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Report

Antitumor activity of XR5944, a novel and potent

topoisomerase poison
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Inhibitors of topoisomerases are widely used in the
treatment of cancer, including inhibitors of topoisome-
rase | (camptothecin analogs such as irinotecan and
topotecan) and topoisomerase Il (etoposide and doxor-
ubicin). The novel bis-phenazine, XR5944, is a joint
inhibitor of topoisomerase | and Il as shown by the
stabilization of topoisomerase-dependent cleavable com-
plexes. XR5944 demonstrated exceptional activity against
human and murine tumor cells in vitro and in vivo. In a
range of cell lines XR5944 (ICs5o 0.04-0.4 nM) was sig-
nificantly more potent than TAS-103, originally proposed as a
joint topoisomerase | and Il inhibitor, as well as agents
specific for topoisomerase | or Il (topotecan, doxorubicin and
etoposide). In addition, XR5944 was unaffected by atypical
drug resistance and retained significant activity in cells
overexpressing P-glycoprotein or multidrug resistance-as-
sociated protein. Antitumor efficacy of XR5944 was demon-
strated in human carcinoma xenograft models (H69 small cell
lung cancer and HT29 colon). In the HT29 model, which is
relatively unresponsive to chemotherapy, XR5944 (15 mg/kg
i.v., q4d x 3) induced tumor regression in the majority of
animals (six of eight), whereas TAS-103, dosed at its
maximum tolerated dose (45 mg/kg i.v., q7dx3), only
induced a delay in tumor growth compared with control
animals. In the H69 model, low doses of XR5944 (5 mg/kg i.v.,
qd x 5/week for 2 weeks or 10-15 mg/kg i.v., g4d x 3), induced
complete tumor regression in the majority of animals. In
contrast, topotecan (20 mg/kg i.v., gq4d x3) or etoposide
(30 mg/kg i.v., g5d x 5) only slowed the tumor growth rate.
These studies show that XR5944 is a highly active novel
anticancer agent that is well tolerated at efficacious doses.
[© 2001 Lippincott Williams & Wilkins.]
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Introduction

Topoisomerases are important cellular targets for a
number of successful chemotherapeutic agents.'
Drugs that target topoisomerase II (doxorubicin and
etoposide) have been widely used for many years,>
while those that specifically target topoisomerase I
(principally the camptothecin analogs) have made an
important impact more recently (e.g. irinotecan in
colon cancer).® In addition to those compounds that
specifically target topoisomerase I or II, several joint 1/
II inhibitors have been identified and may also be
beneficial in the treatment of solid tumors. These
compounds include DACA/XR5000,% intoplicine,’
F11782° and TAS-103,” which are at various stages of
preclinical or clinical evaluation.

There are several advantages of simultaneously
hitting both topoisomerase I and 11, the first of which
relates to mechanisms of drug resistance. Drug
resistance is a major clinical problem with many
tumors treated with topoisomerase-active agents
developing resistance due to alteration in levels of
expression or catalytic activity of topoisomerase I or
1.3'° By simultaneously inhibiting topoisomerase I
and II, compounds such as DACA* are able to
circumvent this resistance, presumably by targeting
the enzyme which has not been altered by the
selecting agent.

Secondly, qualitatively different cell cycle disruption
has been obtained with inhibitors of topoisomerase I
or I,'! suggesting that they are acting at different parts
of the cell cycle. Joint inhibitors of topoisomerase I
and II appear to combine the properties of the
individual specific inhibitors and act across the cell
cycle,'? hitting a larger population of cells in any
asynchronous population and resulting in a greater
antitumor activity.> Furthermore, a joint inhibitor of
topoisomerase I and II may have a broader spectrum of
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activity as the expression levels of the two enzymes
varies between different types of cancer.'” These
properties of joint inhibitors of topoisomerase I and II
make this an attractive strategy for the development of
novel chemotherapeutic agents for the treatment of
cancer.

In this report we show that XR5944, a novel bis-
phenazine (Figure 1), is a potent poison of both
topoisomerase I and II, and is a highly active
anticancer agent, both in vitro and in vivo. XR5944
produces complete tumor regression in nude mice
bearing the H69 human small cell lung carcinoma
(SCLC) xenograft and it also causes tumor regression
in the relatively refractory HT29 colon carcinoma
xenograft at well-tolerated doses.

Materials and methods

Drugs

XR5944 (dimesylate salt) was synthesized at the
Auckland Cancer Research Centre. Topotecan and
TAS-103 were synthesized by the Department of
Medicinal Chemistry at Xenova Ltd. All other drugs
were obtained from Sigma (Dorset, UK). Drugs were
dissolved in DMSO for in vitro experiments and in 5%
(wW/v) D-(+)glucose (dextrose) solution or saline for
use in vivo.

Cell lines

COR-L23/P non-small cell lung carcinoma (NSCLC)
and HG9/P SCLC cell lines, and their respective
drug-resistant sublines COR-L23/R and HG69/1LX4,'
were kindly provided by Dr PR Twentyman (MRC
Clinical Oncology and Therapeutics Unit, Cam-
bridge, UK).

Experiments using the Jurkat cell lines and the
Chinese hamster cell lines were carried out at the
Auckland Cancer Society Research Centre. These cell
lines have been described previously.® The HT29
colon carcinoma cell line was obtained from the ATCC
(Rockville, MD).

Cytotoxicity assays

Cells were seeded 4 h prior to addition of serial
dilutions of the indicated cytotoxics. After 4-6 days,
cell growth was assessed colorimetrically’®> or by
thymidine incorporation.16 ICsy values were deter-
mined as the drug concentration required to reduce
cell growth by 50%. All assays were carried out in
quadruplicate and data presented are the mean of at
least two experiments.
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Figure 1. Structure of XR5944.

Cleavable complex formation assays

Drug-induced formation of cleavable complexes were
assessed using 4 x 10° cp.m. of >?Plabeled linear
pBR322 DNA and 15 U of calf thymus topoisomerase
I (Life Technologies, Paisley, UK) or 20 U of human
topoisomerase Ilo (Topogen, Columbus, OH) as
previously published.

In vivo antitumor activity

All animal experimentation was performed to UK
Home Office regulations and the UKCCCR guidelines
were adhered to throughout. HG69/P SCLC cells
(8 x 106) or HT29 cells (5 % 10° , harvested from in
vitro incubations, in PBS (100 ul) were inoculated s.c.
into the right flanks of female CDI nude mice (Charles
River, Margate, UK). The animals were monitored
regularly and when the tumors had reached a mean
diameter of 0.4-0.6 cm the animals were randomized
into groups of at least seven mice per group. XR5944
and other control agents were administered i.v. (etopo-
side, topotecan and TAS-103) or i.p. (doxorubicin). The
tumor volume and body weights were measured at least
twice per week as described previously.'” The data
were analyzed using a one-way analysis of variation.

Results

Formation of cleavable complexes with
topoisomerase | and Il

Direct demonstration of the effects of XR5944 on
topoisomerase activity was evaluated using linearized
3?p-labeled pBR322 plasmid DNA as the substrate, and
purified topoisomerase I and Ilz. Drug-dependent
poisoning of the enzyme was visualized by electro-
phoresis of the labeled DNA after digestion with
proteinase K. In this way, XR5944-induced cleavable
complexes between DNA and topoisomerases appear
as an increase in the number and intensity of bands
migrating ahead of the linear substrate DNA (Figure 2).
Increasing concentrations of XR5944 induced a clear
dose-dependent increase in the number of cleavable
complexes in the presence of both topoisomerase 1



(Figure 2A) and Ilx (Figure 2B) with a very different
pattern of cleavable complex formation from the
positive controls camptothecin and etoposide. Poison-
ing occurred over a similar concentration range for
both enzymes, with effects visible at concentrations as
low as 0.1 uM and increasing further up to 1.0 uM.
These data demonstrate the ability of XR5944 to
poison both topoisomerase I and Ilo.

Cytotoxicity in tumor cell lines
The cytotoxic profile of XR5944 was tested in a

number of different human tumor cell lines of both
leukemic and solid tumor origin. The data presented in

Antitumor activity of XR5944

Tables 1 and 2 demonstrate that XR5944 is an
exceptionally potent cytotoxic agent. The activity of
XR5944 against parental cell lines ranged from an 1Cs
of 0.04 nM in the COR-L23/P NSCLC line to 0.4 nM in
the H69/P SCLC line. XR5944 was tested alongside a
number of other agents either currently used in the
clinic or in clinical trial (TAS-103) and was found to be
the most potent compound by far.

The extremely high potency of XR5944 was
attenuated by the expression of P-glycoprotein (P-gp)
(380-fold) or multidrug resistance-associated protein
(MRP) (7.5fold). This indicates that XR5944 is
probably a substrate for both of these efflux pumps.
However, even in these cells which hyperexpress P-gp

Table 1. Cytotoxicity [ICso (nM)] in sensitive and multidrug-resistant human cell lines

H69/P
parental SCLC

H69/LX4
P-gp resistance

COR-L23/P
parental NSCLC

COR-L23/R
MRP resistance

XR5944 0.4+0.3 (n=19)
Topotecan 15.9+5.3 (n=20)
Doxorubicin 27.3+30.6 (n=22)
TAS-103 21.0+7.7 (n=45)
Paclitaxel 1.7+£0.9 (n=9)

151.84102 (n=19) )
62.9+30.0 (1=20)  13.2+3.6 (n=20)
3874+2791 (n=22) )
22.6+8.3 (n=45) )
2048+ 996 (n=7)

0.04+0.01 (n=2 0.340.15 (n=2)
20.0+4.1 (n=20)
319.3+ 145 (n=16)
42.9+22 (n=17)

468+2.4 (n=4)

20.1+7.0 (n=19
17.3+4.2 (n=18
1.840.9 (n=4)

The indicated test drugs were assayed for cytotoxicity in human cell lines as detailed in Methods. The H69/P SCLC line and the COR-L23/P
were studied alongside their multidrug-resistant counterparts H69/LX4 and COR-L23/R which overexpress P-gp and MRP, respectively. The
ICs is calculated as the drug concentration required to give 50% cell kill and values quoted represent the mean (+SD).
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Figure 2. Stabilization of topoisomerase |- and ll-associated cleavable complexes by XR5944. 32p.|abeled linearized pBR322
DNA was incubated with topoisomerase | or llx in the presence or absence of the drugs XR5944, etoposide or camptothecin
as detailed in Methods. (A) Lane 1 contains DNA alone; lane 2, DNA and topoisomerase |; lane 3, DNA, topoisomerase | and
DMSO (solvent control). Lanes 4-8 all contained DNA, topoisomerase |, DMSO and lane 4, 1.0 uM camptothecin; lane 5,
0.03 uM XR5944; lane 6, 0.1 uM XR5944; lane 7, 0.3 uM XR5944; lane 8, 1.0 uM XR5944. (B) Lane 1 contains DNA alone;
lane 2, DNA and topoisomerase llo; lane 3, DNA, topoisomerase | and DMSO (solvent control). Lanes 4-8 all contained DNA,
topoisomerase llo, DMSO and lane 4, 1.0 uM etoposide; lane 5, 0.01 uM XR5944; lane 6, 0.03 M XR5944; lane 7, 0.1 uM

XR5944; lane 8, 0.3 uM XR5944.
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Table 2. Cytotoxicity [ICso (nM)] in cell lines expressing resistance to topoisomerase inhibitors

JL JLa JLp D3F D3F/C10
leukemia amascrine doxorubicin chinese camptothein
resistant resistant hamster resistant
ICso (NM) ICs0 (NM) ICso (NM) ICs0 (NM) ICs0 (NM)
XR5944 0.09 0.054 0.063 4.4 4.0
TAS-103 5.4 302 384 ND ND
Amsacrine 17 2125 1815 15.7 10.3
Doxorubicin 7 26 109 ND ND
Camptothecin 4 7 4 45 15500

The indicated test drugs were assayed for cytotoxicity in cell lines as detailed in Methods. The Jurkat leukemia line and the D3F Chinese
hamster ovary line were tested alongside their drug-resistant counterparts which express resistance to topoisomerase Il and | active agents,
respectively. The ICs, is calculated as the drug concentration required to give 50% cell kill and values quoted represent the mean of two or

more independent evaluations.

or MRP, XR5944 remains a potent cytotoxic agent
with ICs, values similar to or better than compounds
such as topotecan and paclitaxel (Table 1).

Importantly cell lines that have developed resistance
to topoisomerase-active agents through down-regula-
tion of topoisomerase II (JL, and JLD)16 or a point
mutation of topoisomerase I (D3F/C10 CPT)lO do not
show crossresistance to XR5944 (Table 2). By
contrast, the selecting agents, amsacrine, doxorubicin
and camptothecin, all had their activity severely
reduced in the appropriate cell lines. The activity of
TAS-103, which has been reported to be unaffected by
down-regulation of topoisomerase I,'"® was signifi-
cantly attenuated (about 60-fold) in these resistant
Jurkat lines. These data demonstrate that XR5944,
unlike TAS-103, is unaffected by these topoisomerase-
associated resistance mechanisms, and supports the
proposal that XR5944 targets both topoisomerase I
and 1L

Antitumor activity in human xenografts

The in vivo activity of XR5944 was examined in the
H69/P SCLC and HT29 colon carcinoma xenografts in
nude mice. The activity against established HG69
xenografts appeared to be dose dependent (Figure
3A). At the lowest dose of XR5944 (5 mg/kg i.v.,
q4d x 3) tumor stasis was observed for approximately
3 weeks. At the two higher doses (10 and 15 mg/kg
i.v. q4d x 3) tumor regression was achieved. In the
experiment shown, six out of eight mice in both
higher dose treatments groups appeared to be
completely cured of their tumors. In contrast,
topotecan administered at a previously used dose of
20 mg/kg (q4d x 3) or etoposide administered at a
dose of 30 mg/kg on a q5d x 3 schedule caused tumor
stasis for approximately 10 days before regrowth of
the tumor. The mean body weight loss of 10 mg/kg
XR5944 was similar to that obtained with a less
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effective dose of topotecan (20 mg/kg) or etoposide
(30 mg/kg) (Figure 3B). In a separate experiment in
mice bearing HG9/P xenografts, administration of
XR5944 at 5 mg/kg i.v. on a daily schedule ([qd x 5/
week] x 2) caused complete tumor regression in eight
of eight animals and these remained tumor free for
more than 60 days. The activity of XR5944 at this daily
schedule was comparable to that observed with
15 mg/kg dose on a q4d x3 schedule (Figure 4A).
Both schedules were well tolerated with maximum
weight loss of 4 and 5%, respectively, with complete
recovery of weight between days 16 and 20 after the
start of treatment (Figure 4B). In contrast to XR5944,
TAS-103 caused only transient tumor regression in the
majority of the animals with only one of eight animals
showing complete regression following either a daily
(5 mg/kg, qd x 5) or intermittent (40 mg/kg, q4d x 2)
schedule. Moreover, the doses of TAS-103 used caused
significant toxicity with the loss of two of eight and
five of eight animals in the two groups, respectively.
XR5944 was also significantly more active than TAS-
103 in the relatively refractory HI29 colon carcinoma
xenograft (Figure 5A). TAS-103 dosed at its maximum
tolerated dose (MTD) and optimum schedule (45 mg/
kg i.v. q7d x 3) resulted in a significant growth delay
compared to control animals (Figure 5A). In contrast,
XR5944 (15 mg/kg i.v., q4d x3) resulted in tumor
regression in six of eight animals and was significantly
more active (»<0.05) than TAS-103. The antitumor
effects of XR5944 were seen at well-tolerated doses as
indicated by small changes in mean body weights
(about 5%) even at the highest dose of XR5944 (Figure
5B). These data also demonstrate that XR5944 was
much better tolerated than TAS-103 (Figure 5B). In a
separate experiment mice treated with doxorubicin at
its MTD (7 mg/kg single i.p. dose) showed far less
antitumor activity than XR5944 and significantly more
toxicity with animals continuing to lose weight for the
duration of the experiment (data not shown).
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Figure 3. Antitumor activity of XR5944 in the H69 SCLC xenograft. XR5944 was administered to mice bearing established
tumors as detailed in Methods. (A) Tumor volume plotted as a percentage of that seen on day 0. (B) Animal body weight
plotted as a percentage of that seen on day 0. Vehicle (5% dextrose) ([1); topotecan 20 mg/kg (O); etoposide 30 mg/kg (<);
XR5944 15 mg/kg (@); XR5944 10 mg/kg (A); XR5944 5 mg/kg (W¥). All solutions were administered i.v. at 10 ml/kg using
either a g4d x 3 schedule (vehicle, topotecan, XR5944) or a q5d x 3 schedule (etoposide) starting on day 0.

Discussion

Agents that simultaneously inhibit both topoisomerase
I and II may show benefit due to their ability to avoid
topoisomerase-dependent drug resistance and to target
the two enzymes which act at different points in the
cell cycle. This possible therapeutic advantage has
been recognized by a number of investigators. One

approach has been to use specific inhibitors of
topoisomerase I and II in combination as part of a
single schedule."”?' Such combinations, including
etoposide and camptothecin analogs (irinotecan or
topotecan), have given encouraging results in pre-
clinical models; however, clinical trials have suffered
from problems of additive toxicities. This has pre-
cluded any meaningful efficacy data being collected.
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Figure 4. Antitumor activity of XR5944 and TAS-103 in the H69 SCLC xenograft. XR5944 was administered in mice bearing
established tumors as detailed in Methods. (A) Effect of treatment on tumor volume plotted as a percentage of that seen on
day 0 the start of treatment. (B) Effect of treatment on animal body weight plotted as a percentage of that seen on day O.
Vehicle (5% dextrose) ([1); TAS-103 40 mg/kg (O); TAS-103 5 mg/kg (A); XR5944 15 mg/kg (W); XR5944 5 mg/kg (e) All
solutions were administered i.v. at 10 ml/kg using the schedules indicated starting on day 0.

The second approach has been to develop a single
molecule that is able to target both topoisomerase I
and II. This strategy is exemplified by DACA/
XR5000,% intoplicine,> F11782° and TAS-103.”
Although TAS-103 was originally proposed as a joint
topoisomerase I and II inhibitor, and was thus
selected as a control for our studies, recent data
suggest that TAS-103 is not a dual inhibitor but
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targets topoisomerase Ile..'®"*' With the exception of

F11782, joint inhibitors are DNA-binding agents that
have been shown to be intercalators. F11782 is
reported to be a catalytic dual inhibitor that does not
bind DNA.® These compounds are at various stages of
preclinical or clinical development.

XR5944 is able to poison both topoisomerase I and
II, presumably through its ability to intercalate into
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Figure 5. Antitumor activity of XR5944 in the HT29 colon carcinoma xenograft. XR5944 was administered to mice bearing
established HT29 colon carcinoma tumors as detailed in Methods. (A) Tumor volume plotted as a percentage of that seen on
day 0. (B) Animal body weight plotted as a percentage of that seen on day 0. Vehicle (5% dextrose) ([J); TAS-103 (q7d x 3):
45 mg/kg (@); XR5944 (g4d x 3): 15 mg/kg (@). All solutions were administered i.v. at 10 mikg.

DNA,22 although the exact mechanism is currently
unknown. The fact that XR5944 has two planar
phenazine chromophores allows for the possibility of
bis-intercalation, as has been suggested for LU79553.%
This additional interaction may be partly responsible
for the outstanding potency of XR5944 in poisoning
topoisomerase I and II and killing cells.

The evidence for XR5944 being a joint inhibitor of
topoisomerase I and II comes from the ability to
stabilize cleavable complexes with both enzymes, and
also from the work with cells expressing alterations in
either enzymes (atypical drug resistance). These
experiments clearly showed that XR5944 is equally
active upon down-regulation of topoisomerase II or a
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point mutation in topoisomerase I, suggesting a
parallel mechanism. The fact that XR5944 is equipo-
tent against topoisomerase I and II supports the
possibility that when topoisomerase II is down-
regulated cell kill occurs through topoisomerase I.
Interestingly, TAS-103 was significantly less active in
these cells with reduced topoisomerase II, suggesting a
preference for topoisomerase II. This is in conflict
with previous reports showing only a small loss of
activity in such cells.'® However, a recent study using
a yeast expression system found that topoisomerase
o is the primary cellular target for TAS-103 and that it
kills cells through this mechanism,'®*® which is in
accord with the data presented here.

The in vitro profile of XR5944 in parental human
cell lines shows it to be an exceptionally potent
cytotoxic agent. In all human cell lines tested, XR5944
was several-fold more active than all other compounds
tested, including topotecan and paclitaxel. These in
vitro studies also showed that, although XR5944 was a
substrate for the MDR transporters P-gp and MRP,
significant potency was retained despite hyperexpres-
sion of these resistance mechanisms. Even in cells
overexpressing the MDR transporters, XR5944
showed competitive or better activity than topotecan,
doxorubicin and pactitaxel.

This potent activity of XR5944 in vitro translated
well to human xenograft models in vivo where clear
tumor regression was observed when mice were
dosed with XR5944. In addition, very little change in
body weight was observed at efficacious doses,
suggesting that XR5944 was well tolerated. Impor-
tantly, complete tumor regression was induced by
XR5944 at low doses (5-15 mg/kg) in the H69 SCLC
model where other well-used cytotoxics, topotecan
and etoposide, gave relatively limited delays in tumor
growth. Similar data were obtained in the HT-29
xenograft in which XR5944 again induced tumor
regression in the majority of animals and was
significantly more effective than TAS-103. These data
demonstrate XR5944 is an extremely efficacious new
anticancer agent in vivo, even in tumors such as the
HT29 colon carcinoma, which are relatively refractory
to chemotherapy.

In summary, our studies show that the bisphena-
zine, XR5944, has exceptional in vitro and in vivo
activity against both human and murine cell lines.
Mechanistically, XR5944 appears to be a joint topo-
isomerase I/II inhibitor as it showed stabilization of
both topoisomerase I- and II-dependent cleavable
complexes. This proposed mechanism is supported
by the observation that XR5944 is unaffected by
atypical drug resistance. Finally, although the activity
of XR5944 is attenuated in cells hyperexpressing the
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MDR transporters P-gp and MRP, the compound
retained good potency in these MDR cell lines, which
was comparable or superior to several currently used
agents such as topotecan and paclitaxel. XR5944
therefore shows significant potential as a novel
anticancer agent capable of targeting both topoisome-
rase I and IL

Acknowledgments

‘We wish to thank Chris Liddle for his help in preparing
this manuscript.

References

1. Wang JC. DNA topoisomerases. Annu Rev Biochem
1996; 65: 635-92.

2. Hande KR. Clinical applications of anticancer drugs
targeted to topoisomerase II. Biochim Biophys Acta
1998; 1400: 173-84.

3. Dancey J, Eisenhauer EA. Current perspectives on
camptothecins in cancer treatment. Br J Cancer 1996,
74: 327-38.

4. Finlay GJ, Riou J-F, Baguley BC. From Amsacrine to DACA
(N-[ 2-(dimethylamino) ethyl ] acridine - 4 - carboxamide):
selectivity for topoisomerase 1 and II among acridine
derivatives. Eur J Cancer 1996; 32A: 708-14.

5. Riou J-F, Fosse P, Nguyen CH, et al. Intoplicine (RP
60475) and its derivatives, a new class of antitumour
agents inhibiting both topoisomerase I and II activities.
Cancer Res 1993; 53: 5987-93.

6. Hill BT, Barret JM, Perrin D, et al. Mechanism of action of
F 11782, a novel catalytic inhibitor of topoisomerase I and
II. Proc Am Ass Cancer Res 1999; 755: 114.

7. Utsugi T, Aoyagi K, Asao T, et al. Antitumour activity of a
novel quinoline derivative, TAS-103, with inhibitory
effects on topoisomerase I and I. Jpn J Cancer Res
1997; 88: 992-1002.

8. Beck WT, Cirtain MC, Danks MK, et al. Pharmacological,
molecular and cytogenetic analysis of ‘atypical’ multi-
drug-resistance human leukaemic cells. Cancer Res 1987,
47: 5455-60.

9. Tan KB, Mattern MR, Eng W-K, McCabe FL, Johnson RK.
Non-productive rearrangement of DNA topoisomerase I
and II genes: correlation with resistance to topoisomerase
inhibitors. J Natl Cancer Inst 1989; 81: 1732-35.

10. Tanizawa A, Pommiery Y. Topoisomerase-1 alteration in a
camptothecin-resistant cell line derived from Chinese
hamster DC3F cells in culture. Cancer Res 1992; 52:
1848-54.

11. Kaufmann SH. Cell death induced by topoisomerase-
targeted drugs: more questions than answers. Biochim
Biophys Acta 1998; 1400: 195-212.

12. Haldane A, Holdaway KM, Finlay G, Baguley BC.
Cytokinetic differences in the action of N-[2-(dimethyl-
amino)ethyl]acridine-4-carboxamide as compared with
that of amsacrine and doxorubicin. Cancer Chemother
Pharmacol 1993; 32: 463-70.



13.

14.

15.

16.

17.

18.

Holden JA, Rolfson DH, Wittwer CT. Human DNA
topoisomerase II: evaluation of enzyme activity in normal
and neoplastic tissues. Biochemistry 1990; 29: 2127-34.
Twentyman PR, Fox NE, Wright KA, Bleehen NM.
Derivation and preliminary characterisation of adriamycin
resistant lines of human lung cancer cells. Br J Cancer
1986; 53: 529-37.

Dale IL, Tuffley W, Callaghan R, et al. Reversal of P-
glycoprotein-mediated multidrug resistance by XR9051, a
novel diketopiperazine derivative. Br J Cancer 1998; 78:
885-92.

Finlay GJ, Marshall E, Matthews JH, Paull KD, Baguley BC.
In vitro assessment of N-[2-(dimethylamino)ethyl]acri-
dine-4-carboxamide, a DNA-intercalating antitumour drug
with reduced sensitivity to multidrug resistance. Cancer
Chemother Pharmacol 1993; 31: 401-6.

Mistry P, Plumb ], Eccles S, et al. In vivo efficacy of
XR9051, a potent modulator of P-glycoprotein mediated
multidrug resistance. Br J Cancer 1999; 79: 1672-8.
Aoyagi Y, Kobunai T, Utsugi T, Oh-hara T, Yamada Y. In
vitro antitumour activity of TAS-103, a novel quinoline
derivative that targets topoisomerase I and II. jpn J
Cancer Res 1999; 90: 578-87.

19.

20.

21.

22.

23.

Antitumor activity of XR5944

Vasey PA, Kaye SB. Combination inhibition of topoisome-
rase I and II—is this a worthwhile/feasible strategy? Br J
Cancer 1997; 76: 1395-7.

Byl JA, Fortune JM, Burden DA, et al. DNA topoisome-
rases as targets for the anticancer drug TAS-103: primary
cellular target and DNA cleavage enhancement. Biochem-
istry 1999; 38: 15573-9.

Fortune JM, Velea L, Graves DE, Utsugi T, Yamada Y,
Osheroff N. DNA topoisomerases as targets for the
anticancer drug TAS-103: DNA interactions and topoi-
somerase catalytic inhibition. Biochemistry 1999; 38:
15580-6.

Stewart AJ, Dangerfield W, Lancashire H, et al. Anti-
tumour activity of XR5944, a novel topoisomerase
inhibitor. Clin Cancer Res 1999; 5(suppl): 3864.

Bailly C, Brana M, Waring MJ. Sequence selective
intercalation of antitumour bis-naphthalimides into DNA.
Evidence for an approach via the major groove. Eur J
Biochem 1996; 240: 195-208.

(Received 2 January 2001; accepted 21 January
200D

367

Anti-Cancer Drugs - Vol 12 - 2001



