793C, produced by an actinomycete. ED-
110 induced topoisomerase I-mediated DNA cleavage in vitro as strongly as
camptothecin, whereas topoisomerase II-mediated DNA cleavage was not
induced by this agent. Exposure of P388 cells to ED-110 caused a typical

topoisomerase toxicity, i.e.: formation of cleavable complexes; inhibition
of nucleotide synthesis rather than protein synthesis; and cell cycle arrest
in (.,. ED-110 inhibited the growth of P388 cells, with a 50% growth-
inhibitory concentration of 44 mi. ED-110 is distinguished from camp

tothecin by its very different structure and its ability to intercalate into
double-stranded DNA. These results suggest that ED-110 has potential as

a novel antitumor agent targeting topoisomerase I.

INTRODUCTION

DNA topoisomerases are enzymes that regulate the superhelical
density of DNA by transiently breaking and rejoining DNA strands.
They are essential in nucleic acid metabolism including DNA repli
cation, RNA transcription, and chromosomal segregation in mamma
lian cells (1) and have also been proposed as intracellular targets for
cancer chemotherapy (2). While there are many potent antitumor
agents which target topoisomerase II (VP-16,2 teniposide, m-AMSA,

Adriamycin, etc.), a few agents have been found that target topoi
somerase I (CPT and its derivatives).

In an attempt to discover new antitumor agents which target topoi
somerases, we screened culture supernatants of Actinomycetes and
isolated a novel indolocarbazole antibiotic, BE-13793C (3). Although
BE-13793C showed topoisomerase-inhibiting activity and good anti-

tumor activity in Ehrlich ascites tumor cells, its low solubility in water
hampered further evaluation. Therefore, we synthesized a glucosyl
derivative of BE-13793C, ED-110, which showed improved water
solubility and greater cytotoxicity than BE-I3793C. We found that
ED-110 induces topoisomerase I-dependent single-stranded DNA
cleavage and that ED-110 functions as a topoisomerase poison in
proliferating cells. In this paper, we describe the effects of ED-110 on

purified topoisomerases I and II, its direct interaction with DNA, and
its cytotoxic effects against P388 mouse leukemia cells.

MATERIALS AND METHODS

Cells and Enzymes. Adriamycin-resistant murine leukemia cells (P388/
ADM), vincristine-resistant cells (P388/VCR). and their parental (P388/S)

cells were kindly provided by Professor T. Tsuruo, University of Tokyo. These
cells were cultured in RPMI 1640 containing 10% fetal bovine serum and 20
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UM2-mercaptoethanol at 37Â°C.P388/VCR cells have been reported to over

produce P-glycoprotein (4).

Topoisomerases I and II were purified from P388/S mouse leukemia cells
according to the method described previously (5). The purity of each enzyme
was 47% for topoisomerase I (M, 92.000) and 55% for topoisomerase II (M,
170.000/180,000) assessed by silver staining in SDS-polyacrylamide gel. One

unit of enzyme was defined as the activity that completely relaxes 0.4 |jg of
supercoiled pBR322 DNA. Contamination of topoisomerase I was not detected
in 100 units of topoisomerase II by a relaxation assay without ATP.

Reagents. Camptothecin (NSC 94600) was kindly supplied by Dr. M.
Suffness, National Cancer Institute. Bethesda. MD. VP-16 was obtained from

Nippon Kayaku, Tokyo. Japan. They were dissolved in dimethyl sulfoxide.
['H]dThd, |'H]uridine. and ['HJIeucine were purchased from Amersham

Japan, Tokyo, Japan. Other reagents were purchased from Sigma Chemical
Co., St. Louis, MO.

Synthesis of ED-110. ED-110 (Fig. I) was synthesized by glucosylating
BE-13793C purified from the cultured broth of the streptomycete. BA-13793.
The hydroxyl groups and the phthalimide nitrogen of BE-I3793C were pro

tected by using benzylbromide and benzyloxymelhyl chloride, respectively.
Glucosylation was achieved with l-bromo-2,3.4.6-tetraacetylglucose in the
presence of silver oxide. ED-110 was obtained by removing benzyl moieties by
hydrogÃ©nationwith Palladium black and then hydrolyzing acetyl and hydroxy-

methyl groups with ammonia in methanol.
Topoisomerase-mediated DNA Cleavage. The cleavage reaction of topoi

somerase I was carried out by incubating 0.4 ug of supercoiled pBR322
plasmid DNA and 50 units of topoisomerase I in 20 ul of reaction buffer
[50 ITIMTris-HCl (pH 7.9), 120 HIMKCI, 20 ITIMMgCI2, 0.5 mm dithiothreitol,

0.5 ITIMEDTA, and 30 ug/ml bovine serum albumin] in the presence or absence
of compounds at 30Â°Cfor 15 min. The cleavage reaction of topoisomerase II

was performed by the same procedure, except that I HIMATP was added to the
reaction mixture. The reaction was stopped by adding 2 ul of 5% SDS and the
denatured enzyme was digested with I mg/ml of proteinase K. The DNA was
extracted twice with phenolx-hloroform (4:1) and once with chloroform. UV

absorption of ED-110 at 300 nm confirmed that ED-110 in the reaction mixture

was completely removed from DNA by this procedure. Thereafter, DNA was
subjected to electrophoresis ina I% agarose gel in the presence of 0.5 ug/ml
of ethidium bromide to separate nicked circular DNA from the relaxed (closed
circular) form. The amount of cleaved DNA in the gel was quantified by a
densitometer (Flyingspotscanner C-9000; Shimazu, Co., Kyoto, Japan).

DNA Unwinding by ED-110. Relaxed DNA was prepared by treatment of

supercoiled DNA with P388/S topoisomerase I. followed by extraction with
phenol-chloroform and precipitation with ethanol. Various concentrations of
ED-110 was mixed with the relaxed DNA (0.4 (jg) in the same reaction buffer

as that in cleavage assay. Reaction was started by adding of 50 units of
topoisomerase I and stopped with 200 ul of 1 MNaCl containing 10 ITIMEDTA.
The DNA was extracted twice with phenol-chloroform and once with chloro
form. Ethanol-precipitated DNA was subjected to electrophoresis in 1% aga-

rose gel without ethidium bromide.
Competition of DNA Binding with Ethidium Bromide. DNA binding of

ED-110 was monitored in an ethidium bromide competition assay and the

concentration of ethidium bromide bound to DNA was calculated according to
the method of LePecq and Paoletti (6). Samples (0. 0.2, 1. 5. 25 UM)were
mixed with 5 UMethidium bromide and 40 jaM(in base) calf thymus DNA in a
buffer consisting of 50 mMTris-HCl (pH 7.5). 100 msi NaCl, and 1 ITIMEDTA.
Fluorescence intensity of the solution was measured by a spectrofluoropho-
tometer (Shimazu RF-540); excitation wave length was 546 nm for competi
tion of ethidium bromide versus ED-110. m-AMSA. and actinomicin D and

300 nm for competition between ethidium bromide and Adriamycin; emission
wave length was 590 nm for all competitors. For Scatchard plot analysis, 10 (4M

490

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/3/490/2452814/cr0530030490.pdf by guest on 19 M

ay 2023



INDUCTION OF TOPOISOMERASE I-MEDIATED DNA CLEAVAGK BY ED-110

OH

Fig. 1. Structure of ED-110.

calf thymus DNA was incubated with varying concentrations of ethidium
bromide in the presence or absence of 5 UMED-110.

Cleavablc Complex Formation in Cells. P388/S cells were prelabeled
with 1 |aCi/ml of | 'H]dThd for 4 h and then incubated with samples for l h at
37Â°Cwithout ['H|dThd. The cells were lysed with 1.5% SDS solution con
taining 5 HIMEDTA. DNA in the lysate was sheared by 30 pipetings at 65Â°C

and KC1 was added to the lysate at a concentration of 65 mw. The potassium/
SDS precipitates formed on ice were collected by centritugation and washed
once with a washing buffer [ IO min Tris-HCl (pH 8.0), 100 nun KC1, and 1 mm

EDTA]. then dissolved in hot water, and transferred to vials for liquid scintil
lation counting.

('HIdThd, ('HlUridine, and I'HJLeucine Uptake in Cells. Prior to the

addition of radioactive precursor. P388/S cells were exposed to each sample for
l h at 37Â°C.The cells were then incubated with 2 uCi/ml of ['H|dThd,
['H]uridine. or | 'H|leucine for 15 min and harvested on a Millipore SV filter.

After a wash with 5"Â£trichloroacetic acid, the radioactivity of the trichloro-

acetic acid-insoluble fraction was measured.
Cytotoxicity toward Multidrug-resistant Cells. Each cell suspension

(2 X 104cells/ml) of P388/S, P388/VCR. and P388/ADM was cultured with

serially diluted samples in a %-well plate. After incubation for 3 days, the

number of cells was counted with a Coulter Counter.
Flow Cytometry. P388/S cells suspendedat 4.5 x 10scells/ml were cul

tured in a medium containing 0.12 UMED-11Oat 37Â°Cfor 15h. Aliquots of cell

suspension were removed every 3 h. The cells were washed twice with cold
phosphate-buffered saline (8 mg/ml NaCl, 0.2 mg/ml KCI, 2.16 mg/ml
Na:HPO4 â€¢¿�7H,O, and 0.2 mg/ml KH:PO4), fixed in cold 70% ethanol, and
stored at 4Â°Cbefore analysis. Fixed cells (1 x 10'' cells/ml) were stained with

propidium iodide for 20 min at a concentration of 50 ug/ml in phosphate-

buffered saline containing 40 ug/ml of RNase at room temperature. Cellular
DNA was analy/ed by a FACScan (low cytometer (Beclon Dickinson, Moun
tain View, CA).

RESULTS

Induction of Topoisomerase I-mediated DNA Cleavage. Topoi-
somerase-mediated cleavage was measured with supercoiled pBR322
DNA and P388/S cell topoisomerases. In the presence of topoi-
somerase I, ED-110 induced the formation of nicked circular DNA
which resulted from topoisomerase I-mediated single-strand cleavage

(Fig. 2, A and B). The production of nicked DNA was enhanced by
increasing the concentration of ED-110 from 0.1 to 30 UM;the potency
of ED-110 in inducing cleavages was almost the same as that of CPT

(Fig. 2, A and B). Neither nicking nor a change of electrophoretic
mobility of DNA was observed in the absence of topoisomerase I (data
not shown).

ED-110 did not produce any nicked or linearized DNA at any of the

concentrations tested in the presence of topoisomerase II, whereas

VP-16 stimulated nicked and linear forms of DNA (Fig. 2C). ED-110
was found to introduce DNA single-strand breaks in association with

topoisomerase I but not with topoisomerase II.
In the case of CPT or VP-16, uncleaved closed circular DNA was

relaxed by excess topoisomerase I or II. On the other hand, closed
circular DNA remained supercoiled when DNA was incubated with
topoisomerase I or II in the presence of ED-110 (Fig. 2, A and C).

(Supercoiled DNA shows slightly retarded mobility in \% agarose gel
containing 0.5 ug/ml of ethidium bromide.) The supercoiled DNA
detected in lanes containing 10 and 30 \IMED-110 could be produced
by the inhibitory effect of ED-110 on the relaxation activity of topoi
somerases or by ED-110-induced unwinding (decrease of "twisting
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Conto 0.1 0.31 3 10300.10.31 3 10 30 (..M)

Nicked circle-

Supercoil-

Relax-

io-|B

â€¢¿�
K

S-

4-

Â».

2-

Ml

0.1 1 10

Drug concentration (uM)

Topoisomerase II

100

ED-110 VP-16
Conto 0.3 1 3 10 30100100 L (uM)

â€”¿�nicked circle
â€”¿�linear
^ supercoil

relax

Fig. 2. Topoisomerase-mediated DNA cleavage by ED-IK). Supercoiled DNA (0.4 ug)
was incubated with 50 units of topoisomerase I or topoisomerase II in the presence or
absence of samples. After treatment with 0.5% SDS and I mg/ml of proteinase K and
removal of ED-llO, the DNA was subjected to electrophoresis in l% agarose gel con
taining 0.5 ug/ml of ethidium bromide. A. topoisomerase I-mediated single-strand (.v.Ã¯)
DNA cleavage. B. densitometric analysis of the topoisomerase I-mediated single-strand
(SS) DNA cleavage. ED-1 IO. O; CPT. â€¢¿�.Dataare mean values of two determinations. C,
topoisomerase ll-mediated double-strand DNA cleavage. Com. control
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number") of closed circular DNA. DNA unwinding is usually caused

by a DNA intercalator (7).
DNA Unwinding by ED-110. To determine whether ED-110 in

fluenced the twisting number of closed circular DNA, a DNA-un-

winding assay was carried out (8). Relaxed DNA was converted to
supercoiled DNA with increase in the concentration of ED-110 from

1 to 100 UMin the presence of topoisomerase I (Fig. 3). The appear
ance of supercoiled form in lanes containing DNA incubated with
topoisomerase I and ED-110 suggests that, before addition of topoi

somerase I, relaxed DNA was forced to be positively supercoiled as
the result of the intercalation of ED-110. [It is known that topoi

somerase I can relax positively supercoiled DNA as well as negatively
supercoiled DNA (9).] Almost the same results were obtained when 50
units of topoisomerase II were used instead of topoisomerase I (data
not shown). These results indicate that supercoiled DNA molecules
observed in the cleavage assay (Fig. 2. A and C) with the increasing
ED-110 concentrations resulted from unwinding of DNA, likely due
to the intercalation of ED-110 (see "Discussion").

Binding to Calf Thymus DNA. To investigate the intensity of
DNA binding of ED-110, a competition assay with ethidium bromide

was used. The fluorescence intensity of 5 UMethidium bromide is
enhanced 20-fold by the addition of 40 UMcalf thymus DNA. ED-110

Topoisomerase I

ED-110

Cont 0 3 10 30 100 (uM)

Relax

Supercoil-

Fig. 3. Unwinding of relaxed closed circular DNA by ED-1 IO. Relaxed pBR322 DNA
(0.4 Mg)was added to 18 pi of reaction mixture [50 rriMTris-HCl (pH 7.9), 120 imi KCI,

20 mw MgCU, 0.5 rtiMdithiothreitol, 0.5 tmt EDTA. and 30 ug/ml bovine serum albumin]
containing various concentration of ED-110. Fifty units of topoisomerase 1 were added to
give 20 ul of final reaction volume. After removal of ED-110. DNA was subjected to

electrophoresis in n agarose gel without ethidium bromide. Co/if, control.
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Fig. 5. Effect of ED-1 IO on DNA-topoisomerase complex formation in P388/S cells.
P388/S cells (l X IO5) labeled with ['H]dThd were incubated with ED-llO (O) or CPT

(â€¢)at the concentration indicated on the abscissa for I h. Ordinale, percentage of K/SDS
precipitates of drug-treated cells with respect to those of non-treated cells.

clearly reduced the fluorescence intensity of ethidium bromide (Fig.
44). The inhibitory effect of ED-110 was weaker than that of actino-
mycin D or Adriamycin but stronger than that of m-AMSA. This

inhibitory mode was classified as almost competitive with ethidium
bromide according to a Scatchard plot analysis (Fig. 4B).

Enhancement of DNA-Topoisomerase Complex Formation in
Cells. The formation of DNA-topoisomerase complex induced by
ED-110 was investigated by means of a potassium/SDS assay using
P388/S cells. ED-110 enhanced the formation of DNA-topoisomerase
complexes in a dose-dependent manner at concentrations from 0.3 to
30 UM(Fig. 5). The quantity of complexes induced by 30 UMED-110

was about 9 times that in control, which was the same as that induced
by CPT.

Inhibition of DNA, RNA, and Protein Syntheses in Cells. The
effects of ED-110 on DNA, RNA, and protein synthesis in P388 cells
were examined by measuring the uptake of [3H]dThd, ['HJuridine,
and [3H]leucine (Table 1). ED-110 inhibited [3H]dThd and [3H]-

uridine uptake to the same extent. This inhibition was much stronger
than that for [3H]leucine incorporation. On the other hand, CPT in
hibited ['HjdThd uptake more potently than that of |3H]uridine.

Growth Inhibition of P388 Multidrug-resistant Cell Lines. 1:1)

110 suppressed the growth of P388/S cells in vitro, with an IC50 of 44
nM.CPT showed a stronger cytotoxicity than ED-110, with an IC50 of

B

100-1

Fig. 4. DNA binding competition with ethidium
bromide (EtBr). A. 5 UMethidium bromide and 40
UM calf thymus DNA incubated with m-AMSA
(O). ED-I10I0). actinomycin DIA), or Adriamy
cin (A) at the concentrations indicated on the ab
scissa. Ordinate, percentage of fluorescence inten
sity, calculated by setting the intensity of 5 UM
ethidium bromide alone as (We and that of 5 UM
ethidium bromide in the presence of 40 uM of calf
thymus DNA as 100%. B. Scatchard plot for ethid
ium bromide-binding calf thymus DNA in the pres
ence (â€¢)or absence (O) of 5 UMED-110. r. molar
ratio of ED-110 bound to I base of DNA./. moles
of free ED-110.

0.2 1 5 25

Concentration (|xM)
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Table 1 Inhibition of I'HIdThd, Â¡'Hjuridine, and Â¡3HÂ¡leucineuptake

in P388/S cells

ED- 110

CPT[3H]dThd0.42 0.032IC,o

(MM)pHlUridine0.34

1.0[3H]Leucine8 >10

Table 2 Growth-inhihitory effect of ED-110 in multidrug-resistam cells

IC50 (nM)

ED- 110

CPTAdriamycinP388/S44

(1)"

8.3 (1)
4.7 (1)P388/VCR35

(0.80)
4.6 (0.55)

38 (8.1)P388/ADM50

(1.1)
6.9 (0.83)

600 (128)
" Numbers in parentheses, degree of inhibition as a percentage of that in parent cell.

8.3 nM (Table 2). ED-110 showed very similar IC50 values against
multidrug-resistant cells, P388/VCR and P388/ADM.

Flow Cytometry in P388/S Cells. P388/S cells incubated with
0.12 UMED-110 exhibited distinct changes in the cytogram (Fig. 6). In
the course of a 15-h incubation, which was about 1.3 times longer than

the doubling time of the cells, the population in G, decreased while
the cells in S and G2-M increased in a time-dependent manner. The

viability of cells during this experiment was more than 90% by a
trypan blue dye exclusion test. Since ED-110 did not increase the

mitotic index during the incubation period according to microscopic
observation (data not shown), the increased number of cells in G2-M

appeared to indicate cell cycle arrest in G2 after 15 h of incubation.

DISCUSSION

Both topoisomerase I and topoisomerase II are important targets for
cancer chemotherapy. There are a number of topoisomerase II inhib
itors including antitumor drugs that have been used clinically. How
ever, few topoisomerase I-specific inhibitors have been reported
except camptothecin and its derivatives (10, 11). For example, dista-
mycin, an A-T specific DNA minor groove binder, inhibits the cata

lytic activity of topoisomerase I but does not induce DNA cleavage
(12, 13); saintopin induces not only topoisomerase I-mediated single-
strand cleavage but also topoisomerase II-mediated double-strand

cleavage (14). The mode of topoisomerase I inhibition by ED-110 was

different from those of distamycin and saintopin.
ED-110 induced single-strand cleavages of DNA in the presence of

topoisomerase I as potently as CPT, as confirmed by the increase in
nicked circular DNA in the cleavage assay. Topoisomerase II-medi
ated double-strand cleavage was not induced by this compound. Since
single-strand cleavage was not observed without treatment of SDS and

proteinase K even in the presence of topoisomerase I, cleavage was
considered to be the consequence of stabilization of the covalent
complex of topoisomerase I and DNA as reported for CPT (10).

The most distinctive characteristic of ED-110 in comparison with

CPT is its ability to intercalate into DNA. In the presence of 50 units
of topoisomerases, relaxed DNA was supercoiled with increase of the
ED-110 concentrations (Fig. 3). A DNA-unwinding assay was first

developed to analyze the intercalating activity of some compounds
which did not inhibit topoisomerases. Since ED-110 induced topoi
somerase I-mediated single-strand cleavage of DNA, 50 units of to

poisomerase I might be partly inhibited in not only the cleavage assay
but also the unwinding assay. However, the 50-unit dose of topoi

somerase I was too high for 30 UMCPT to inhibit the relaxation
activity completely (Fig. 2A ). In the same way, a part of the relaxation
activity of 50 units of topoisomerase II was active in the presence of
100 UMVP-16 (Fig. 2C). Therefore, supercoiling of closed circular
DNA which was observed in topoisomerase-mediated cleavage assay

(Fig. 2, A and C) was considered to be due to the decrease in the
twisting number of DNA (prior to the action of topoisomerases) rather
than the inhibition of catalytic activity of topoisomerases.

As confirmed by Scatchard analysis, ED-110 competitively inhib

ited the binding of ethidium bromide to DNA, which strongly sug
gested the intercalation of ED-110 into DNA. Although the binding
intensity of ED-110 to DNA was not as potent as that of Adriamicin
or actinomycin D, it was stronger than that of m-AMSA. This char
acteristic made it difficult to investigate the effect of ED-110 on the

relaxation activities of topoisomerase I and II, because the effective
concentration of ED-110 on topoisomerase I was very close to that

causing a decrease in twisting number.
Stabilization of the cleavable complex was also confirmed in pro

liferating cells by the formation of SDS-stable protein-associated

DNA. The protein bound to cellular DNA appeared to be topoi
somerase I, because ED-110 did not induce topoisomerase II-mediated
cleavage in vitro and incubation of P388/S cells with ED-110 for l h

Fig. 6. Effect of ED-110 on the cell cycle his
togram of P388/S cells. P388/S cells (4.5 X lOVml)
were incubated with 0.12 (an ED-110 and aliquots
were sampled every 3 h. Ordinate, frequency of
cells; abscissa, DNA coment per cell as represented
by fluorescence intensity of propidium iodide.
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did not produce double-strand DNA breaks as analyzed by pulsed field

gel electrophoresis (data not shown).
Although the DNA-binding activity of ED-110 was lower than that

oÃAdriamycin or actinomycin D, the agent may influence other en-
/ynies acting on DNA. Knowledge of the effects of ED-110 on other

cn/ymes involved in DNA metabolism will be needed to determine its
main target in cells.

ED-110, as well as CPT, did not show any cross-resistance with
multidrug-resistant P388/VCR and P388/ADM cell lines. The P388/
VCR cell line is known to overexpress P-glycoprotein (gpl70) and the
resistance is partly circumvented by certain Ca2+ antagonists (15).

Therefore ED-110 appears to affect cells without being effluxed by
P-glycoprotein. We plan to investigate whether ED-110 shows cross-
resistance with some CPT-resistant cell lines which have mutated

forms of topoisomerase I (16, 17).
Despite the fact that ED-110 is as effective as CPT in forming

cleavable complexes in live cells and cell-free systems, the cytotox-
icity of ED-110 was not as potent as that of CPT. As reported recently

( 18, 19), the lethal effects of CPT appeared to be closely related to the
progression of DNA replication. Considering that the inhibitory effect
of ED-110 on ['HjdThd uptake was much weaker than that of CPT,

ED-110 appeared to behave differently from CPT regarding DNA

replication.
ED-110 delayed the progress of cells through S phase at an early

period in the incubation and finally arrested the cells in G2. This
pattern was similar to that observed in experiments with CPT and
lymphocytic leukemia cells (20). Since CPT was reported to show
differential effects on the cell cycles of lymphocytic leukemia (LI210
and MOLT-4) and myelogenous leukemia (HL-60 and KG1) (20), G2

arrest may be a characteristic effect of a topoisomerase I inhibitor on
lymphocytic cells including P388 cell lines. Some anticancer drugs
such as neocarzinostatin and bleomycin, which directly damage DNA,
are also known to arrest cells in G2 (21). Since ED-110 did not injure

DNA strands in the absence of topoisomerase I, G2 arrest induced by
ED-110 appeared to be caused by topoisomerase I-mediated DNA

cleavage.
In conclusion, a novel semisynthetic indolocarbazole, ED-110, has

been found to be a topoisomerase I poison at the whole cell level as
well as in a cell-free system. Recently, Nakano (22) also described
some indolocarbazole compounds inducing topoisomerase I-mediated
cleavage. Indolocarbazole derivatives including ED-110 will provide

a basis for developing new topoisomerase I poisons with structures
different from that of CPT.
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