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TAS-103 (6-[[2-(dimethylamino)ethyl]amino]-3-hydroxy-7H-indeno[2,1-c]quinolin-7-one dihydro-
chloride), a dual topoisomerase (topo) inhibitor, was developed as an anticancer agent by targeting
topo | and topo |1 and has previously been shown to be effective against lung tumors. In this study,
we investigated the cytotoxic activity of TAS-103 in various human cancer cell lines (including
gastric, colon, sqguamous, lung, and breast cancer cells) and the induction of apoptosis by TAS-103.
We next established stable transfectants of Bcl-2 in the gastric cancer cell line AZ521 and found
that Bcl-2 blocked TAS-103-induced apoptosis. In addition, we demonstrated that the activities of
ICE-like and CPP32-like proteases are involved in the signal transduction pathway of TAS-103-
induced apoptosis. In summary, TAS-103 is a novel type of anticancer agent with a unique mecha-

nism and could be useful as a lead compound for development of new drugs.
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Programmed cell death (apoptosis) is a genetically regu-
lated mechanism that occurs during physiological pro-
cesses, including normal cell turnover, immune system
operation, embryonic development, and hormone-depen-
dent atrophy, and also in chemical-induced cell death.*®
Morphologically, apoptosis is characterized by cell shrink-
age, nuclear condensation, and DNA fragmentation.” Reg-
ulation of cell death is essentia for normal development
and is an important defence against viral infection and the
emergence of cancer. The process of apoptosis is con-
trolled through the expression of genes that are conserved
in nematodes through to mammals. Some of the gene
products are activators of apoptosis, whereas others are
inhibitors, and the characterization of the function of these
gene products will help to define the process of cell death
at the molecular-biological level.

The Bcl-2 gene was first identified as part of the most
common translocation in human B cell follicular lym-
phoma, and overexpression of Bcl-2 in transgenic animal
models mimicked human disease.>® Members of the Bcl-
2 family are known to modulate apoptosis in different cell
types in response to various stimuli.”® Bcl-2 and Bcl-X,
promote cell survival, while Bax enhances cell death.
Overexpression of Bcl-2 often protects cells from apo-
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ptosis induced by various stimuli, including anticancer
agents.59

An emerging family of Ced/ICE-like cysteine proteases
(caspases) has aso been identified and cloned based on a
conserved pentapeptide sequence possessing the active
cysteine residue. The caspases are divided into three sub-
families based on their degrees of homology and phyloge-
netic analysis. the ICE-related family genes, the CPP32-
related family including caspase-3, caspase-6, caspase-7,
and caspase-10, and the third group including caspase-2,
and caspase-9.1%%9 Recent studies have indicated that spe-
cific cysteine proteases (caspases) play a central role in the
execution phase of apoptosis.’¥

Topoisomerases (topo) are enzymes that can change the
topological state of DNA through the breaking and rejoin-
ing of DNA strands'® There are two classes of topo,
known astype | and type Il enzymes. Type | topo generate
transient single-strand breaks in DNA, allowing controlled
rotation about the nick. In contrast, type Il topoisomerases
produce transient double-strand breaks in DNA and pass a
separate double-stranded molecule through the break.®
Topo inhibitors have attracted much attention, as potential
anticancer agents.

Chemotherapeutic drugs such as DNA topo | and Il
inhibitors trigger apoptosis in various cancer cell lines* %
Etoposide, a topo Il inhibitor, inhibits cell growth and
induces apoptosis in leukemia, breast carcinoma, lung
cancer and neuroblastoma?® TAS-103 (6-[[2-(dimethyl-
amino)ethyl]amino]-3-hydroxy-7H-indeno[2,1-c] quinolin-
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Fig. 1. The chemica structure of TAS-103 (6-[[2-(dimethyl-
amino)ethyl]amino]-3-hydroxy-7H-indeno[2,1-c]quinolin-7-one
dihydrochloride) used in this study.

7-one dihydrochloride) (Fig. 1) was developed as an anti-
cancer agent targeting topo | and Il, and has a strong
cytotoxic effect on leukemia cell lines and various lung
tumors.?? Several research groups have reported that
caspase activation is also involved in topo inhibitor-
induced apoptosis in some tumors.®? However, the
mechanisms of action of topo inhibitors, including TAS-
103, remain unclear.

In this study, we investigated the cytotoxic activity of
TAS-103 in various human cancer cell lines and the induc-
tion of apoptosis by TAS-103. To analyze the mechanism
of the growth inhibition and apoptosis induction by TAS-
103, we established a stable transfectant of Bcl-2 in gastric
cancer cells and found that Bcl-2 blocked TAS-103-
induced apoptosis. In addition, we demonstrated that TAS-
103 can activate both ICE-like and CPP32-like proteases
and that their activities are inhibited by Bcl-2. Our data
suggest that TAS-103 is a novel type of anticancer agent
with a unique mechanism of action.

MATERIALS AND METHODS

Chemicals TAS-103 was synthesized by Taiho Pharma-
ceutical Co., Ltd. (Hanno, Saitama). Etoposide, YVAD-
CHO and DEVD-CHO were obtained from Calbiochem
(San Diego, CA). YVAD-AFC and DEVD-AFC were
obtained from BIOMOL (Plymouth Meeting, PA).

Cell culture The cancer cell lines were obtained from
American Type Culture Collection (ATCC). AZ521, FaDu,
and A549 were maintained in minimum essential medium
(MEM) supplemented with 10% fetal caf serum (FCS).
TMK-1, HCT116, HT-29, COLO 320DM, LoVo, and
MDA-MB-435S were maintained in Dulbecco’s modified
Eagle’'s medium (DMEM) supplemented with 10% FCS.
Growth inhibition assay (MTT assay) Viable-cell num-
ber was determined by using the 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide (MTT) assay, as
described previously.?® Cells were seeded (5,000 per well)
in 96-well plates and treated with various concentrations
of drugs for different periods of time. The absorbance was
read at 570 nm in a microplate reader.
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Apoptosis analysis For morphological analysis, cells
were treated with TAS-103, trypsinized, washed with
phosphate-buffered saline (PBS), fixed with 5% glutaral-
dehyde and stained with Hoechst 33342 (final concentra-
tion: 5 mg/ml) (Sigma). Stained cells were observed by
fluorescence microscopy. For the DNA fragmentation
assay, cells were treated with TAS-103 24 h later,
trypsinized, washed with PBS, and incubated with the
lysis buffer (0.01 M EDTA, 1% sodium dodecyl sulfate
(SDS), 1 M NaCl ) at 4°C for 30 min. The lysate was cen-
trifuged at 15,0009 for 30 min, and the supernatant was
incubated with RNase (1 mg/ml), and then with proteinase
K (0.2 mg/ml), both a 45°C for 60 min. The purified
DNA was dissolved in dH,O and electrophoresed on a
1.2% agarose gel. For ELISA, cells were treated with 2.5
UM of TAS-103 for 18 h. DNA fragmentation assay was
done using a Cell Death Detection ELISA kit (Boehringer-
Mannheim, Mannheim, Germany) following the manufac-
turer’s protocol.

Stable transfection cDNA for the human Bcl-2 gene was
cloned into the pRC/CMV expression vector. The plasmid
DNA was transfected into AZ521 by electroporation at
300 V and 960 uF using a Gene Pulser |l (Bio-Rad Labs.,,
Hercules, CA). The post-transfected cells were selected
with G418 (250 pg/ml). The insertion of the Bcl-2 cDNA
was confirmed by western blot analysis.

Western blot analysis Cells were lysed in a solution con-
taining 150 mM NaCl, 10 mM Tris-HCI (pH 8.0), 0.15 M
NaCl, 1 mM EDTA, 1% NP40 and protease inhibitors
(phenylmethylsulfonyl fluoride (PMSF), aprotinin, leupep-
tin, pepstatin and benzamide). Aliquots of lysates (40 Q)
were boiled in SDS sample buffer, resolved by 12% SDS-
polyacrylamide gel electrophoresis, and transferred to
nitrocellulose filters. After transfer, the membranes were
blocked in TBST (50 mM Tris-HCI [pH 8.0], 150 mM
NaCl, 0.1% Tween 20) containing antibody. Immunoreac-
tive products were detected by chemiluminescence with an
enhanced chemiluminescence system (ECL; Amersham
Pharmacia Bio., Amersham). Anti-a-tubulin was used as a
control.

ICE/CPP32 protease assay Preparation of cell extracts
and enzyme assay were performed as previously de-
scribed.?” Cells were lysed in a solution containing 25
mM N-2-hydroxyethylpiperazine-N'-3-propanesulfonic acid
(HEPES, pH 7.5), 5 mM EDTA, 5 mM dithiothreitol, pro-
tease inhibitors pepstatin, leupeptin, and PMSF for 20 min
on ice and then were sonicated on ice. The lysates were
centrifuged at 160,000g for 20 min and the protein con-
centrations were quantified using the Bio-Rad Protein
Assay kit. For enzyme assay, lysates (25 ug) were incu-
bated with the substrate, 25 uM YVAD-AFC or 15 uM
DEVD-AFC (BIOMOL). Cleavage of the substrates gen-
erated fluorescence that was quantified in an SLM 8000
fluorometer (excitation, 400 nm and emission, 505 nm).



RESULTS

Cytotoxic activity of TAS-103 towards various human
cancer cell lines To determine the cytotoxic activity of
TAS-103 by MTT assay, two gastric cancer cell lines
(AZ521 and TMK-1), four colon cancer cell lines
(HCT116, HT-29, COLO 320DM and LoVo), one squa-
mous cancer cell line (FaDu), one lung cancer cell line
(A549) and one breast cancer cell line (MDA-MB-435S)
were employed (Table I, Fig. 2, A and B). TAS-103 is
more effective than etoposide in inhibiting the growth of
various human cancer cell lines (Table 1). The dose-
response data are presented in Fig. 2A. TAS-103 reduced
the number of growing cells with a 50% inhibitory value
of approximately 0.2 uM, about 20 times lower than that
of etoposide. As shown in Fig. 2B, AZ521 cells were
treated with 0.2 uM and 1.0 M TAS-103 or etoposide for
different periods of time. TAS-103 at 1.0 uM completely
inhibited cell growth after 3 days. However, under the
same condition, 40% of these cells survived in the media
containing 1.0 uM etoposide. These results clearly indicate
that TAS-103 has strong cytotoxic activity and is more
effective than etoposide against several human cancer cell
lines.

Induction of apoptosis by TAS-103 in the gastric can-
cer cell line AZ521 To investigate whether the growth-
inhibitory effect of TAS-103 is caused by apoptosis, the
nuclear morphology of TAS-103-treated or non-treated
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gastric cancer cells AZ521 was studied with Hoechst
33342 staining. Treatment of AZ521 cells with 1.0 uM
TAS-103 for 2 days triggered typica morphological char-
acteristics of apoptosis, such as nuclear condensation (Fig.
3A). Furthermore, TAS-103-induced apoptosis was con-
firmed by observation of DNA fragmentation in a dose-
dependent manner after 24 h treatment with TAS-103 (Fig.
3B). These results clearly demonstrate that TAS-103
induces apoptosis in AZ521 gastric cancer cells.

Tablel. Cytotoxic Activity of TAS-103 in Various Human Can-
cer Cell Lines

cell line Origin 'Cs0 (V) _

TAS-103 Etoposide

AZ521 Gastric cancer 0.2 4.0
TMK-1 Gastric cancer 0.9 5.2
HCT116 Colon cancer 0.3 2.9
HT-29 Colon cancer 14 9.0
COLO 320DM  Colon cancer 11 39
LoVo Colon cancer 0.7 33
FaDu Sguamous cancer 0.1 0.9
AbB49 Lung cancer 04 6.4
MDA-MB-435S Breast cancer 14 10.9

Cells were treated with TAS-103 or etoposide for 3 days. Each
IC,, value is the mean of three independent experiments by
MTT assay.
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Fig. 2. Cytotoxic activity of TAS-103 in the gastric cancer cell line AZ521. (A) Effect of TAS-103 concentration on AZ521 cell
growth. Cells were treated with the indicated concentration of TAS-103 (O ) or etoposide ( A ) for 3 days, then cell viability was deter-
mined by the MTT assay. (B) Time course. Cells were seeded at a cell density of 2,000 cells per well in 96-well plates. The cells were
then treated with drugs for the indicated times, and cell viability was determined by the MTT assay. @ TAS-103 1.0 uM, O TAS-103

0.2 UM, A etoposide 1.0 uM, A etoposide 0.2 uM.
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Fig. 3. Induction of apoptosis by TAS-103 in AZ521 cells. (A) Morphological analysis of apoptotic cells. Cells were treated with 1.0
UM TAS-103 for 2 days, and nuclear morphology was analyzed by Hoechst 33342 staining. (B) Cells were treated with various concen-
trations of TAS-103 for 24 h. The cell lysates were extracted and electrophoresed on 1.2% agarose gel.
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Fig. 4. Western blot analysis. Cell lysates of AZ521, AZ521/
vec, and AZ521/bcl-2 were analyzed by western blot for Bcl-2
expression. a-Tubulin was used as a control.

Bcl-2 blocks growth inhibition and apoptosis induction
by TAS-103 in AZ521 cells In order to study the mecha-
nism by which TAS-103 inhibits cell growth and induces
apoptosis, we examined the expression level of Bcl-2 fam-
ily proteins, such as Bcl-2 and Bax (data not shown).
Using the gastric cancer cell line AZ521, which does not
express Bcl-2, we established a stable transfectant of Bcl-2
and measured the Bcl-2 protein content by western blot
analysis (Fig. 4). In this experiment, one Bcl-2 transfectant
and one vector-transfected clone were subjected to the
MTT assay and Hoechst 33342 staining. The results of the
MTT assay are shown in Fig. 5, A and B. In contrast to
the parental and vector-transfected AZ521 cells (AZ521/
vec), the viability of Bcl-2-transfected cells (AZ521/bcl-2)
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was over 70% even after the addition of 20 uM TAS-103
for 24 h (Fig. 5A). In atime course experiment, more than
50% of AZ521/bcl-2 cells were viable after 48 h of incu-
bation with 10 uM TAS-103 (Fig. 5B).

A stable clone with a high level of Bcl-2 was also
examined by Hoechst 33342 staining and ELISA assay
(Fig. 6, A and B). TAS-103 induced over 20% apoptotic
cellsat 2.5 uM for 2 days in AZ521/vec cells (Fig. 6A).
However, apoptotic cells amounted to only about 5%
when AZ521/bcl-2 cells were similarly treated. Fig. 6B
shows the DNA fragmentation based on Cell Death Detec-
tion ELISA. We observed a similar induction pattern by
TAS-103 in AZ521/vec and AZ521/bcl-2. These data sug-
gest that Bcl-2 blocks growth inhibition and apoptosis
induction by TAS-103 in the gastric cancer cell line
AZ521.

Involvement of |CE-like and CPP32-like proteases in
TAS-103-induced apoptosis We next assessed whether
TAS-103 activates the caspase cascade by the upregulation
of ICE-like and CPP32-like proteases. Using the MTT
assay to assess the viability of AZ521 cells, we found that
YVAD-CHO (ICE inhibitor) and DEVD-CHO (CPP32
inhibitor) partially prevented TAS-103-inhibition of cell
growth (data not shown). The fluorogenic substrates
YVAD-AFC and DEVD-AFC, which mimic the cleavage
sites at which ICE cleaves pIL-13 and CPP32 cleaves
PARP, were used to confirm the activities of 1CE-like and
CPP32-like proteases in AZ521/vec and AZ521/bcl-2 cells
treated with TAS103 (Fig. 7). YVAD-AFC cleavage
activity was observed in AZ521/vec cells treated with 25
UM TAS-103 for the indicated times. However, this activ-
ity was not seen in AzZ521/bcl-2 cells (Fig. 7A). Similar
results were obtained with DEVD-AFC treatment under
the same conditions (Fig. 7B). Our data indicated that the
activities of ICE-like and CPP32-like proteases are
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Fig. 5. Bcl-2 blocks the growth inhibition of TAS-103 in AZ521 cells. (A) Effect of TAS-103 on the growth inhibition in AZ521 (A),
AZ521/vec (0), and AZ521/bcl-2 (@) cells. Cells were treated with the indicated concentrations of TAS-103 for 24 h, then the cell
viability was determined by the MTT assay. (B) Time course. AZ521/vec (O) and AZ521/bcl-2 (@) cells were seeded at a cell density
of 2,000 cells per well in 96-well plates. The cells were then treated with 12 yM TAS-103 for the indicated times, and the cell viability
was determined by MTT assay.
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Fig. 6. Bcl-2 blocks TAS-103-induced apoptosis in AZ521 cells. (A) Percentage of apoptotic cells determined by Hoechst 33342 stain-
ing. The number of apoptotic cells with nuclear morphology typical of apoptosis was scored in at least 400 cells in each sample by
using a fluorescence microscope. Cells were treated with 2.5 uM TAS-103 for 2 days. O AZ521/vec, B AZ521/bcl-2. (B) Analysis of
DNA fragmentation in AZ521/vec (O) and AZ521/bcl-2 (M) cells by ELISA. Cells were treated with 2.5 yM TAS-103 for 18 h and
analyzed for DNA fragmentation using a Cell Death Detection ELISA kit. The results are expressed as mean+SD.

involved in the signal transduction in TAS-103-induced were discovered by several research groups. 3P Interest-

apoptosis. ingly, the expression levels of the two enzymes vary in
different types of cancers,®3 and further, topo | and Il

DISCUSSION can each compensate for loss of function of the other.34 )
Therefore TAS-103 was developed as an anticancer agent

Topo inhibitors such as CPT-11 and topotecan (topo | targeting both topo | and topo II, and has been shown to

inhibitors), etoposide and genistein (topo Il inhibitors) be effective against lung tumors? Here we have dis-
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Fig. 7. Involvement of ICE-like and CPP32-like proteases in TAS-103-induced apoptosis. (A) Cell lysate of AZ521/vec or AZ521/bcl-
2 was treated with 25 pM TAS-103 for the indicated times and incubated with 25 uM YVAD-AFC. Cleavage of the substrate produced
a fluorescent signa that was quantified with an SLM 8000 fluorometer. © AZ521/vec, @ AZ521/vec+TAS-103, A AZ521/bcl-2,
A AZ521/bcl-2+TAS-103. (B) Cedll lysate with the same treatment as in (A) was incubated with 15 yM DEVD-AFC. O AZ521/vec,
@ AZ521/vec+TAS103, A AZ521/bcl-2, A AZ521/bcl-2+TAS-103. The results are expressed as mean+SD.

cussed the cytotoxic activity of TAS-103 in various human
cancer cells (including gastric, colon, squamous, lung, and
breast cancer cell lines), and our results indicate that TAS-
103 is a more potent inhibitor than etoposide (Table | and
Fig. 2, A and B). Furthermore, TAS-103-induced apopto-
sis was confirmed by the observation of typical morpho-
logical changes and DNA fragmentation in the gastric
cancer cell line AzZ521 (Fig. 3, A and B). All these results
demonstrate that TAS-103 induces apoptosis in AZ521
gastric cancer cells.

Bcl-2 family proteins are known to be involved in the
regulation of apoptotic signals.”® The induction of apo-
ptosis by various stimuli involves a cytotoxic proteolytic
cascade that is associated with a pathway of endonuclease
activation, which leads to for DNA cleavage. In some
studies, overexpression of Bcl-2 has been demonstrated to
inhibit drug-induced apoptosis by preventing the activation
of caspase-3, acting at points both upstream and down-
stream from cytochrome c release.® % Some results also
indicated that cytochrome c release is not accompanied by
changes in mitochondrial membrane potential and that
Bcl-2 acts to inhibit cytochrome c translocation, thereby
blocking the caspase activation step of the apoptotic step
process.®) It has been reported that Bcl-2 can inhibit the
induction of apoptosis by drugs such as CPT-11 and etopo-
side.® In order to understand the mechanism of TAS-103-
induced apoptosis, we established a stable transfectant of
Bcl-2 in the gastric cancer cell line AZ521 and found that
Bcl-2 blocks TAS-103-induced apoptosis in these cells
(Fig. 6, A and B). Our results also demonstrated that TAS-
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103 induced the activities of both ICE-like and CPP32-like
proteases, as judged from protease activity assay in vitro.
However, overexpression of Bcl-2 inhibited TAS-103-
induced activity of both proteases in AZ521 gastric cancer
cells (Fig. 7, A and B). These data suggested that Bcl-2
antagonizes TAS-103-induced apoptosis by blocking the
activity of a cysteine protease. But we did not observe
cytochrome c release after treatment of AZ521 cells with
TAS-103 in our experiment. Thus, further studies will be
necessary to address the mechanisms by which TAS-103
induces protease activity.

In conclusion, TAS-103, a dual topo inhibitor, has
strong cytotoxic activity in various human cancer cells and
effectively induces apoptosis of AZ521 gastric cancer
cells. Most importantly, our results not only suggest that
Bcl-2 blocks TAS-103-induced apoptosis, but also indicate
that ICE-like and CPP32-like proteases are involved in the
signal transduction pathway leading to TAS-103-induced
apoptosis. TAS-103 appears to be a novel type of antican-
cer agent with a unique mechanism of action. It could be
an important lead compound for the development of new
anticancer agents.
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