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6-[[2-(Dimethylamino)ethyl]amino]-3-hydroxy-7H-indeno[2,1-c]quinolin-7-one dihydrochloride (TAS-
103) is a novel anticancer agent that was developed to target both topoisomerase (Topo) | and Topo
I1. To elucidate its mechanism of action, we have established and characterized TAS-103-resistant
cells, derived from mouse leukemia (P388), human colon cancer (DLD-1), and human lung adeno-
carcinoma (A549) cell lines, by exposure to stepwisely increasing concentrations of TAS-103 in the
culture medium. P388/TAS cells showed only crossresistance to VP-16 and adriamycin (ADR).
The Topo Il activity in these cells was decreased to below one-fourth of that in the parental cells,
while the Topo | activity remained unchanged. DLD/TAS cells appeared to be cross-resistant to
VP-16, ADR, camptothecin (CPT), SN-38 and vincristine (VCR). The enzymatic activities of both
Topo | and Topo Il in these cells were decreased to one-fourth of that observed in the parental
cells. Furthermore, the decreased activities were accompanied by lower expression at the mRNA
and protein levels. A549/TAS cells acquired crossresistance to VP-16, ADR and VCR, though the
Topo activities were virtually unchanged. In this cell ling, the intracellular accumulation of TAS
103 was significantly decreased and the expression of multidrug resistance associated protein
(MRP) was elevated when compared with the parental cells. The results indicate that the affected
activities of Topo | and/or Topo |1, and in some instances decreased accumulation of TAS-103, are
associated with the development of resistance to TAS-103, although the main mechanism of resis-

tance to TAS-103 varied among cell lines.
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The DNA topoisomerases (Topo), huclear enzymes con-
trolling DNA topology, have been identified as important
targets for cancer chemotherapy. CPT-11 and topotecan
were developed as inhibitors of Topo I, while VP-16, VM-
26 and some intercalating agents widely used in cancer
chemotherapy (adriamycin (ADR), amsacrin, mitoxan-
trone), were identified as Topo Il inhibitors»? The
novel anticancer agents targeting both Topo | and Topo I
are now considered as a promising approach in finding
clinically more effective antitumor agents than agents tar-
geting only one Topo. We have reported that 6-[[2-(dimeth-
ylamino)ethyl]amino]-3-hydroxy-7H-indeno[2,1-c]quinolin-
7-one dihydrochloride (TAS-103) inhibited Topo | and
Topo Il in in vitro enzymatic assays, and showed potent
antitumor activity against various human tumor xenografts
and metastatic tumors.® ¥ TAS-103 is under clinical evalu-
ation in the USA.

In this study, to elucidate the mechanism of action of
TAS-103, we have established TAS-103-resistant cell lines
and characterized their cross-resistance to various antican-
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cer agents, the changes in Topo levels and the intracellular
accumulation of TAS-103. Cell lines resistant to Topo
inhibitors have been reported to acquire the resistance
because of reduced expression levels or mutation of the
enzymes®> The resistance phenotype was associated
with alteration in both Topo | and Topo Il following
sequential exposure to either Topo | or Topo Il inhibitor.*?
Another possible mechanism of resistance is a decrease of
drug accumulation caused by the presence of drug trans-
porter proteins (P-glycoprotein (P-gp) and multidrug resis-
tance related protein).’3-1

The multifunctional changes, decreased levels of Topo |
and/or Topo Il and intracellular accumulation of TAS-103
should be taken into account as factors contributing to dif-
ferences in the mechanisms of resistance among various
cell lines.

MATERIALS AND METHODS

Chemicals TAS-103 (Fig. 1) and SN-38 were synthesized
by Taiho Pharmaceutical Co., Ltd. (Tokyo). Other drugs
were purchased as follows. VP-16 and cis-diammine-
dichloroplatinum (CDDP) from Nippon Kayaku Co., Ltd.
(Tokyo), ADR from Kyowa Hakko Co., Ltd. (Tokyo),
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Fig. 1.  Structure of TAS-103.

aclacinomycin  (ACR) from Yamanouchi Co., Ltd.
(Tokyo), vincristine (VCR) from Eli Lilly, Ltd. (Tokyo), 5-
fluorouracil (5-FU) from Wako Pure Chemical Industries,
Ltd. (Tokyo), and camptothecin (CPT) from Sigma (St
Louis, MO). [*H]JTAS-103 was obtained from Moravek
Biochemicals, Inc. (Tokyo).

Cell culture and establishment of TAS-103-resistant
cell lines The following cell lines were used to derive
TAS-103-resistant cell lines; DLD-1 human colon cancer,
A549 human lung adenocarcinoma (obtained from the Jap-
anese Cancer Research Resources Bank, Tokyo) and P388
murine leukemia cell line (provided by Dr. T. Tsuruo,
Ingtitute of Molecular and Cellular Bioscience, University
of Tokyo). The cells were propagated in RPMI11640
medium supplemented with 10% fetal bovine serum (FBS)
in an incubator under a humidified atmosphere of 5% CO,
at 37°C. Each TAS-103-resistant cell line was selected
after long-term exposure to stepwisely increasing concen-
trations of TAS-103. This procedure has been continued
for about 1 year. TAS-103-resistant cell lines were estab-
lished using the limiting dilution technique. The selected
DLD/TAS showed doubling times of 29.0 h compared to
23.3 h of parental DLD-1/p cells. A549/TAS and parental
A549/p cells are characterized by doubling times of 22.1
h and 22.9 h, respectively.

Cytotoxicity test Cells were plated into 96-well micro-
plates. After overnight incubation, medium containing a
seridly diluted test compound was added to each well in
triplicate, and incubation was continued for 72 h. Cell
growth was assessed using the modified colorimetric tetra-
zolium-formazan (MTT) assay.’® The IC,, was defined as
the drug concentration needed to produce a 50% reduction
of growth relative to control cells. Colony-forming assay
was aso performed with DLD/TAS and DLD/p cells. The
cells, seeded at a density of 300 cells/well in 35 mm
dishes, were incubated overnight, then treated for 6 days
with various concentrations of drugs. Colonies were
counted after crystal-violet staining. Results were
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expressed as a percentage of the control number of colo-
nies formed in the absence of drug.

Topo catalytic activities of nuclear extracts Crude
nuclear extracts were prepared using 0.35 M salt extrac-
tion as described,'? and the protein concentration was
determined using the Bradford method (Bio-Rad, Tokyo).
Topo | enzymatic activity was measured in terms of the
relaxation of supercoiled pPBR322 DNA as described pre-
viously.®® Supercoiled pBR322DNA (0.1 ug) (TaKaRa
Shuzo Co., Ltd., Tokyo) and a crude nuclear extract were
mixed in 20 ul of 35 mM Tris-HCI buffer, pH 8.0, contain-
ing 72 mM KCI, 5 mM MgCl,, 5 mM dithiothreitol, 5 mM
spermidine, and 0.01% bovine serum albumin. Topo |l cat-
alytic activity was measured in terms of the decatenation
of kinetoplast DNA as described previously.®® Kinetoplast
DNA (0.1 pg) (TeKaRa Shuzo Co., Ltd.) and a crude
nuclear extract were added to 20 ul of the reaction mixture
(50 mM Tris-HCI, pH 7.5, 85 mM KCI, 10 mM MgCl,,
0.5 mM dithiothreitol, 0.5 mM EDTA, 1 mM ATP and 30
ug/ml bovine serum abumin (BSA)). After incubation at
37°C for 30 min, the reaction was terminated by addition
of 5 ul of solution consisting of 2.5% sodium dodecy! sul-
fate (SDS), 0.05% bromophenol blue and 50% glyceral.
The reaction products were subjected to electrophoresis in
1% agarose gel, performed using the Mupid 2 gel system
(Advance Co., Ltd., Tokyo) in TBE buffer (90 mM Tris-
borate, pH 8.3, 2.5 mM EDTA). The gel was removed and
stained in 2 uM ethidium bromide (EtBr) solution for 30
min, and then photographed under ultraviolet light using
Polaroid film.

Western blotting Equivalent amounts of nuclear extracts
from all the cell lines were loaded on 10% SDS polyacryl-
amide gel electrophoresis (SDS-PAGE) gels and electro-
phoresed, then transferred to polyvinylidene difluoride
(PVDF) membranes (“Immobilon,” Millipore, Tokyo).
The membranes were incubated overnight at 4°C with
anti-Topo antibodies. The antibodies used were anti-Topo
I, a sclerosis patient’s serum (Topo Gen, Inc., Columbus,
Ohio) or Topo Il, a polyclona antibody to human Topo
lla (Topo Gen, Inc.). The membranes were rinsed with
phosphate buffer solution (PBS) containing 0.05% Tween
20 and incubated with secondary antibodies, horseradish
peroxidase (HRP)-conjugated protein A and a goat anti-
rabbit 1gG for Topo | and Topo I, respectively. Immu-
necomplexes were detected with an enhanced chemilumi-
nescence (ECL) system (Amersham Corp., Tokyo), using
an ARGUS-50 chemilumiometer (Hamamatsu Photonics,
Tokyo).

Quantification of PCR products The mRNA levels of
Topo were quantified by the real time-PCR method using
an ABI7700 Sequence Detector System.?2) The primers
for Topo quantification to be used with the ABI Prism
7700 Seguence Detector (PE Applied Biosystems, Foster,
CA) were selected to optimize the PCR for a two-step pro-



file, which is preferred by TagMan chemistry (see Table
111229 The internal oligonuclectide probes were labeled
with the fluorescent dyes 5-carboxyfluorescein (FAM) on
the 5" end and N,N,N’,N’-tetramethyl-6-carboxyrhodamine
(TAMRA) on the 3' end. Typicaly, PCR was carried out
in a 50 ul incubation mixture containing 50 ng of total
RNA from each cell line isolated using the SV total RNA
isolation system (Promega, Tokyo), and 1x TagMan ampli-
fication. Detection was performed with the ABI 7700
system with the following cycling profile: 1 cycle of 50°C
for 2 min, 1 cycle of 95°C for 5 min, and 45 cycles of
94°C for 30 s and 68°C for 1 min. The fluorescence
emission data of each sample were available for analysis
immediately after the completion of PCR. The amount of
each PCR product of Topo was normalized with respect to
the expression level of glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH).

Accumulation of TAS-103 in various cells Exponen-
tially growing cells (1x10° cells/ml) were incubated in
RPM 11640 medium containing 0.1 uM [*H]TAS-103 for 2
h. An aliquot of 0.2 ml of cell suspension was layered on
warmed silicon oil (0.2 ml) and centrifuged (12000g, 5
min). The cell pellet was dissolved by sonication in Solu-
ene (1.5 ml) and then HIONIC-FLUOR (10 ml) was added
to each tube. The radioactivity was measured in a liquid
scintillation counter.

Immunocytochemical staining Cytocentrifuge prepara-
tions of the cells were air-dried, fixed in cold acetone for 5
min, and incubated with a blocking solution containing
10% rabbit serum (Histofine, Nichirei, Tokyo) at room
temperature for 10 min. The slides were incubated with
antibodies to multidrug resistance associated protein
(MRP), LAR or P-gp (MRPmM6, LRP-56 or JSB-1,
Nichirei) overnight at 4°C. Subsequently, the staining was
visualized by an avidin-biotin complex immunoperoxidase
method as described earlier.?29

Establishment of TAS-103-resistant Cell Lines

RESULTS

Sensitivities of TAS-103-resistant cell lines to various
anticancer drugs Table | shows the cytotoxicity (IC,
values) of various anticancer drugs to the TAS-103-resis-
tant and parental cell lines. P388/TAS, DLD/TAS and
AB49/TAS cells appeared to be 62-, 26- and 27-fold resis-
tant to TAS-103, respectively. P388/TAS cells, having a
high degree of resistance, were found to be cross-resistant
only to Topo Il inhibitors, VP-16 (44-fold) and ADR (20-
fold). DLD/TAS acquired a partial cross-resistance to
Topo | inhibitors, CPT (6.0-fold) and SN-38 (5.4-fold),
and Topo |1 inhibitors, ADR (8.3-fold) and VCR (11-fold),
and cross-resistance to VP-16 (33-fold). This cell line was
not cross-resistant to ACR, a catalytic inhibitor of Topo I,
or to CDDP, mitomycin C (MMC) or 5-FU. A549/TAS
cells showed partial cross-resistance to VP-16 (6.9-fold),
ADR (6.9-fold), 5-FU (5.1-fold) and VCR (13-fold). The
dose-response curves of DLD/TAS cells, as determined by
MTT assay (Fig. 2a) and by colony-forming assay (Fig.
2b) were shifted to a higher concentration of TAS-103
when compared with those for the parental DLD-1/p cells.
Analysis of Topo catalytic activities The Topo | activity
(Fig. 3A) was measured in terms of the relaxation of
supercoiled pBR322 plasmid DNA, and Topo Il activity
(Fig. 3B) was measured in terms of the decatenation assay
of kinetoplast DNA in the presence of nuclear extracts
from each cell line. As presented in Fig. 3A, 7.81 ng of
nuclear protein from DLD-1/p showed dlightly higher
Topo | activity than 31.25 ng of nuclear protein from
DLD/TAS, indicating that the Topo | activity present in
DLD/TAS cells was reduced to about one-fourth of that
seen in DLD-1/p cells. However, no apparent differences
in Topo | activity were observed between P388/TAS or
AB49/TAS and their parental cell lines. As presented in
Fig. 3B, minicircle forms of DNA were observed in the

Tablel. Sensitivity to Anticancer Drugs of TAS-103-resistant Cell Lines

IC,, value: uM (relative resistance)?

Drug P388/p P388/TAS DLD-1/p DLD/TAS A549/p AB49/TAS
TAS103 000052 0032 (62) 0.034 0.89 (26) 0.019 052 (27)
CPT 0.0086 0011 (13) 0.020 012 (6.0) 0.049 0.069 (1.4)
SN-38 0.0017 0.0059 (3.5) 0.024 013 (5.4) 0.14 011 (0.79)
CPT-11 0.61 095 (L6) 8.4 24 (2.9) 34 22 (0.65)
VP-16 0.020 088  (44) 0.95 31 (33) 32 2 (6.9
ADR 0.0034 0.067 (20) 0.12 10 (83) 0.16 11 (69)
ACR 0.0021 0.0038 (1.8) 0.010 0.010 (1.0) 00061  0.0086 (1.4)
VCR 0.0011 0.0022 (2.0) 0.012 013 (11) 0.031 041 (13)
CDDP 0.12 029 (24) 5.0 29 (058 97 47  (0.48)
MMC 0.027 0051 (1.9) 0.30 075 (2.5) 0.12 021 (18
5-FU 0.45 048 (L1 7.7 64 (0.83) 68 3B (51)

a) Relative resistance represents the ratio of IC,, for the resistant line to |C,, for the parental line.
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Fig. 2. Concentration-response curves of TAS-103 on the growth of DLD/TAS (@) and DLD-1/p (O) cells, measured using the

MTT assay (&) and colony-forming assay (b).
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Fig. 3. Topo | and Topo Il activities in TAS-103-resistant cells and their parental cell lines. Topo | activity was measured in terms of
the relaxation of supercoiled pBR322 DNA (A). The amounts of nuclear extracts assayed were; 0 ng (lane N), 2000 ng (lane 1), 500 ng
(lane 2), 125 ng (lane 3), 31.25 ng (lane 4), 7.81 ng (lane 5), 1.95 ng (lane 6), 0.49 ng (lane 7) and 0.12 ng (lane 8). | and Ir, supercoiled
and relaxed DNA, respectively. Topo Il activity was measured in terms of the decatenation of kinetoplast DNA (B). The amounts of
nuclear extracts assayed were; 0 ng (lane N) , 2000 ng (lane 1), 1000 ng (lane 2), 500 ng (lane 3), 250 ng (lane 4), 125 ng (lane 5), 62.5
ng (lane 6) and 31.25 ng (lane 7). k and m, catenated and minicircled DNA, respectively.

presence of 500 ng nuclear protein of P388/p, whereas the
nuclear extract from P388/TAS cells did not decatenate
kinetoplast DNA, even the presence of 2000 ng protein,
indicating that Topo Il activity in P388/TAS cells was
reduced to below one-fourth of that of P388/p cells. Topo
Il activity in DLD/TAS cells was also reduced to about
one-fourth of that present in DLD-1/p cells. However, the
differences in Topo Il activity of A549/TAS and A549/p
cells were minimal.
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MRNA and protein expression levels of topoisomer-
ases We examined the mRNA levels of Topo |, Topo
lla and Topo IIB by rea-time PCR (Fig. 4A) using
primers specific for each transcript (Table 1), and the cel-
[ular contents of Topo | and Topo Il by western blotting
(Fig. 4B). The expression of mRNAs of Topo I, Topo lla
and Topo |13 was greatly reduced in DLD/TAS cells to
33, 16 and 8.4%, respectively, when compared with the
parental DLD-1/p cells. A similar result was obtained



from western blotting: a marked reduction in the amounts
of protein of Topo | and Topo Il was detected in DLD/
TAS, when compared with the parental cells (Fig. 4B).
Based on these results, it appeared that the observed
reduction of activity of Topo | and Il in DLD/TAS cells
was caused by decreased levels of the respective proteins
and mRNAs.

Intracellular accumulation of TAS-103 The accumula-
tion of TAS-103 in the cells after 2 h incubation with 0.1
UM [*H]TAS-103 is shown in Fig. 5. The accumulations of
TAS-103 by DLD/TAS and DLD-1/p cells were very sim-
ilar. However, a significant reduction of TAS-103 accumu-
lation by A549/TAS cells was observed when compared
with the parental cell line, A549/p. Such a dramatic
decrease of the intracellular concentration of TAS-103 in
A549/TAS cells indicates the presence of altered mecha-
nisms of drug intracellular accumulation.

Topo/GAPDH mRNA Ratio

DLD-1/p

DLD/TAS

Establishment of TAS-103-resistant Cell Lines

Expression of drug transporter proteins, P-gp, MRP
and LRP We compared the immunocytochemical reactiv-
ity of TAS-103-resistant and their parental cell lines to
antibodies to MRP, LRP or P-gp (Fig. 6). No apparent dif-
ferences in the expression levels of P-gp and LRP were
observed between A549/TAS and A549/p cells. However,
the staining with MRP antibody of A549/TAS cells was
more intense than that observed in the parental cells.
There was no marked difference in the staining with P-gp
and MRP between DLD/TAS and DLD-1/p cells (data not
shown).

DISCUSSION

Simultaneous inhibition of Topo | and Topo Il was our
main goal in the development of a new anticancer agent.
As a result, TAS-103, a compound showing a broad and
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Fig. 4. Expression levels of mRNA and protein of Topo in DLD/TAS and DLD-1/p cells. A) Quantitation of Topo mMRNAS was per-
formed using real-time PCR analysis. The values were corrected by normalization to the mRNA levels of GAPDH. O Topo |, & Topo

Ila, m Topo 1. B) Topo contents assessed by western blotting.

Table 1. Primers and Probes

Topo | upstream primer 5-AGGAACAGCTAGCAGATGC-3

reverse primer 5'-GGCTTGAACTTCCAGCTTC-3

probe 5'-FAM-CGGAGAGACCTGAAAAGTGCTAAGGC-TAMRA
Topo lla upstream primer 5-GCTACATGGTGGCAAGGAT-3

reverse primer 5'-AGGAATGTACCATTCAGGCTC-3

probe 5'-FAM-ATGCTCAGCTCTTTGGCTCGATTGT-TAMRA
Topo 113 upstream primer 5'-CCAAGTAAAACGGTAGCTGCTA-3

reverse primer 5'-GCCTTTACCTTTTGGTGTTG-3

probe 5'-FAM-AGATACAGTCCCTAAGCCCAAGACAGCC-TAMRA
GAPDH upstream primer 5-GAAGGTGAAG-3

reverse primer
probe

5-GAAGATGGTGATGGGATTTC-3
5'-FAM-CCGACTCTTGCCC-TAMRA
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Fig. 5. Intracellular accumulation of TAS-103 in TAS-103-
resistant cells and their parental cell lines. Cells (1x10°) were
exposed to 0.2 M [*H]TAS-103 at 37°C for 2 h. The radioactiv-
ity was measured with a liquid scintillation counter.
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potent antitumor activity against various human tumor
xenografts and metastatic tumors, was developed.? The
cytotoxic activity of TAS-103 appeared to be unaffected
by overexpression of P-gp, a protein involved in multidrug
resistance (MDR).? The above properties justified further
clinical evaluation, which isin progressin the USA.

In this study, to demonstrate the involvement of the
inhibition of Topo | and Topo Il in the antitumor activity
of TAS-103, we attempted to establish and characterize
TAS-103-resistant cell lines. Our intention was to select
cell lines with affected Topo | or Topo Il enzymes, allow-
ing us to clarify the contribution of both or either enzyme
to the cytotoxic effects mediated by TAS-103. Among 10
cancer cell lines exposed to TAS-103 for more than one
year, only 3 acquired more than 10-fold resistance to TAS
103. The remaining cell lines failed to gain a sufficient
level of resistance, indicating rather low ability of TAS
103 to induce drug resistance. Moreover, it is of particular
interest that the cell lines acquiring resistance to TAS-103
differed from each other in the type of mechanism of resis-
tance. A commonly observed mechanism of resistance>® is
present in the case of P388/TAS cells. This cell line
appeared to be cross-resistant only to Topo Il inhibitors,
VP-16 and ADR. The determination of Topo activities in
the nuclear extracts showed a significant reduction of
Topo |l activity only, to below one-fourth of that present
in parental cells. The Topo | activity remained essentialy
at the level of the parental cells, exhibiting similar sensi-
tivity to Topo | inhibitors.

DLD/TAS cells, showed cross-resistance to Topo Il
inhibitors, VP-16 and ADR. They were also partially resis-
tant to Topo | inhibitors, CPT and SN-38. The intracellular
uptake of TAS-103 in DLD/TAS cells is not affected sig-
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Fig. 6. Immunocytochemica staining of LRP, MRP and P-gp
in A549/p and A549/TAS cdlls.

nificantly. The activities of intranuclear Topo | and Topo |1
in DLD/TAS cells diminished to one-fourth of that found
in the parental cell line, and decreased levels of protein
and mRNA of Topo | and Topo Il were confirmed by
western blotting and real-time PCR. These results provide
an evidence of adirect link between the cytotoxic effect of
TAS-103 and the amount of target molecules in cancer
cells. Moreover, our rea-time PCR studies showed
decreased expression of two subtypes of Topo |1, namely
Topo lla and 113, in DLD/TAS cells. Severa reports have
been published on the correlation between decreased lev-
els of Topo Ila and resistance to topo |1 inhibitors (VP-16,
ADR or mitoxantrone).?? On the other hand, the relation
between decreased levels of Topo I3 and resistance to
Topo 1 inhibitors seems to vary depending on the drug.>-2?
The expression of Topo Ila occurs in proliferating cells



and then decreases when the cells become non-cycling,
whereas Topo 113 is expressed in both cycling and non-
cycling cells. 230 Methyl N-[4-(9-acridinylamino)-2-meth-
oxyphenyl]carbamate hydrochloride (AMCA) is active
against non-cycling cells, therefore contributing to the
inhibition of both Topo I and Topo I1a.3-% The cyto-
toxicity of VP-16 against unstimulated lymphocytes is
mediated by Topo I1B.%® The resistance to TAS-103 is
associated with decreased levels of Topo Ila and I,
indicating that both isoforms are probably inhibited by
TAS-103.

Another type of resistance was observed in A549/TAS
cells. The resistance of A549/TAS cells was associated
with a markedly decreased intracellular accumulation of
TAS-103. A549/TAS was distinguishable from MDR
cells, because of the lack of overexpression of P-gp, a
finding which is supported by the earlier report that MDR
cell lines (P388/ADR, MCF-7/Ad10 and KB/VCR cells)
did not show cross-resistance to TAS-103.Y Decreased
intracellular accumulation of TAS-103 may be related to
an increased expression of MRP in A549/TAS cdlls. It has
been reported that the increased expression of MRP in the
cells was associated with a decreased accumulation of VP-
16 or glutathione.®* % MRP can actively transport structur-
aly diverse glutathione (GSH)- and glucuronide-conju-
gated molecules, to a greater extent than their unmodified
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