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ABSTRACT. TAS-103 is a novel antineoplastic agent that is active against in vivo tumor models [Utsugi,
T., et al. (1997)Jpn. J. Cancer Res. 8892-1002]. This drug is believed to be a dual topoisomerase
I/ll-targeted agent, because it enhances both topoisomerase I- and topoisomerase II-mediated DNA cleavage
in treated cells. However, the relative importance of these two enzymes for the cytotoxic actions of TAS-
103 is not known. Therefore, the primary cellular target of the drug and its mode of action were determined.
TAS-103 stimulated DNA cleavage mediated by mammalian topoisomerase | and human topoisomerase
Il andg in vitro. The drug was less active than camptothecin against the type | enzyme but was equipotent
to etoposide against topoisomerase W yeast genetic system that allowed manipulation of topoisomerase
activity and drug sensitivity was used to determine the contributions of topoisomerase | and Il to drug
cytotoxicity. Results indicate that topoisomerase Il is the primary cellular target of TAS-103. In addition,
TAS-103 binds to human topoisomeraset in the absence of DNA, suggesting that enzyme-drug
interactions play a role in formation of the ternary topoisomeradeuds DNA complex. TAS-103 induced
topoisomerase II-mediated DNA cleavage at sites similar to those observed in the presence of etoposide.
Like etoposide, it enhanced cleavage primarily by inhibiting the religation reaction of the enzyme. Based
on these findings, it is suggested that TAS-103 be classified as a topoisomerase ll-targeted drug.

TAS-103 is a novel quinoline derivative (Figure 1) that CH,
displays marked antitumor activity in murine and human 111
tumor models and currently is in phase | clinical trials H3C/ ~">NH 0
(1—3). Although the cytotoxic mechanism of the drug has
not yet been established, it is believed to act through an effect N7
on DNA topoisomerasedl). |

DNA topoisomerases are enzymes that control the topo- N Q
logical state of DNA in the cell4—8). There are two classes
of topoisomerases. Type | enzymes regulate DNA under- HO
and overwinding by generating transient single-stranded Ficure 1: Structure of TAS-103.
breaks in the double heli¥(9, 10. Type Il enzymes resolve
DNA knots and tangles by creating transient double-strandedare targets for several clinically important anticancer drugs
breaks in the genetic material,(8, 11, 12. In addition to (6—8, 13-18). Topoisomerase | is the target for a series of
their critical physiological functions, DNA topoisomerases camptothecin-based agents, while topoisomerase Il is the
target for six FDA-approved drugs, including etoposide,
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FiGurRe 2: The role of topoisomerases in the life and death of cells.
Topoisomerases control the topological state of DNA and are
required for a number of important DNA processes—T).

Topoisomerase Il is essential for cell growth and survival, since it
is required for chromosome segregation in mitodis 7). Despite

their importance, topoisomerase | or Il can become harmful if its
DNA cleavage activity is abnormally high. Increased DNA cleavage

Programmed Death

Byl et al.
EXPERIMENTAL PROCEDURES

Human topoisomerasedland topoisomeraseflwere
expressed ilsaccharomyces cerisiae (33) and purified by
the protocol of Kingma et al.34). Calf thymus topo-
isomerase | was purchased from GIBCO BRL. Negatively
supercoiled pBR322 DNA was prepared as descril3&l (
Dulbecco’s phosphate buffered saline was from HyClone;
bacteriophage T4 polynucleotide kinase and restriction
endonucleases were from New England Biolaps?P]ATP
(~6000 Ci/mmol) was from Amersham; amsacrine was from
Bristol-Myers Squibb; etoposide, camptothecin, and ethidium
bromide, camptothecin, were from Sigma. Amsacrine, camp-
tothecin, and etoposide were stored &4as 10 mM stock
solutions in 100% DMSO. TAS-103 was provided as the
dichloride salt by Taiho Pharmaceuticals and stored’a 4
as a 10 mM stock solution in water. All other chemicals
were analytical reagent grade.

The parental yeast strain used in this study véas

can induce chromosomal damage and ultimately programmed cellCe€revisiae JN394, whose genotype iga3-52 leu2 trpl,

death 6—8). A number of antineoplastic drugs, referred to as
topoisomerase poisons, Kill cells by increasing levels of topo-
isomerase |- or [I-mediated DNA cleavageé—8, 18. A second
class of drugs, referred to as catalytic inhibitors, kills cells by
blocking topoisomerase activit$(23. Cells treated with catalytic
inhibitors of topoisomerase |l die as a result of mitotic failure.

his7, ade1-2 ISE2 rad52::LEU2(36). Three strains derived
from JN394 also were employed: JN394topiwhich has a
chromosomal deletion of the topoisomerase | geBi®; (
JN394t2-1, in which the wild-type topoisomerase Il gene
(TOP2+) is replaced with the temperature-sensitigp2-1
mutant allele 25, 36, 38; and JN394t2-5, in which the wild-

on topoisomerase |l are comparable to those seen withtype topoisomerase Il gene is replaced with the drug-resistant
etoposide. Second, physiologically relevant concentrationstop2-5mutant allele 89, 40. These three strains are isogenic

of TAS-103 have been reported to inhibit DNA relaxation

and decatenation catalyzed by topoisomerase | and topo-

isomerase ll, respectivelL) (addressed in the accompanying
paper @1)). It is not clear which, if any, of these effects
contributes to the clinical efficacy of TAS-103.

Each action of TAS-103 has potentially significant cellular
ramifications. Treatment with topoisomerase | or topo-

to JN394 in all other respects.

DNA Cleavage.Topoisomerase | DNA cleavage reactions
contained calf thymus topoisomerase | (14 units), 5 nM
negatively supercoiled pBR322 DNA, and-05uM TAS-

103 (or camptothecin) in a total of 2L of 50 mM Tris-
HCI, pH 7.5, 50 mM KCI, 10 mM MgGJ, 0.5 mM DTT,

0.1 mM EDTA, and 30ug/mL bovine serum albumin.
Reactions were started by the addition of drug and incubated

isomerase Il poisons generates permanent chromosomajyr g min at 37°C to allow the cleavage/religation reaction
breaks and triggers programmed cell death pathways (Figuresf the enzyme to reach equilibrium. Cleavage intermediates
2) (14, 15, 20, 2% Despite these similarities, drugs directed \yere trapped by adding2L of 1% SDS, followed by 2.L
against topoisomerase | or Il induce a different spectrum of of 250 mM NaEDTA, pH 8.0. Proteinase K was added (2

DNA damage, require different physiological conditions for
optimal cytotoxicity, and display different activity toward
various forms of human cancers6-18, 29.

Inhibition of topoisomerase catalytic activity impairs

uL of 0.8 mg/mL), and reactions were incubated 30 min at
45 °C to digest the topoisomerase |. Samples were mixed
with 2 uL of agarose gel loading buffer (30% sucrose, 0.5%
bromophenol blue, and 0.5% xylene cyanole FF in 10 mM

critical DNA processes such as replication, transcription, and Tris-HCI, pH 7.9), heated at 7TC for 2 min, and subjected

recombination §, 23, 25 (Figure 2). Inhibition of topo-
isomerase Il induces mitotic failure by preventing chromo-
some segregatiorb( 8, 25-31). Since topoisomerase Il can
compensate for the loss of the type | enzyr?e, 27, 32, it

is unclear whether cell death can be induced by blocking

the actions of topoisomerase . In fact, yeast strains lacking

topoisomerase | display only minor phenotypic variations
(26, 27, 32.

If the clinical potential of TAS-103 is to be fully exploited,
the basis for its cytotoxic actions must be reconciled.

to electrophoresis in a 1% agarose gel in TBE buffer (100
mM Tris-borate, pH 8.3, 2 mM EDTA) containing O:f/

mL ethidium bromide. Cleavage was monitored by the
conversion of negatively supercoiled plasmid to nicked DNA.
DNA bands were visualized by UV light, photographed
through Kodak 23A and 12 filters with Polaroid type 665
positive/negative film, and quantitated by scanning photo-
graphic negatives with an E-C apparatus model EC910
scanning densitometer in conjunction with Hoefer GS-370
Data System software. The intensity of bands in the negative
was proportional to the amount of DNA present.

Therefore, the present manuscript determined the primary Topoisomerase || DNA cleavage reactions were carried

cellular target of the drug and its mode of action. Results
indicate that TAS-103 kills cells by increasing levels of

topoisomerase Il-mediated DNA cleavage. The accompany-

ing manuscript describes the effects of TAS-103 on topo-

out as described previousiyl). Assays contained 40 nM
human topoisomeraseadll or topoisomerase f, 10 nM
negatively supercoiled pBR322 DNA, 1 mM ATP, and
0—100uM TAS-103 (or 0-50 uM etoposide) in a total of

isomerase | and topoisomerase |l catalysis and the relation-20 uL of topoisomerase |l cleavage buffer (10 mM Tris-

ship of these effects to drug cytotoxicit@1).

HCI, pH 7.9, 135 mM KCI, 5 mM MgCJ, 0.1 mM NaEDTA,
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and 2.5% glycerol). Reactions were started by the addition
of topoisomerase Il and incubated for 6 min at 37 to
establish DNA cleavage/religation equilibria. Cleavage in-
termediates were trapped by addinguR of 5% SDS
followed by 1 ulL of 375 mM NaEDTA, pH 8.0, and

proteinase K treatment was carried out as above. Samples

were mixed with 2uL of agarose gel loading buffer, heated
at 45°C for 2 min, and subjected to electrophoresis in a 1%
agarose gel in TAE buffer (40 mM Tris-acetate, pH 8.3, 2
mM EDTA) containing 0.5:g/mL ethidium bromide. Cleav-
age was monitored by the conversion of negatively super-
coiled DNA to linear molecules. Gel photography and
quantitation of DNA bands were as described above.
Alternatively, DNA bands were quantitated using an Alpha
Innotech digital imaging system.

Determination of the Primary Cellular Target of TAS-103.
Sensitivity of yeast strains IN394, JIN394topIN394t2-1,
and JN394t2-5 to TAS-103 was determined as previously
described 36—38, 4Q. Briefly, cells were cultured in YPDA
media at 25°C. When appropriate, cells also were cultured
at 30°C. After logarithmically growing cells were adjusted
to a titer of 1 x 10° cells/mL, TAS-103 (6-100 uM) was
added to the cultures. Cells were incubated with drug for 24
h, then diluted into drug-free YPDA media, and plated in
triplicate onto YPDA media solidified with 1.5% Bacto-agar.
In experiments that utilized strain JN394topZells were
plated in triplicate onto synthetic complete media solidified
with 1.5% Bacto-agar. Plates were incubated at@5and
drug sensitivy was determined by counting the number of
surviving colonies. In some experiments, TAS-103 cytotox-
icity was compared to that of camptothecin.

Topoisomerase II-TAS-103 Bindirginding studies were
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Ficure 3: Topoisomerase I-mediated DNA cleavage is enhanced
by TAS-103 in vitro. Cleavage of negatively supercoiled pBR322
plasmid DNA by calf thymus topoisomerase | was examined in
the presence of camptothecin (CPT) or TAS-103. Levels of DNA
cleavage are reported relative to the amount of cleavage observed
in the absence of drug~6% of the DNA substrate). Error bars
represent the standard error of the mean for two independent
experiments.

formamide, 8.4 mM EDTA, 0.02% bromophenol blue, and
0.02% xylene cyanole FF. Samples were subjected to
electrophoresis in an 8% sequencing gel, which was then
fixed in 10% methanol/10% acetic acid for 30 min and dried.
DNA cleavage products were analyzed on a Molecular
Dynamics Phosphorimager.

DNA Religation.The DNA religation reaction of human
topoisomerase &l was monitored according to the procedure
of Robinson and Osheroff4B). Topoisomerase Il DNA
cleavagel/religation equilibria were established as described
above. Religation was initiated by shifting reactions from
37 to 0°C. Reactions were stopped at time points following
the temperature shift by addingi2- of 5% SDS followed

based on fluorescence anisotropy measurements and u'[ilizec@)y 1uL of 375 mM NaEDTA, pH 8.0. Samples were treated

the intrinsic fluorescence of TAS-103. Assays were per-
formed at 25°C with an ISS PC2 spectrofluorometer. TAS-

and analyzed as described for topoisomerase Il cleavage
reactions. Apparent first-order religation rates were deter-

103 was excited at 470 nm with a xenon arc lamp (18 ampere pined by quantitating the loss of linear DNA.

current) in a 0.4 cm silica quartz glass cuvette, and emission

was monitored through a 570 nm glass cutoff filter (Melles
Griot). Binding assays contained 100 nM TAS-103 in 300
uL of 71% (v/v) phosphate-buffered saline (with 5 mM
MgCl;). Human topoisomerasenl0 to 200 nM) was titrated

RESULTS

TAS-103 increases levels of DNA cleavage mediated by
topoisomerase | and Il in vivo and reportedly inhibits the

into the sample, and anisotropy values were determined forcatalytic activities of both enzymes in vitr@)( However, it
each enzyme concentration. Anisotropy binding curves wereis not known which of these properties is primarily respon-

generated, anlp values determined by Scatchard analysis.
Site-Specific DNA Claage Induced by TAS-103opo-
isomerase Il DNA cleavage sites were determined as
described by Burden et al4?). A linear 564 bp fragment
(Eagl/BanH 1) of pPBR322 plasmid DNA was prepared such
that it was labeled witR?P on a single Bterminus. Cleavage
reactions contained 1.4 nM (25 ng) labeled DNA substrate,
60 nM (1 uxg) human topoisomeraseoll 1 mM ATP, and
drug in 50uL of topoisomerase Il cleavage buffer. Drugs
employed were TAS-103 (6100xM), amsacrine (10@M),
etoposide (10QuM), or a DMSO solvent control (final
DMSO concentration of 1% in control, amsacrine, and

sible for the cytotoxicity of the drug. Therefore, experiments
were carried out to investigate the mechanistic basis for TAS-
103 action.

Since virtually every topoisomerase-targeted drug in
clinical use kills cells by acting as a topoisomerase poison
(6—8, 13-18), initial studies focused on the DNA cleavage-
enhancing properties of TAS-103. The inhibition of topo-
isomerase catalysis by TAS-103 is addressed in the ac-
companying paper2(l).

TAS-103 Stimulates DNA Cleege Mediated by Mam-
malian Type | and Il Topoisomeraseghe ability of TAS-
103 to stimulate the DNA cleavage activity of purified

etoposide samples). Reactions were started by the additiormammalian topoisomerases was characterized to determine

of topoisomerase &l and incubated for 10 min at 37C.
Cleavage intermediates were trapped by adding 6f 10%
SDS followed by 5uL of 250 mM NaEDTA, pH 8.0, and
topoisomerase dl was digested with proteinase K (& of
0.8 mg/mL) for 30 min at 45C. Reaction products were

whether the enhanced scission observed in treated cells was
due to a direct effect of the drug on enzya@NA inter-
actions. As seen in Figure 3, TAS-103 enhanced topo-
isomerase I-mediated DNA cleavag®-fold. By compari-

son, camptothecin was much more effective, stimulating

ethanol precipitated twice, dried, and resuspended in 40%scission~6-fold. The conclusions from these results are
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concentrations. These findings are consistent with those from
in vivo studies {) and provide strong evidence that TAS-
103 is a potent and efficacious topoisomerase Il poison.
TAS-103 Kills Yeast Cells by Acting as a Topoisomerase
Il Poison.Since TAS-103 affects the DNA cleavage activity
of both topoisomerase | and Il, a yeaSt €ereisia€) genetic
system was utilized to determine whether either enzyme is
the primary cytotoxic target of the drug, and whether TAS-
0 , 103 kills cells by acting as a topoisomerase poison.
0 25 50 75 100 0 25 50 75 100 Initial experiments addressed the role of topoisomerase |
[TAS-103] (uM) in TAS-103 toxicity. This was accomplished by usintppl™
strain that is devoid of topoisomerase | activi8r). Since

Relative DNA Cleavage
Relative DNA Cleavage

0 25 50
I[EwP]I (uM)|

FiGure 4: TAS-103 stimulates DNA cleavage mediated by human  455isomerase | is not an essential enzyme in yeast, strains
topoisomerase &l (left panel) and topoisomerase|(right panel)

in vitro. Negatively supercoiled pBR322 was used as the substrateC2n P€ established that are completely lacking the enzyme
for these studies. The effect of etoposide (Etop) on DNA cleavage (25—27, 37). Because topoisomerase | poisons convert the
mediated by topoisomerasenlialso is shown (left panel, inset).  type | enzyme into a cellular toxin that generates breaks in
LleVe|S of DbNA C'%a‘i'r?%ﬁea;ebsfgﬁggegf ?Jativi/too]}r‘tﬁeag%%t of chromosomal DNA, these drugs are ineffective when this
Cleavage observe (1) H - :
substrgte). Error bars represent the standg%jqerror of the mean fof 12YME 1S ab Ser_‘te’@- Consquently,topl strains are .
two independent experiments. refractory to topoisomerase | poisons such as camptothecin
(Figure 5A, inset). In contrast, no resistance was observed
comparable to those drawn from cellular studigs TAS- whentopl™ cells were treated with TAS-103 (Figure 5A).
103 is a topoisomerase | poison, but it is not nearly as This finding provides strong evidence that TAS-103 does
efficacious as camptothecin. not kill yeast cells by acting as a topoisomerase | poison.
Mammalian species contain two closely related isoforms  One caveat to this conclusion is the possibility that yeast
of topoisomerase llpc and 8 (4, 8, 13, 44-46). While topoisomerase |, compared to the human enzyme, is a poor
topoisomerase dl is dramatically upregulated during periods target for the drug. If this were the case, cells that contained
of rapid cell proliferation, topoisomeraseflllevels are human topoisomerase | might be considerably more sensitive
relatively constant across both cell and growth cycles to TAS-103. To address this issue, the sensitivity tul™
(46—49). Both isoforms appear to play a role in mediating yeast strain that expressed the human type | enzyme was
the effects of topoisomerase Il poisons; however, topo- determined. Insertion of the human enzyme did not increase
isomerase i is believed to be the more important drug target the sensitivity of yeast toward TAS-103 (data not shown).
(16, 45, 56-53). Although cellular studies demonstrated that Thus, it appears unlikely that topoisomerase | is a significant
TAS-103 stimulated topoisomerase |I-mediated DNA cleav- cytotoxic target for TAS-103 in yeast.
age (), they did not distinguish between these two isozymes. When cells lose topoisomerase | activity, topoisomerase
Therefore, the effects of TAS-103 on the DNA cleavage |l assumes the physiological duties of the type | enzyme
activity of human topoisomerasendandg were determined (26, 27, 32. Because of the increased importance of
(Figure 4). topoisomerase |l irtop1™ strains, cells often display en-
TAS-103 stimulated DNA scission mediated by both hanced sensitivity toward topoisomerase Il pois@$.(As
isoforms. The drug displayed high potency and doubled seen in Figure 5A, théop1™ strain was hypersensitive to
levels of cleavage at concentrations that were less than 500TAS-103. This finding suggests that the drug may act as a
nM. Overall, cleavage increased more than 6-fold with the topoisomerase Il poison in yeast. Therefore, two additional
o isoform and~5-fold with the isoform. Maximal cleavage  experiments were carried out to investigate the role of
enhancement was observed &a60 uM TAS-103 and topoisomerase Il in the cytotoxicity of TAS-103.
decreased slightly at higher drug concentrations. A charac- In the first, a yeast strain carrying a temperature-sensitive
teristic trough in the cleavage enhancement profile of TAS- topoisomerase |l alleletgp2-1) was employed 36, 38.
103 was observed at10 uM drug. As discussed in the Because of its essential nature, topoisomerase Il cannot be
accompanying paper, it is believed that this trough is related deleted from cells4, 5, 26, 27. At the semipermissive
to the DNA binding properties of TAS-103. temperature of 30C, topoisomerase Il activity is reduced
The ability of TAS-103 to stimulate DNA cleavage to about 5-10% of that observed at the permissive temper-
mediated by human topoisomerase as comparable to  ature of 25°C (25). This reduction in active topoisomerase
that of etoposide (Figure 4, inset). However, TAS-103 Il should result in the formation of fewer DNA breaks
enhanced scission to an even greater extent at low drugfollowing treatment with topoisomerase Il poisons. Thus, if
TAS-103 functions as a topoisomerase Il poistop2-1
1 Topoisomerase Il can discern the topological state of DNA and Strains should display resistance at the semipermissive
preferentially cleaves negatively or positively supercoiled molecules temperature. Conversely, if TAS-103 functions as a catalytic
over relaxed substrate$4). As determined by DNA binding and  inhibitor of topoisomerase Il, decreasing levels of the enzyme

unwinding assays, TAS-103 intercalates into DNA and completely . . . . 7o
unwinds negatively supercoiled pBR322 molecules at a drug concentra-Sn0uld increase the effective drug:topoisomerase |l ratio in

tion of ~10 uM (21). Thus, in the presence of 1AM TAS-103, the cell, making it easier to block residual topoisomerase |l
negatively supercoiled plasmids appear to be fully relaxed and are catalytic activity and inducing drug hypersensitivity. Finally,
poorer cleavage substrates for human topoisomerasat higher drug if TAS-103 functions through a target unrelated to topo-

concentrations, the plasmid appears to be positively supercoiled and. .
once again serves as an optimal DNA cleavage substrate for the typeiSOmerase Il, decreasing levels of the enzyme should have

Il enzyme. little effect on drug sensitivity.
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anisotropy of the drug increased upon DNA binding. A Scatchard
analysis of the binding is shown in the right panel. Representative

100 data from one of three independent experiments is shown.

5C, top2-5cells were also highly resistant to TAS-103 at
25°C.

Results obtained with the above cell lines provide clear
evidence that TAS-103 kills yeast cells by acting as a
topoisomerase Il poison. Although TAS-103 functions as a
weak topoisomerase | poison in vitro, the type | enzyme plays
no discernible role in the cytotoxicity of the drug.

TAS-103 Binds to Human Topoisomerase. ih the
Absence of DNAAlthough topoisomerase Il poisons (includ-
ing TAS-103, see accompanying paped)j bind DNA,
drugs such as etoposide and ellipticine also bind to the

0 25 50 75 100 enzyme in the absence of nucleic acid2,(56, 5J. The
[TAS-103] (uM) role of enzyme-drug interactions is not clear, but it is
Ficure 5: Topoisomerase Il is the primary cytotoxic target for Delieved that they play an important role in the formation of

TAS-103 in yeast cells. The contributions of topoisomerase | and the ternary topoisomerasedtug DNA complex @2, 56, 58.
Il to TAS-103 cytotoxicity was investigated using a yeast genetic ~ The ability of TAS-103 to bind human topoisomerase |l

system. The importance of topoisomerase | was examined byin the absence of DNA was characterized by monitoring
comparing the sensitivities of yeast strains IN394 and JN38Y changes in the fluorescence anisotropy of the drug (Figure

toward TAS-103 (panel A). JN39%bpl~ is isogenic to JN394 ; >
except that the topoisomerase | gene is not functional. The effects®: 1€ft panel). TAS-103 bound to the enzyme with high

of camptothecin (CPT) on these two strains also is shown (panel affinity and in a saturable fashion. Based on Scatchard
A, inset). The significance of topoisomerase Il in mediating TAS- analysis (right panel), there appear to be high and low affinity
103 cytotoxicity was assessed using the yeast strain JMR41, binding sites for the drug on topoisomerase, Iwith Kq
which expresses a temperature sensitive topoisomerase Il alleley,5,es of~5 and ~50 nM respectively. Although these

Top2-1 displays greatly reduced catalytic activity at the semiper- .
migsive terﬁpeyrat%re 01¥3‘CC. The effec)tls of TASt-y103 on JNSQFAJ‘r values are lower than predicted based on DNA cleavage

top2-1 (panel B) and its parental strain JN394 (panel B, inset) at titrations with human topoisomerasedia similar dichotomy
25 °C (permissive temperature) and 30 are shown. The effects  has been observed for the interactions of ellipticine with yeast
of TAS-103 on yeast strain JN3%dp2-5 which encodes a mutant  topoisomerase 1156).
are-shown i panel G Data represent one.of two mdependent ., A5~ 103 Shares Sites of DNA Giage with Etoposide.
are s . ' g !
experiments, (—:Pach done in tri[ﬁicate. Standard deviatigns areThe. DNA cleavage site specificity of humah topOI.some_rase
indicated by error bars. lla in the presence of TAS-103 was determined using a linear
) . substrate derived from the plasmid pBR322. TAS-103
At the semipermissive temperatutep2-1cells became  gtimylated enzyme-mediated scission at a number of sites
highly resistant to TAS-103 (Figure 5B). Resistance was not (rigyre 7). Preferred TAS-103 sites corresponded to a subset
due to a change in drug metabolism at 30, since the  of sites enhanced by etoposide and showed little overlap with
sensitivity of theTOPZ2 parental strain was identical at 25  those induced by amsacrine. This specificity is despite the
and 30°C (inset). These results indicate that topoisomerase fact that the DNA binding characteristics of TAS-103 are
Il is the primary cellular target for TAS-103 and that the more similar to those of the intercalative drug amsacrine than
drug Kills cells by acting as a topoisomerase Il poison.  the nonintercalative drug etoposide (see accompanying
To confirm this proposed role for topoisomerase Il in the manuscript, 21)).
cytotoxicity of TAS-103, the sensitivity of a yeast strainthat ~ TAS-103 Strongly Inhibits DNA Religation Mediated by
expressed theéop2-5 mutant allele was determined. The Human Topoisomeraseoll There appear to be two distinct,
top2-5enzyme is temperature sensitive and is inactive at 30 but not mutually exclusive, mechanisms by which topo-
°C (39). At the permissive temperature of 26, it is fully isomerase |l poisons increase levels of enzyme-generated
active but highly resistant to a number of topoisomerase || DNA breaks. Some drugs, such as etoposide and amsacrine,
poisons. This lack of drug sensitivity confers considerable strongly inhibit the ability of the enzyme to religate cleaved
cellular resistance to these agemM§)( As seen in Figure  DNA molecules 7, 8, 13, 43, 59, 60 In contrast, other

—
o

Relative Survival (%)

10000

1000

100

10




15578 Biochemistry, Vol. 38, No. 47, 1999 Byl et al.

cellular DNA cleavage mediated by both topoisomerase |

[TAS-103] (uM) and 11, and the superior antitumor action of TAS-103 has
N DS been attributed to this dual effect)(

Results of the present study demonstrate that TAS-103
stimulates DNA cleavage by both topoisomerases in purified
systems. However, based on results with a yeast genetic

t model, it appears that drug cytotoxicity has nothing to do
' l with its actions on topoisomerase |. Rather, topoisomerase

Amsacrine
Etoposide

2
2

Il is the primary target of TAS-103, and the drug kills cells
by acting as a topoisomerase Il poison.

Although TAS-103 and etoposide are members of struc-
turally divergent drug families, they share a number of
common mechanistic features. Both drugs bind directly to
topoisomerase Il and increase levels of enzyme-generated
DNA breaks by inhibiting the religation reaction of the
enzyme 42, 57, 59. Furthermore, sites of topoisomerase
II-mediated DNA cleavage induced by TAS-103 appear to
be a subset of those induced by etoposide. Despite these
E 3 similarities, TAS-103 displays higher antitumor activity than
FREER 9 E etoposide in a variety of mouse and human modBlsThe
W858 3 basis for this improved activity is not clear; however, it may
FiGURE 7: Etoposide and TAS-103 enhance DNA cleavage have to do with pharmacokinetic differences between these
mediated by human topoisomerase &t common sites. The ability ~ two drugs. Further in vivo and in vitro experiments will be

of amsacrine (10&M), etoposide (10:M), or TAS-103 (G-50 necessary to resolve this important issue.

uM) to enhance levels of enzyme-mediated scission was determined. . )
The DNA substrate was an end-labeled 564 bp fragment of pPBR322. .Ir! summary, the presen_t Wor_k characterized the mecha
Controls included are DNA substrate onNA), topoisomerase  Nistic basis for the cytotoxic actions of TAS-103. Based on

Il without drug (Topo 1I), and drug solventMSO). the findings of this study, we suggest that the drug be
classified as a topoisomerase Il poison rather than a “dual
inhibitor” of the type | and Il enzymes. This designation may
have ramifications for the future clinical development of
TAS-103.
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cleavage primarily by inhibiting religation. The ability of human REFERENCES
topoisomerase dl to religate pBR322 DNA was examined in the 1. Utsugi, T., Aoyagi, K., Asao, T., Okazaki, S., Aoyagi, Y.,
presence of TAS-103 (1 or 3aM). Enzyme-mediated DNA Sano, M., Wierzba, K., and Yamada, Y. (199py. J. Cancer
religation in the absence of drug is shown for comparison. Res. 88992—1002.
Religation is expressed as the percent loss of linear DNA which 5 Aoyagi, Y., Kobunai, T., Utsugi, T., Oh-hara, T., and Yamada
was set to 100% at time zero. Data represent the average of two (199’9)3m J. Cancer Res ’96’78—587 T '
independent assays. Error bars indicate the standard error of the 5 dhyama T LY Utsugi, T. ‘Irie. S.. Yamada. Y.. and Sato

mean. T. (1999)Jpn. J. Cancer Res. 9691—698.

drugs, such as quinolones, ellipticine, azatoxin, and genistein, 4-Wang, J. C. (1996Annu. Re. Biochem. 65635-692.

. P . 5. Nitiss, J. L. (1998Biochim. Biophys. Acta 140®3—81.
have little or no effect on religation rates and are believed 6. Pommier, Y., Pourquier, P.. Fan, Y., and Strumberg, D. (1998)

to act primarily by enhancing the forward rate of topo- Biochim. Biophys. Acta 14083-106.

isomerase |l-mediated DNA scissior, (8, 13, 61, 6 7. Burden, D. A., and Osheroff, N. (199Bjochim. Biophys. Acta
As seen in Figure 8, TAS-103 is a strong inhibitor of DNA 140Q 139-154.

religation mediated by human topoisomerase Even at 8. Fortune, J. M., and Osheroff, N. (1999)og. Nucleic Acid

drug concentrations as low asuM, virtually no religation Res. Mol. Biol, in press.

was observed. These results indicate that TAS-103 increases - hampoux, J. J. (1994dv. Pharmacol. 2971-82.

10. Champoux, J. J. (1998rog. Nucleic Acid Res. Mol. Biol.

levels of topoisomerase ll-generated DNA breaks primarily 60 111-132
by impairing the ability of the enzyme to carry outits DNA 11 watt, P. M., and Hickson, I. D. (1998jochem. J. 303681~
religation reaction. 695.
12. Wang, J. C. (1998puart. Re. Biophys. 31107—144.
DISCUSSION 13. Corbett, A. H., and Osheroff, N. (199@hem. Res. Toxicol.
6, 585-597.

TAS-103 is a promising new anticancer agent that is highly 14. chen, A. Y., and Liu, L. F. (1994)nnu. Re. Pharmacol.
active against in vivo tumor models. The drug enhances Toxicol. 34 191-218.



TAS-103 as a Topoisomerase Il Poison

15. Froelich-Ammon, S. J., and Osheroff, N. (1995Biol. Chem.
270, 21429-21432.

16. Pommier, Y. (1997) irCancer Therapeutics: Experimental
and Clinical Agents(Teicher, B. A., Ed.) pp 153174,
Humana Press, Totowa, NJ.

17. Takimoto, C. H., Wright, J., and Arbuck, S. G. (1988 chim.
Biophys. Acta 1400107—119.

18. Hande, K. R. (1998Biochim. Biophys. Acta 140073—184.

19. Kreuzer, K. N., and Cozzarelli, N. R. (197R)Bacteriol. 140
424—435,

20. Kaufmann, S. H. (1998iochim. Biophys. Acta 140095—
211.

21. Fortune, J. M., Velea, L., Graves, D. E., and Osheroff, N.

(1999) Biochemistry 3815580-15586.

22. Solary, E., Bertrand, R., and Pommier, Y. (199d)k. Lymph.
15, 21-32.

23. Andoh, T., and Ishida, R. (199B)ochim. Biophys. Acta 1400
155-171.

24. Baguley, B. C., and Ferguson, L. R. (1988 chim. Biophys.
Acta 1400 213-222.

25. DiNardo, S., Voelkel, K., and Sternglanz, R. (19B#4)c. Natl.
Acad. Sci. U.S.A. 812616-2620.

26. Uemura, T., and Yanagida, M. (198BMBO J. 3 1737
1744.

27. Goto, T., and Wang, J. C. (1988j)oc. Natl. Acad. Sci. U.S.A.
82, 7178-7182.

28. Chen, M., and Beck, W. T. (1998)ancer Res. 535946~
5953.

29. Ishida, R., Sato, M., Narita, T., Utsumi, K. R., Nishimoto, T.,
Morita, T., Nagata, H., and Andoh, T. (1994) Cell Biol.
126, 1341-1351.

30. Chen, M., and Beck, W. T. (199%8)ancer Res. 551509-
1516.

31. Anderson, H., and Roberge, M. (1993l Growth Differ. 7
83—-90.

32. Brill, S. J., DiNardo, S., Voelkel-Meiman, K., and Sternglanz,
R. (1987)Natl. Cancer Inst. Monogr. ,411—-15.

33. Wasserman, R. A., Austin, C. A,, Fisher, L. M., and Wang, J.

C. (1993)Cancer Res. 533591-3596.

34.Kingma, P. S., Greider, C. A., and Osheroff, N. (1997)
Biochemistry 365934-5939.

35. Sambrook, J., Fritsch, E. F., and Maniatis, T. (1986)ecular
Cloning: A Laboratory Manual2nd ed., Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY.

36. Nitiss, J. L., Liu, Y. X., and Hsiung, Y. (199%)ancer Res.
53, 89-93.

37. Nitiss, J., and Wang, J. C. (1988joc. Natl. Acad. Sci. U.S.A.
85, 7501-7505.

38. Elsea, S. H., Osheroff, N., and Nitiss, J. L. (1992)Biol.
Chem. 26713150-13153.

39. Holm, C., Goto, T., Wang, J. C., and Botstein, D. (1988}l
41, 553-563.

40. Jannatipour, M., Liu, Y. X., and Nitiss, J. L. (199B)Biol.
Chem. 26818586-18592.

41. Osheroff, N., and Zechiedrich, E. L. (19&8ipchemistry 26
4303-4309.

Biochemistry, Vol. 38, No. 47, 19995579

42. Burden, D. A, Kingma, P. S., Froelich-Ammon, S. J., Bjornsti,
M.-A., Patchan, M. W., Thompson, R. B., and Osheroff, N.
(1996)J. Biol. Chem. 27,129238-29244.

43. Robinson, M. J., and Osheroff, N. (199ipchemistry 29
2511-2515.

44, Drake, F. H., Zimmerman, J. P., McCabe, F. L., Bartus, H.
F., Per, S. R., Sullivan, D. M., Ross, W. E., Mattern, M. R.,
Johnson, R. K., and Crooke, S. T. (1987Biol. Chem. 262
16739-16747.

45, Drake, F. H., Hofmann, G. A., Bartus, H. F., Mattern, M. R.,
Crooke, S. T., and Mirabelli, C. K. (198®Biochemistry 28
8154-8160.

46. Austin, C. A., and Marsh, K. L. (199®ioEssays 20215—
226.

47. Heck, M. M., and Earnshaw, W. C. (198B)Cell Biol. 103
2569-2581.

48. Sullivan, D. M., Latham, M. D., and Ross, W. E. (1987)
Cancer Res. 473973-3979.

49. Woessner, R. D., Mattern, M. R., Mirabelli, C. K., Johnson,
R. K., and Drake, F. H. (1991¢ell Growth Differ. 2 209—
214.

50. Austin, C. A., Marsh, K. L., Wasserman, R. A., Willmore,
E., Sayer, P. J., Wang, J. C., and Fisher, L. M. (120Biol.
Chem. 27015739-15746.

51. Qiu, J., Catapano, C. V., and Fernandes, D. J. (1996)
Biochemistry 3516354-16360.

52. Cornarotti, M., Tinelli, S., Willmore, E., Zunino, F., Fisher,
L. M., Austin, C. A., and Capranico, G. (1996)ol. Phar-
macol. 50 1463-1471.

53. Meczes, E. L., Marsh, K. L., Fisher, L. M., Rogers, M. P.,
and Austin, C. A. (1997Tancer Chemother. Pharmacol. 39
367—375.

54. Zechiedrich, E. L., and Osheroff, N. (198Y1BO J. 9 4555~
4562.

55. Nitiss, J. (1994Adv. Pharmacol. 29B201-226.

56. Froelich-Ammon, S. J., Patchan, M. W., Osheroff, N., and
Thompson, R. B. (1995). Biol. Chem. 27014998-15005.
57.Kingma, P. S., Burden, D. A., and Osheroff, N. (1999)

Biochemistry 383457-3461.

58. Capranico, G., Binaschi, M., Borgnetto, M. E., Zunino, F.,
and Palumbo, M. (1997)rends Pharmacol. Sci. 1823—
329.

59. Osheroff, N. (1989Biochemistry 286157-6160.

60. Sgrensen, B. S., Sinding, J., Andersen, A. H., Alsner, J., Jensen,
P. B., and Westergaard, O. (1992) Mol. Biol. 228 778—
786.

61. Robinson, M. J., Martin, B. A., Gootz, T. D., McGuirk, P. R.,
Moynihan, M., Sutcliffe, J. A., and Osheroff, N. (1991)Biol.
Chem. 26614585-14592.

62. Cline, S. D., Macdonald, T. L., and Osheroff, N. (1997)
Biochemistry 3613095- 13101.

BI9917910



