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ABSTRACT

A new indolocarbazole antitumor agent, NB-506 [o-A'-formylamino-
12,13-dihydro-l,ll-dihydroxy-13-(ÃŸ-D-glucopyranosyl)-5//-indolo[2,3-
a]pyrrolo[3,4-c]carbazole-5,7(6//)-dione], enhanced the DNA cleavage

catalyzed by HeLa S3 topoisomerase I at 0.01 UMbut not the cleavage by
topoisomerase II at 300 UM.It also caused single-strand DNA breakage in

intact cells at 0.08 UM and more. Unlike the known topoisomerase I
inhibitor camptothecin, NB-506 intercalated with DNA. However, the

binding affinity to DNA and the inhibition against DNA polymerase a and
RNA polymerase II were marginal compared with those of Adriamycin or
actinomycin D. NB-506 inhibited the growth of various tumor cell lines at

two micromoles or less, and its cytotoxicity was found to be cell line
selective. This selective cytotoxicity of NB-506 was not fully explained by

the differences in topoisomerase I activity in these cell lines, but there was
some relationship between the amount of NB-506 accumulated in these
cell lines and its cytotoxicity toward them. In conclusion, NB-506 is a

potent topoisomerase I poison, acting selectively on tumor cell lines accu
mulating NB-506.

INTRODUCTION

DNA topoisomerase I is known to regulate the superhelical density
of DNA by transiently breaking and rejoining DNA strands. It is
probably involved in DNA replication and, therefore, obviously es
sential in RNA transcription (1-4). It exists in cancer cells as well as

normal cells and is expressed constitutively during the cell cycle.
Recently, Giovenella et al. (5) reported a correlation between the
expression level of topoisomerase I and the extent of malignancy of
human colon cancer. Husain et al. (6) also showed a distinct increase
of topoisomerase I in colorectal and prostate tumors as compared with
their normal tissue counterparts. These reports indicate the possibility
of using a topoisomerase I inhibitor as a promising anticancer drug for
tumors with elevated levels of topoisomerase I.

In an attempt to discover new antitumor agents targeting topo-
isomerases, BE-13793C (Fig. 1) was isolated previously from the

culture broth of a Streptoverticillium species in our laboratory as a
topoisomerase inhibitor and found to increase the survival of mice
inoculated with ascitic tumor cells (7). BE-13793C was then modified

to yield compounds having more potent antitumor activities in vivo.
As reported previously, we found that ED-110 (8) (Fig. 1) a derivative
of BE-13793C and was effective in inhibiting the growth of not only

various leukemia cells but also murine and human solid tumors
transplanted into mice (9). These results encouraged us to perform
further extensive modification of BE-13793C to obtain more potent

antitumor agents targeting topoisomerase I.
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NB-506'1 thus obtained is a 6-W-formylamino- 12-glucopyranosyl

derivative of BE-13793C (Fig. 1). It showed strong in vitro cytotox
icity against various tumor cell lines and had a much wider chemo-

therapeutic spectrum against not only murine tumors but also human
tumor xenografts in mice than currently available antitumor drugs.
This communication reports the details of the in vitro activities of
NB-506, i.e., its possible mechanisms of action and profile of cyto
toxicity and the presumable mechanism of its cell line-selective cy
totoxicity. Results on the antitumor activities of NB-506 on murine

and human tumors in vivo are presented in the accompanying paper.

MATERIALS AND METHODS

Cells. In vitro drug sensitivity tests were performed using 13 human and 3
murine cell lines. The origins of the tumor cell lines are shown in Table 4.
JHH-4 cells (10) were a gift from Dr. S. Nagamori (Jikei University School of
Medicine, Tokyo, Japan). Human PSN-1 (11, 12) and HCT116 cells were gifts
from Dr. M. Terada and Dr. N. Shindo-Okada, respectively, of the National

Cancer Center Research Institute (Tokyo, Japan). Human LS 180 cells were
provided by Dr. H. Fukazawa (National Institute of Health, Tokyo, Japan).
Human LX-1 cells were provided by Dr. K. Komiyama (Kitasato Institute,

Tokyo, Japan). Mouse P388/S, P388/ADM, and P388/VCR cells (13) were
provided by Dr. T. Tsuruo (Institute of Molecular and Cellular Bioscience,
University of Tokyo, Tokyo, Japan). Human MKN-45, MKN-74, and PC-13

cells were purchased from Immuno Biological Laboratories (Gunma, Japan).
Human MB468 was obtained from American Type Culture Collection (Rock-
ville, MD). HL-60 and K562 cells were purchased from Dainippon Pharma

ceutical Co. (Osaka, Japan).
LX-1, JHH-4, HCT116, LS 180, and MB468 cells were cultured in DMEM

supplemented with 10% FCS. PSN-1, MKN-45, MKN-74, PC-13, HL-60, and

K562 cells were maintained in RPMI1640 supplemented with 10% FCS. P388
cells were cultured in RPMI 1640 containing 10% PCS and 20 /J.M2-mercap-

toethanol.
Enzymes. Topoisomerases I and II were extracted from HeLa S3 cells by

the method of Miller et al. (14) and purified by chromatographies on hydroxy-

lapatite, Mono Q and Mono S columns as described by Drake et al. (15). One
unit of each of the topoisomerases was defined as the activity completely
relaxing 0.4 Â¡Â¿.gof supercoiled pBR322 DNA. The DNA polymerase a-pri-
mase complex was purified from Ehrlich murine tumor cells by phosphocel-
lulose and anti-DNA polymerase a-Sepharose column chromatographies as
described by Takada-Takayama et al. (16). RNA polymerase II was purified

from an extract of calf thymus by chromatographies on DEAE cellulose,
phosphocellulose and a second DEAE cellulose by the method of Hodo and
Blatti (17). The purified DNA polymerase a and RNA polymerase II fractions
were confirmed not to contain topoisomerase I.

NB-506 and Other Anticancer Drugs. NB-506 (Fig. 1) was synthesized
in our institute from BE-13793C by enzymatic insertion of a glucopyranosyl

group and chemical addition of a formylamino group. Details of its synthesis
will be published elsewhere. [3,9-3H]NB-506 was prepared from [3,9-3H]BE-
13793C, which was obtained by microbial fermentation using [5-3H]L-trypto-

3 The abbreviations used are: NB-506, 6-A'-formylamino-12,13-dihydro-l,ll-dihydroxy-

13-(/3-D-glucopyranosyl)-5tf-indolo[2,3-a]pyrroIo[3,4-c]carbazole-5,7(6//)-dione; TCA,
tetraacetic acid; PSB2~. Dulbecco's phosphate-buffered saline (Ca2"1",Mg2+-firee).
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Fig. 1. Structure of BE-13793C, ED-IK), and NB-506.

phan as a precursor. The synthetic route for production of radioactive NB-506
was the same as that for production of unlabeled NB-506. Etoposide was
purchased from Nippon Kayaku Co. (Tokyo, Japan). Adriamycin and camp-

tothecin were purchased from Kyowa Hakko Kogyo Co. (Tokyo, Japan) and
Sigma Chemical Co. (St. Louis, MO), respectively. [5-3H]L-Tryptophan.
[y-32P]ATP, |14-l4C]Adriamycin, [m?//iv/-r,2'-3H]tnymidine, [5,6-3H]uri-
dine, and [4,5-'H]L-leucine were purchased from Amersham (Tokyo, Japan).

Drug Sensitivity Test. Test cells were suspended in respective media at
1 X IO4 cells/ml, and 0.1 ml of the suspension was dispensed into wells of
96-well plates. After subculture at 37Â°Cfor 24 h, volumes of 0.1 ml of the

medium containing serially diluted test compounds were added to each well,
and incubation was continued for 72 h. Cell growth was measured by the
colorimetrie tetrazolium-formazan assay (18) with HL-60, K562, and P388
cells, and by the sulforhodamine B dye-staining method (19) with other cells.

Macromolecular Synthesis in Cells. P388 leukemic cells plated at
4 X IO4 cells/well in 96-well microtiter plates were incubated with a test
sample for 1 h and then labeled with 67 kBq/ml [miV/iv/-r,2'-3H]thymidine
(925 GBq/mmol), [5,6-3H]uridine (1.8 TBq/mmol), or [4,5-3H]L-leucine (5.29

TBq/mmol) for 1 h. After incorporation of the radioactive precursors, the cells
were applied to an SV filter plate (Millipore) and washed with PBS and 5%
TCA five times. The radioactivity in the TCA-insoluble fraction was counted

using a liquid scintillation counter.
Alkaline Elution Assay. P388/S cells (1 x IO6 cells/ml) labeled with

[mf%/-'4C]thymidine (2.07 GBq/mmol; 1.8 MBq/ml) were incubated with
test compounds for 1 h at 37Â°C.Then the cells were layered onto polycarbonate

filters (pore size, 2.0 jam; Millipore) and lysed with 2 ml of lysis solution [2%
SDS-0.025 M EDTA (pH 9.6)] containing 0.5 mg/ml proteinase K. DNA was
eluted with alkaline (pH 12.1) or neutral (pH 9.6) eluting solution (tetrapro-
pylammonium hydroxide-EDTA, 0.1% SDS) for measurement of single-strand
breakage and double-strand breakage, respectively, at a flow rate of 0.035
ml/min. Fractions were collected at 60-or 90-min intervals. The eluting solu

tion was neutralized with acetic acid and then mixed with 10 ml of Pico Fluor
40 scintillator (Packard) for liquid scintillation counting. The radioactivity
remaining on the filter after elution was counted with 10 ml of scintillator
(Filter Count: Packard).

Topoisomerase-mediated DNA Cleavage Assay. The cleavage reactions

of topoisomerases I and II were carried out using supercoiled pBR322 plasmid
DNA as reported previously (8). The amount of cleaved DNA separated by

agarose gel electrophoresis was measured densilometrically and was expressed
as a percentage of the total DNA.

DNA and RNA Polymerases Assay. DNA polymerase a was assayed
using 0.1 mM dATP, dCTP, and dGTP and 0.02 mM [m?%/-l',2'-3H]TTP

(18.5 GBq/mmol) and activated calf thymus DNA (Pharmacia) as a template.
RNA polymerase II was assayed using 0.25 mM ATP, CTP. and GTP and
0.025 mM [5',6'-3H]UTP (37 GBq/mmol) and calf thymus DNA. Macromol-

ecules with incorporated radioactivity formed in the reactions were adsorbed to
DE81 paper (Whatman), and the radioactivity was determined with a liquid
scintillation counter.

DNA Binding Assay. The assay was conducted by a modification of the
ultracentrifugai separation method reported by Arya and Yang (20). Calf
thymus DNA (type I; Sigma) was sheared by using an 18G injection needle
and deproteinized by phenol-chloroform extraction and precipitation with
ethanol. The DNA was dissolved in 50 mM Tris-HCl buffer (pH 7.5) contain

ing 1 mM EDTA and 150 mM NaCl, mixed with a test compound, and
centrifuged at 50,000 rpm at 20Â°Cfor 3 h with a Beckman TL-100 rotor. The

concentration of the supernatant fraction not bound to DNA was determined by
monitoring the absorbance at 246 nm of NB-506 and 482 nm of Adriamycin.

The dissociation constant and maximal binding number of test compounds
were determined by Scatchard analysis.

DNA Unwinding Assay. The principle of this assay was described by
Montecucco et al. (21). Briefly, plasmid DNA (pBR322) was linearized with
EcoRl restriction endonuclease and recovered by phenol extraction and ethanol
precipitation. Reaction mixtures (100 /Â¿I)containing 66 mM Tris-HCl (pH 7.6),

6 mM MgCI2 10 mM DTT, 0.7 mM ATP, 0.6 /j.g linearized DNA, and test
compounds were equilibrated at 15Â°Cfor 10 min and then incubated with an
excess amount of T4 DNA ligase (Takara, Kyoto, Japan) at 15Â°Cfor 60 min.

The reactions were stopped by addition of EDTA at 20 HIMfinal concentration.
DNA was analyzed by agarose gel electrophoresis after extraction with phenol-

chloroform, followed by ethanol precipitation to remove the test compounds
from the reaction mixture.

Protein Kinase Assay. Protein kinase C activity was assayed by measuring
phosphorylation of histone III-S (Sigma) with [7-32P]ATP and the S-100

fraction of mouse brain homogenate (22). The activity of cyclic AMP-depen-
dent protein kinase was determined using bovine heart cyclic AMP-depcndent
protein kinase (Sigma) and histone II-As (Sigma; Ref. 23). Protein tyrosine

kinase was analyzed by measuring phosphorylation of poly(GIUjTyr,) by EOF
receptor protein tyrosine kinase (24). EOF receptor protein kinase was purified
from A431 cells as described by Akiyama et al. (25). The reactions by these
three enzymes were terminated by adding 10% TCA, and the precipitates were
transferred to a Multiscreen membrane filters (Millipore). The filters were
washed extensively with 10% TCA, and then their radioactivity was counted.

Topoisomerase I Activity of Whole Cell Lysate. Cells were suspended
(2 X IO7 cells/ml) in 10 mM Tris-HCl buffer containing 1 mM EDTA, 0.1 mM

DTT, 0.1 mM phenylmethylsulfonyl fluoride, and proteinase inhibitors (2
/xg/ml aprotinin, 2 /o.g/ml leupeptin, 1 /Â¿g/mlpepstatin, and 2 /xg/ml antipine),
and then NaCl was added at 0.5 Mto extract proteins from nuclei. After 30 min
on ice, polyethyleneglycol (average M, 8000) was added to 6%, and the cell
extract was collected by centrifugation. The extract was appropriately diluted,
and its DNA relaxation activity was analyzed in the absence of ATP. The
topoisomerase I activity of each cell line was defined as the cell number
required to make cell extracts causing 50% relaxation.

Accumulation of NB-506 in Cells. Cells plated in plastic dishes 1 day
previously were incubated in serum-free RPMI 1640 containing 50 UM [3,9-
3H]NB-506 (1.48 kBq/mmol) or [14-14C]Adriamycin (2.07 GBq/mmol) for 1

h. The radioactive medium was discarded, and the cells were suspended using
0.25% trypsin and 1 mM EDTA and washed thoroughly with PBS:". After

counting the number of washed cells, the cells were lysed with 0.2% Triton
X-100. and the radioactivity of the lysate was measured in a liquid scintillation

counter.

RESULTS

Inhibitory Effect on Macromolecular Synthesis in Cells. The
effect of NB-506 on macromolecular syntheses was investigated by

analyzing the uptake of precursors, i.e., thymidine, uridine, or leucine
by P388/S cells. NB-506 inhibited RNA synthesis more strongly than
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DNA synthesis and protein synthesis (Table 1). This was in contrast
to the selective inhibition of DNA synthesis by another topoisomerase
I inhibitor, camptothecin, and the topoisomerase II inhibitor, etopo-
side.

DNA Strand Breakage in Cells. The effect of NB-506 on cellular
DNA strand breakage was investigated by the alkaline elution tech
nique under deproteinizing condition at pH 12.1 and pH 9.6. DNA
cleavage induced by NB-506 was observed when the DNA was eluted
at pH 12.1, and the extent of cleavage was almost the same as those
with etoposide and camptothecin (Fig. 2A). At pH 9.6, the double-
strand DNA cleavage was detected in the cells treated with etoposide,
but NB-506 or camptothecin caused very little double-strand cleavage
(Fig. 2B). No DNA strand cleavage was detected by NB-506 under
nondeproteinized conditions (data not shown). These results indicated
that NB-506 induced protein-linked, single-strand DNA cleavage in
the cells.

Stimulation of DNA Cleavage by Topoisomerases. The effect of
NB-506 on topoisomerase I was examined by DNA cleavage assay.
NB-506 enhanced the formation of nicked DNA at 0.01 /J.Mor less
(Fig. 3). NB-506, even at 300 /AM,had no effect on topoisomerase
II-mediated DNA cleavage, which was stimulated by the topoisomer
ase II inhibitor etoposide. These results indicated that NB-506 was
active against topoisomerase I but not topoisomerase II. NB-506 did
not cleave DNA in the absence of topoisomerases (data not shown).

DNA Binding and Intercalation. The DNA bindingof NB-506 to
calf thymus DNA was examined by an ultracentrifugation method.
Scatchard plot analyses showed that the dissociation constant (Kd) and
the ratio (r) of the maximum binding number of NB-506 were 11 /U.M
and 0.38/base pair, respectively. In the case of Adriamycin, the A"dand

rvalues of Adriamycin were 0.74 /J.Mand 0.52/base pair, respectively.
Thus, the binding affinity of NB-506 to DNA was 15-fold weaker than
that of Adriamycin.

For investigation of the binding mode of NB-506 to DNA, the DNA
unwinding ability of NB-506 was examined by a linear DNA ligation
assay using T4 ligase. As shown in Fig. 4, DNA treated with the ligase
in the presence of NB-506 had a supercoiled form after drug removal.
Adriamycin, a well-known DNA intercalator, also increased the su
percoiled form in the same assay. Distamycin, a DNA minor groove
binder but not an intercalator, did not induce the supercoiled form.
These results strongly suggested that NB-506 is a DNA intercalator.

Inhibition of DNA and RNA Polymerases. Since NB-506 inter
calated into DNA and inhibited DNA and RNA syntheses in the cells,
its direct effects on DNA and RNA polymerases were investigated.
NB-506 inhibited DNA polymerase a and RNA polymerase II with
IC50sof 24 /J.Mand 2.8 /AM,respectively (Table 2). Lineweaver-Burk
plots showed that the inhibitory effects of NB-506 on DNA polym
erase a and RNA polymerase II were competitive and noncompetitive
with DNA, respectively (data not shown). Unlike NB-506, campto
thecin did not inhibit DNA polymerase a or RNA polymerase II
activity appreciably.

Effect on Protein Kinases. The indolocarbazolestructureof NB-
506 is similar to that of staurosporine, which is known to be a strong
inhibitor of protein kinases. Therefore, the effect of NB-506 on
protein kinases was investigated. As shown in Table 3, the IC5l)sof
NB-506 for various protein kinases were more than 50 /AM,which

Table 1 Inhibition by NB-506 of macromolecular synthesis in P388/S cells

(A)

CompoundNB-506

Camptothecin
EtoposideDNA0.82

0.25
1.45RNA0.15

4.0
14.5Protein9.0

>100
>50

1.0

oâ€¢o
0â€¢Io-1i
i
Z
Q

0.01 T"

4 10

Time (Hours)

(B)

1.0 1

0 6 9 12 15

Time (Hours)
Fig. 2. Alkaline elution of DNA cleaved by NB-506. [3H]Thymidine-labeled P388/S

cells were incubated with NB-506. etoposide. or camptothecin for 1 h, transferred to

membrane filters, and then lysed with lysis buffer containing SDS and proteinase K. DNA
on the filters was eluled with a buffer of pH 12.1 (A) or pH 9.6 (B). A, "X", control; O

and â€¢,0.08 and 0.4 jtM NB-506, respectively; D and â€¢0.08 and 0.4 (Â¿Mcamptothecin,
respectively; A and A, 0.08 and 0.4 ;Â¿Metoposide, respectively. B, "X", control; â€¢,2.0

/Â¿MNB-506; â€¢,2.0 /Â¿Mcamptothecin; A and A, 0.4 and 2.0 Â¿AMetoposide, respectively.

Ordinate, the ratio of DNA retained on the filter to total DNA.

were much larger than those of staurosporine. These results suggested
that the cytotoxicity of NB-506 is not due to its inhibition of these
protein kinases.

Poor Correlation between Cytotoxicity and Cellular Topoi
somerase I Activity. The cytotoxicities of NB-506 and reference
compounds toward various human tumor cells are shown in Table 4.
NB-506 was highly cytotoxic to various human tumor cell lines, its
potency being between those of Adriamycin and etoposide. The
cytotoxicity of NB-506 was found to be cell line selective, the
specificity differing from those of the other anticancer drugs. In an
attempt to elucidate the mechanism of the cell line-selective cytotox
icity of NB-506, we extracted topoisomerase I from various cell lines
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and measured its activity. No correlation was found between the
topoisomerase I activity and the IC50s for cytotoxicity in the cell lines
tested (Table 4). To make it clear whether known MDR mechanisms
participated in this selective cytotoxicity of NB-506, cytotoxicity of
NB-506 against some MDR cell lines which expresses mdr-l gene
product was tested. NB-506 inhibited the growth of Adriamycin-
resistant P388/ADM and vincristine-resistant P388/VCR cell lines as
strongly as the original drug-sensitive P388/S cells (Table 5).

Accumulation of NB-506 in Cells. Next we measured the accu
mulation of NB-506 into these cell lines using radioactive NB-506.
The cytotoxicity of NB-506 toward the tumor cell lines tested thus far
appeared to be related to the amount of NB-506 accumulated in the
cells (Fig. 5). No such relationship was found in the case of Adria-

mycin (data not shown).

DISCUSSION

NB-506 induced DNA strand breakage in living cells and stimu
lated the single-strand DNA breaks mediated by topoisomerase I, like

camptothecin (26). Although it intercalated into DNA, it did not
inhibit topoisomerase II at all. The major target for NB-506 is likely

to be topoisomerase I because its IC5,,s against the RNA and DNA
polymerases are 15 and 130 times higher, respectively, than its con-

Table 2 Inhibition of DNA polymerase a and RNA polymerase II in vitro by NB-506

0.001 0.01 1000

Concentration
Fig. 3. Selective stimulation of topoisomerase 1-mediated DNA cleavage by NB-506.

The amount of cleaved DNA separated by agarosc gel electrophoresis was measured
densitometrically and expressed as the percentage cleavage of total DNA. A, camp
tothecin + topoisomerase I; O, NB-506 + topoisomerase 1;â€¢etoposide + topoisomerase
II; â€¢,NB-506 + topoisomerase II.

ABCDEFGHI JKLMNOP

Relax

Fig. 4. DNA unwinding by intercalation of NB-506. Lane A, supercoiled DNA; Lane
B. linear DNA; Lanes C-P. linear DNA and T4 ligase with the following test compounds:
Lane C, control; Lanes D-l, 0.3, 1, 3, 10, 30, and 100 /Â¿MNB-506; Lanes J-N, 0.1, 0.3,
1, 3, and 10 fin Adriamycin; Lanes O and P. 1 and 10 U.Mdistamycin. NB-506 and
Adriamycin unwound the linear DNA by intercalation, which was exhibited as supercoiled
DNA. Distamycin, not a DNA intercalator. did not form supercoiled DNA.

CompoundNB-506CamptothecinActinomycin

DAdriÃimycinAphidicolinICÂ«

(MM)DNApolymerasea24>100Not

tested2.023RNApolymeraseII2.8>1000.75.5Not

tested

Table 3 Absence of effect of NB-506 on protein kinases

IC,0 (MM)

Compound PKA" PKC* PTK'

NB-506
Staurosporine

58
0.0082

125
0.0027

>200
0.63

" PKA, cyclic AMP-dependent protein kinase; substrate, histonc III-S.
' PKC. protein kinase C; substrate, histone II-As.
' PTK, EGF-receptor protein tyrosine kinase; substrate. poly(Glu4Tyr,).

centration cleaving 50% of the total DNA in the presence of topoi
somerase I. Furthermore, NB-506 showed cross-resistance to some
CPT- and CPT-11-resistant cell lines.4 In addition to these character

istics as topoisomerase I poison, NB-506 showed other activities. The
effect of NB-506 on RNA polymerase II may be involved in its

inhibition of cell growth, but the inhibition of DNA polymerase a may
be an indirect effect due to its intercalation into DNA. This is contrary
to the case with camptothecin, which is neither a DNA intercalator nor
an effective inhibitor of RNA polymerase II or DNA polymerase a
(Table 2). Thus, the mechanism of the cytotoxic action of NB-506 is

significantly different from that of camptothecin.
The indolocarbazole structure of NB-506 resembles those of stau-

rosporine (27), K252a (28), and UCN-01 (29), which are all protein

kinase inhibitors with cytotoxic potential. CGP 41 251, a derivative of
Staurosporine and UCN-01, were reported to have antitumor activities
in vivo (30). The IC50s of NB-506 for various protein kinases were

more than 3 orders of magnitude larger than the IC5()sof Staurosporine
(Table 3) and also much larger than the concentrations needed for
DNA cleavage mediated by topoisomerase I and inhibition of RNA
polymerase II (Fig. 3; Table 2). These results indicate that the inhi
bition of protein kinases by NB-50506 is not its primary cytotoxic

action. Recently, some derivatives of K252a were reported to increase
single strand DNA cleavage by topoisomerase I (31). It is also
interesting to note that KT6124, a derivative of K252a, was shown to
exert antitumor activity by acting on DNA or a DNA-related en-

zyme(s) in tumor cells rather than by inhibiting protein kinases (32).
From these reports, together with our results, it appears that the
primary targets of potential anticancer indolocarbazole agents are not
protein kinases but DNA-related enzymes.

NB-506 is highly effective against various tumor cell lines, and

topoisomerase I is probably a major target for its cytotoxicity as
discussed above. Topoisomerase I is present in all cells. However, the
cytotoxicity of NB-506 was cell line selective. To elucidate the

mechanism of its selective cytotoxicity, we first examined whether it
could be related to differences in topoisomerase I activities in differ
ent cell lines. Recently, the cytotoxic potential of a camptothecin
derivative has been reported to be related to the content or activity of
topoisomerase I (33). However, the topoisomerase I activities of the
cell lines tested in the present study were not correlated with the
cytotoxicities of NB-506 on these cells (Table 4). This result sug
gested that the susceptibilities of individual cell lines to NB-506 were

4 F. Kanzawa, personal communication.
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Table 4 Cylotoxicilies of NB-506 against human Iunior cell lines and lopoisomerase I activities in these cell lines

Cytotoxieily, IC50(>Â¿M)Cell

lineHL-60K562HCT116MB468LS

180MKN-45PC-13LX-1PSN

1JHH-4MKN-74OriginLeukemiaLeukemiaColonBreastColonStomachLungLungPancreasLiverStomachNB-5060.0950.0900.150.250.260.310.390.770.901.72.02Camptothecin0.0110.0120.0210.0140.0120.0230.0450.0180.0100.140.076Adriamycin0.0100.0220.0610.0580.0360.100.0240.0930.0330.220.27Etoposide0.0560.027130.480.752.10.392.00.294.06.9Topoisomerase

1
activity" (X103

cells/assay)NT*3.32.9NTNTNT5.61.8635.22.9

" Number of cells necessary to make a cell extract causing 50% relaxation of 0.4 fig of supercoiled DNA.
h NT, not tested.

not controlled only by a mechanism related to topoisomerase I.
Therefore, we next examined whether the specificity of NB-506 was

related to its specific accumulation in sensitive cells. Interestingly,
results showed that the cell line-selective cytotoxicity of NB-506

could be partly explained by its specific accumulation in the cells. Its
accumulation in sensitive cells was much more than in resistant ones
(Fig. 5). This relationship between the selective cytotoxicity of NB-

506 and its specific accumulation seems unique, because the accumu
lation of Adriamycin in cells is not related to its cytotoxicity. Cells
that are sensitive to NB-506 may possess a specific machinery to
incorporate NB-506, or they may be deficient in an activity on the

Table 5 Cytotoxicity of NB-506 against multidrug-resistam P388 cells

IC50 (>1M)

CompoundNB-506

Camptothecin
Adriamycin
Vincristine
EtoposideP388/S0.040(1)Â°

0.015(1)
0.008(1)
0.0024(1)
0.0022(1)P388/ADM0.052(1.3)

0.019(1.3)
0.710(89)
0.060 (25)
3.9(1800)P388/VCR0.058(1.5)

0.039 (2.6)
0.031 (3.9)
0.020 (8.3)
0.071 (32)

' Parenthesesindicatesthedegreeof resistance.
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O.H
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0
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Fig. 5. Correlation of accumulation of NB-506 in tumor cells and its cytotoxicity. 1,
K562; 2, HCT116; 3, PC-13; 4. PSN 1; 5, LX-1; 6. JHH-4; 7. MKN-74. Abscissa, the
amount of NB-506 in cells after l h incubation; Ordinate, the cytotoxicity of NB-506 on
72-h incubation (Table 4).

pathway involved in pumping NB-506 out of the cells. In all cases, the
machinery regulating the accumulation of NB-506 appears to be
different from gpl70, because NB-506 effectively inhibited the
growth of multidrug-resistant cells expressing gpl70. Studies on the
mechanism(s) of specific accumulation of NB-506 are in progress.
Circumvention of the multidrug-resistant phenotype would be advan
tageous for the clinical use of NB-506.

In conclusion, NB-506 is an interesting cytotoxic compound as a

candidate for an anticancer drug for human use because: (a) the
indolocarbazole structure is unique as a clinical anticancer drug; (b)
its primary target is considered to be topoisomerase I, but its mech
anism of cytotoxicity is not the same as those of Camptothecin
derivatives; and (c) NB-506 shows cell line-selective cytotoxicity,

and at least part of the selectivity appears to be explained by the
specific accumulation in sensitive cells.
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