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Background: The cumulative cardio-
toxicity of anthracyclines is thought to
result from the generation of free radi-
cals. New DNA topoisomerase II in-
hibitors less prone to redox reactions,
such as mitoxantrone and more recent-
ly the anthrapyrazoles, were developed
to circumvent this toxicity. Purpose:
Two anthrapyrazoles currently in clini-
“cal evaluation, DuP 941 (Losoxantrone)
and DuP 937, were compared to other
topoisomerase II inhibitors with re-
spect to their cytotoxic potency and
selectivity and with respect to topoiso-
merase II inhibition. Methods: Cyto-
toxicity was tested in the 60 cell lines of
the National Cancer Institute preclini-
cal antitumor drug discovery screen
(NCI screen). The potency of anthrapy-
razoles to inhibit purified topoisomer-
ase II was determined. The specificity
of drug-induced topoisomerase II pat-
tern of cleavage, one of the cellular
determinants of cytotoxicity, was inves-
tigated in human c-myc DNA. Results:
Using the COMPARE analysis, we
found that the most closely related
cytotoxic profiles in the NCI screen
were between the anthrapyrazoles and
mitoxantrone. Among topoisomerase I1
inhibitors, the cytostatic potency was
by decreasing order: mitoxantrone;
doxorubicin, which was slightly greater
than DuP 941, azatoxin; DuP 937; and
"amsacrine, which was much greater
than VP-16. The potency of mitox-
antrone and anthrapyrazoles to
generate DNA double-strand breaks,
by induction of the topoisomerase II
cleavable complexes in nuclear ex-

tracts, was in agreement with cyto-
toxicity. Sequencing of drug-induced
topoisomerase II cleavages in c-myc
DNA showed a common cleavage pat-
tern for anthrapyrazoles and mitox-
antrone. This pattern was different
from the patterns obtained with other
topoisomerase II inhibitors. Con-
clusion: At the molecular and cellular
levels, anthrapyrazoles are potent
topoisomerase II inhibitors closely re-
lated to mitoxantrone. Implications:
These results validate the COMPARE
analysis using the NCI screen to pre-
dict molecular mechanisms of drug ac-
tion. Anthrapyrazoles, which are
unlikely to produce free radicals, might
be useful in the same indications as

. mitoxantrone, especially for patients

with cardiac risks, for pediatric
patients, and for patients treated with
intensified protocols. [J Natl Cancer
Inst 86:1239-1244, 1994]

Anthracyclines are among the most ac-
tive anticancer drugs. However, their
cumulative cardiotoxicity. often limits
their use. This toxicity has been attributed
to redox reactions that generate reactive
free radicals [reviewed in (/)]. Related
compounds less prone to redox reactions,
such as mitoxantrone, have been devel-
oped to circumvent this problem. The
persistence of a reducible dihydroxyl-
naphthoquinone moiety in the molecule
(see Fig. 1, part drawn in bold in
mitoxantrone structure) was still’ respon-
sible for some cardiotoxicity (2). Since
hydroxyl groups were necessary for
mitoxantrone activity (3,4), a deactivation
of the naphthoquinone was obtained
through the substitution of one keto by an
imino group that was included in a
pyrazole ring leading to the anthrapy-
razoles (Fig. 1). Three anthrapyrazole
compounds (DuP 937, DuP 941, and DuP
942) are under clinical evaluation. They
induce cellular DNA damage consistent
with DNA topoisomerase Il inhibition
(5,6). Among these derivatives, DuP 941
(Losoxantrone; Du Pont Merck Phar-
maceutical Co., Wilmington, Del.) ap-
pears to offer the best prospect of
development as an anticancer agent in the
treatment of advanced breast cancer and
shows promising response rates in phase
II clinical trials (7,8).
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In the present study, the cytotoxicity of
DuP 941 and DuP 937 was tested, and
their cytotoxic potency and selectivity
were compared with that of mitoxantrone
and other topoisomerase II inhibitors
using the 60 cell lines of the National
Cancer Institute preclinical antitumor
drug discovery screen (NCI screen).
Topoisomerase II inhibition was also
determined using purified enzyme and
DNA.

Materials and Methods

Drugs, Chemicals, and Enzymes

The anthrapyrazoles DuP 937 and DuP 941 were
obtained from Dr. Janet G. Dzubow, Du Pont Merck
Pharmaceutical Co. Etoposide (VP-16) and tenipo-
side (VM-26) were obtained from Bristol-Myers Co.
(Wallingford, Conn.). 5-Iminodaunorubicin, mitox-
antrone, and amsacrine were obtained from the Drug
Synthesis and Chemistry Branch, Division of Can-
cer Treatment (National Cancer Institute, Bethesda,
Md.). Azatoxin was synthesized by Dr. T. Mac-
donald, Department of Chemistry, University of
Virginia (Charlottesville). Drug stock solutions were
made in dimethyl sulfoxide (DMSO) at 10 mM, and
further dilutions were made in distilled water imme-
diately before use. The final concentration of
DMSO in culture medium or enzymatic reaction did
not exceed 1% (vol/vol), a concentration nontoxic to
the cells and without detectable effect on in vitro
reactions of topoisomerase Il.

We purchased human c-myc DNA from the
American Type Culture Collection (Rockville, Md.),
restriction enzymes and T4 polynucleotide kinase
from New England Biolabs (Beverly, Mass.), Tag
DNA polymerase from Perkin Elmer (Norwalk,
Conn.), and polyacrylamide/bis-acrylamide and
simian virus 40 (SV40) from Life Technologies, Inc.
(Gaithersburg, Md.). [Y—JZP]Adenosine 5’-triphos-
phate and [a-nP]deoxyadenosine triphosphate were
purchased from Du Pont NEN (Boston, Mass.).
DNA topoisomerase Il was purified from mouse
leukemia L1210 cell nuclei as described previously
(9) and was stored at =70 °C in 40% (vol/vol)
glycerol, 0.35 M NaCl, 5 mM MgCl,, | mM EGTA,
1 mM KH,PO,, 0.2 mM dithiothreitol, and 0.1 mM
phenylmethanesulfonyl fluoride (pH 6.4). The
purified enzyme yielded a single 170-kd band after
silver staining of a sodium dodecyl sulfate (SDS)-
polyacrylamide gel (9). Primer oligonucleotides for
polymerase chain reaction (PCR) were prepared
using a 392 DNA synthesizer from Applied Biosys-
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Fig. 1. Chemical structure of mitoxantrone and the anthrapyrazoles DuP 937 and DuP 941 (Losoxantrone).
The hydroxylnaphthoquinone moiety of mitoxantrone structure, which is probably involved in car-

diotoxicity, is indicated in bold.

tems (ABI; Foster City, Calif.) and purified using
oligonucleotide purification cartridges (ABI).

NCI Preclinical Antitumor Drug
Discovery Screening Assays

The methodology employed by the NCI screen-
ing program has been discussed in detail (/0). Cellular
response was evaluated using a sulforhodamine-B
assay (/0). Briefly, the human tumor cell lines
making up the screening panel were grown in
RPMI-1640 medium containing 5% fetal bovine
serum and 2 mM L-glutamine. Cells were plated in
100-uL aliquots into 96-well tissue culture dishes at
appropriate cell densities and then incubated at
37 °C for 24 hours prior to the addition of drug.
Drugs were solubilized in DMSO and added in se-
quential 10-fold dilutions. After incubation of the
plates at 37 °C for 48 hours, the remaining cells
were fixed with trichloroacetic acid (final con-
centration, 10%),- stained with 0.04% sulforhoda-
mine-B for 10 minutes, and washed with 1% acetic
acid to remove excess stain. Protein-bound stain was
solubilized in 50 mL Tris buffer, and optical density
(OD) was read in an automated plate reader at 515
nm. Percent growth inhibition was calculated for
each cell line from three different OD measure-
ments: untreated control OD (C), drug-treated test
OD (7), and zero time OD (T,) (OD of untreated
cells at time of drug addition). If T 2 T, the follow-
ing equation is used: 100 X [(T - TH(C - T]. If T <
Ty, the following equation is used: 100 x [(T -
TOIT).

Preparation and correlation coefficient calcula-
tions used in COMPARE have been reported (/1).
Briefly, appropriate data averaging was used for
both database and seed compound data when mul-
tiple experiments were available over the same
concentration range. Seed and database data (as
the log,, of the Gl;) were then matched by cell
line, and the correlation coefficients were calcu-
lated over the set of cell lines in common to the
seed and each database compound. The method
used to calculate the Pearson correlation coeffi-
cient was that implemented in the SAS Proc Corr
procedure with OUTP option (Version 6) (SAS In-
stitute Inc., Cary, N.C.).
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Preparation of End-Labeled DNA
Fragments

SV40 DNA was labeled at both termini of the
Bcl 1 restriction site using 1 U of Tag DNA poly-
merase and [a-nP]deoxyadenosine triphosphate.
Human c-myc DNA fragments were prepared by
PCR. The 403-base-pair DNA fragment from the
junction between the first intron and first exon was
amplified between positions 2671 and 3073, with
numbers referring to GenBank genomic positions,
using the following oligonucleotides: 5-TGCCGC-
ATCCACGAAACTTTGC-3 as sense primer and
5-CTTGACAAGTCACTTTACCCCG-3 as anti-
sense primer. Single-end-labeling of the DNA frag-
ment was obtained by 5’-end—labeling of the sense
strand primer oligonucleotide. Labeling, PCR condi-
tions, and DNA purifications were as previously
described (/2), except that 0.1 pg of the c-myc
DNA digested with restriction enzymes with Xho 1
and Xba | was used as a template for the PCR.

Topoisomerase II-Induced DNA
Cleavage Reactions

DNA fragments were equilibrated with or
without drug in 10 mM Tris-HCI (pH 7.5), 50 mM
KCl, 5 mM MgCl,, 0.1 mM EDTA, | mM adenosine
5'-triphosphate, and 15 pg/mL bovine serum al-
bumin for 5 minutes before addition of purified
topoisomerase II (40-70 ng) or HL60 nuclear ex-
tract, which serves as a source for topoisomerase I
(2 UL corresponding to the extract from approxi-
mately 10° nuclei), in a final reaction volume of 20
UL (13). Reactions were performed at 37 °C for 30
minutes and then stopped by adding sodium dodecyl
sulfate (SDS) to a final concentration of 1% and
proteinase K to 0.4 mg/mL, followed by incubation
for I hour at 42 °C.

Electrophoresis and Data Analysis

For agarose gel analysis, 3 ulL (10x) loading
buffer (0.3% bromophenol blue, 16% Ficoll, and 10
mM Na,HPO,) was added to each sample, which
was then heated at 65 °C for 1-2 minutes before
loading into an agarose gel made in (1x) TBE [89
mM Tris, 89 mM boric acid, and 2 mM EDTA (pH

8.0)]. Agarose gel electrophoresis was at 2 V/cm
overnight. The quantification of drug-induced DNA
double-strand breaks in the presence of HL60
nuclear extracts was done as follows: Radioactive
gels were scanned using a Phosphorlmager

(Molecular Dynamics, Sunnyvale, Calif.). For each

lane, the radioactivity was measured in the DNA
cleavage products (C) and in the total DNA present
in the lane (7). Drug-induced cleavage was ex-
pressed as:

Percent DNA cleaved = 100x /T~ C0/To,
1-Co/Ty
where Cg and T are the counts for cleaved and total
DNA, respectively, in the presence of nuclear ex-
tracts without drug.

For DNA sequence analysis, samples were
precipitated with ethanol and resuspended in 2.5 uL
loading buffer (80% formamide, 10 mM NaOH,
I mM EDTA, 0.1% xylene cyanol, and 0.1%
bromophenol blue). Samples were heated to 90 °C
and immediately loaded into DNA sequencing gels
(7% polyacrylamide; 19:1, acrylamide:bis) contain-
ing 7 M urea in (1x) TBE buffer. Electrophoresis
was performed at 2500 V (60 W) for 4 hours. Gels
were dried on 3M paper sheets (Minnesota Mining
and Manufacturing, St. Paul) and autoradiographed
with Kodak XAR-2 film.

Base Preference Analysis

Determination of preferred bases around
topoisomerase Il cleavage sites was as previously
described (/4).

Results

Cytotoxicity of Anthrapyrazoles in the
NCI Preclinical Antitumor Drug
Discovery Screen

The anthrapyrazoles DuP 941 and DuP
937 were tested in the in vitro NCI screen
under standard conditions (Fig. 2). For
comparison, we included results obtained
with other topoisomerase I inhibitors, as
well as azatoxin, a drug active on both
tubulin polymerization and topoisomerase
11 (15), and vinblastine, an inhibitor of
tubulin polymerization. The data for
mean drug concentrations producing 50%
inhibition of cell growth (Glsg) are pre-
sented according to the NCI mean graph
format (/6). The mean drug concentra-
tions producing Glsq are indicated at the
top of Fig. 2. The cytostatic potency was
by decreasing order, vinblastine >>
mitoxantrone > doxorubicin > DuP 941 >
azatoxin > DuP 937 > amsacrine >> VP-
16. The anthrapyrazoles were most active
in the central nervous system cancer cell
lines, the leukemia cell lines, and the lung
cancer cell lines.

The patterns of cell sensitivity to all the
drugs presently in the NCI Standard
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Glsp 0.132uM  0.304 pM 14.22 uM 0.168 uM
CNS
Melanoma
Renal
Leukemia
Ovarian
Colon
Lung R i
-—
Concentration ' — — — . u il —
log.scale 1 0O -t1 0 11 0 41 0 11 0 11 0 - 1 0 1 1 0 -
Drug DuP 941  DuP 937 Mitoxantrone Doxorubicin ~ m-AMSA VP-16 Azatoxin Vinblastine
COMPARE
coefficient 1 0.85 0.92 0.80 0.76 0.76 0.18 0.42

Fig. 2. Comparison of the Glso mean graph profiles for DuP 941 with those of different anticancer agents in the NCI preclinical antitumor drug discovery screen. For
each drug, the mean Glso obtained for all the cell lines is indicated at the top of the profile and is represented by a vertical bar through individual plots. Horizontal
bars show, in a logarithm scale, the individual Glso for each cell line relative to the mean value. A small circle on the vertical reference bar indicates the absence of
available data. Negative values (on the right of the vertical reference) indicate the most sensitive cell lines. At the bottom of the graph are indicated the overall
similarities of the Glsp profiles between DuP 941 and other compounds, as calculated by the COMPARE software. The NCI screen cell lines are from top to the bot-
tom, central nervous system (CNS): XF 498, SF-539, SF-295, SF-268, U251, SNB-78, SNB-75, and SNB-19; melanoma: UACC-257, UACC-62, M19-MEL, M 14,
SK-MEL-28, SK-MEL-5, SK-MEL-2, MALME-3M, and LOX IMV]; renal cancer: TK-10, ACHN, 786-0, RXF-631L, RXF-393L, CAKI-1, A498, SN12C, and UO-
31; leukemia: SR, RPMI-8226, HL-60 (TB), MOLT-4, K-562, and CCRF-CEM; ovarian cancer: SK-OV-3, IGR-OV-1, OVCAR-8, OVCAR-5, OVCAR-4, and
OVCAR-3; colon cancer: KM20L2, KM12, HCT-15, DLD-1, COLO 205, SW-620, HCT-116, HCC-2998, and HT29; small-cell lung cancer: DMS 273 and DMS
114; and non-small—ell lung cancer: LXFL 529, HOP-92, HOP-18, HOP-62, NC1-H460, NCI-H322M, NCI-H226, EKVX, AS49/ATCC, NCI-H522, and NCI-H23.

Agent database (171 discrete compounds
with well-characterized activity) were com-
puted using the COMPARE software (/6)
and DuP 941 as. a reference (bottom of
Fig. 2). The best COMPARE correlation
coefficients were between the two anthra-
pyrazoles (.85) and between DuP 941 and
mitoxantrone (.92). Comparison of the two
anthrapyrazoles with mitoxantrone (Fig.
2) showed a higher correlation coefficient
for DuP 941 (.92) than for DuP 937 (.85),
suggesting the importance of the side
chain for drug activity (see Fig. 1). A
good correlation was also found with the
other topoisomerase Il inhibitors (COM-
PARE coefficients were .80 for doxorubi-
cin and .76 for amsacrine and VP-16),
regardless of the action of the drugs on
the RNA/DNA synthesis inhibition ratio
(5). There was no correlation with

azatoxin and vinblastine, a finding in
agreement with the report that azatoxin
preferentially acts first on tubulin and
then on topoisomerase II while drug con-
centrations were increased (/5). These
data suggest that anthrapyrazoles have the
same cellular target as mitoxantrone, to-
poisomerase I1.

Induction of Topoisomerase II-
Mediated DNA Double-Strand Breaks
by Anthrapyrazoles and Mitoxantrone

Drug-induced, topoisomerase II-medi-
ated, double-strand breaks were inves-
tigated using nuclear extracts of human
myelocytic leukemia-derived cells (HL60)
and SV40 DNA, which is a good sub-
strate for topoisomerase II as it is rich in
topoisomerase II sites (/3,/7). Mitoxan-
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trone induced twice as many topoiso-
merase [I-mediated DNA double-strand
breaks as the two anthrapyrazoles. DuP
941 was slightly more potent than DuP
937 (Fig. 3). Cleavage decreased at the
highest doses, a finding consistent with
DNA intercalation of these drugs (results
not shown). These data demonstrate that
anthrapyrazoles are topoisomerase II in-
hibitors. Their relative potencies in the
topoisomerase II assays are consistent
with the drug cytotoxic potencies in the
NCI screen (see Fig. 2).

Sequence Selectivity of Topoisomerase
II Cleavage Induced by
Anthrapyrazoles

Topoisomerase I inhibitors display
considerable variation in activity as ob-
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Fig. 3. Potency of DuP
937, DuP 941, and mitox-
antrone to induce DNA
double-strand breaks in
the presence of HL-60
nuclear extracts. >-P-end—
labeled SV40 DNA was
reacted with the drug and
the nuclear extracts for 30
minutes at 37 °C. Reac-
tions were stopped by add-
ing SDS and proteinase
K. DNA fragments were
separated in 1% agarose
gel, and quantification of
double-strand breaks was
performed using a Phos-
phorlmager.

Mitox

DuP 941

DuP 937

0 _ 1 2
Drug concentration (uM)

3 4

served clinically. This variability could
be related to DNA sequence selectivity of
topoisomerase I cleavage sites, which
are different for each class of drug (/8).
Topoisomerase Il cleavage sites were
mapped in the human c-myc proto-on-
cogene at the junction between the first
intron and exon, a region important for
transcription regulation (/9). Fig. 4 shows
that anthrapyrazoles and mitoxantrone
share a common cleavage pattern. The
stronger cleavage intensities observed for
mitoxantrone (see sites at position 2784-
2785) are consistent with the results ob-
tained in SV40 DNA (Fig. 3). The two
anthrapyrazoles behaved similarly, and
differences were minimal with respect to
specificity, e.g., site 2761 for DuP 941.
Other topoisomerase II inhibitors, am-
sacrine (Fig. 4, lane 1) and 5-imino-
daunorubicin (Fig. 4, lane 2), showed
cleavage patterns very different from
those of mitoxantrone (Fig. 4, lanes 3 and
8) and anthrapyrazoles (Fig. 4, lanes 9
and 10). VM-26 induced more cleavage
sites than the other topoisomerase II in-
hibitors. The anthrapyrazole sites appear
as a subset of the VM-26 preferred sites.
Differences between cleavage patterns
are due to different preferences for
specific bases flanking the cleavage site
and are characteristic of each topoiso-
merase 11 inhibitor (/4,18). For mitoxan-
trone and anthrapyrazoles, our analysis
on 57 sites in the c-myc DNA and 22
strong sites in SV40 DNA (data not
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shown) showed a strong preference for a
cytosine at the 3’-DNA termini of the
topoisomerase 11 cleavage sites.

Discussion

This is the first study evaluating the
cytotoxic activity of the anthrapyrazoles,
DuP 941 and DuP 937, in the 60 human
cell lines of the NCI screen. To the best
of our knowledge, it is also the first docu-
mented demonstration of topoisomerase
II inhibition by these two drugs. The pat-
terns of cytotoxicity in the NCI screen
and the topoisomerase II cleavage pat-
terns could provide a reference for com-
parison with other topoisomerase II
inhibitors.

Topoisomerase Il inhibition by anthra-
pyrazoles is consistent with previous
alkaline elution data, showing the stimu-
lation of protein-linked DNA strand
breaks (5,6). Still, anthrapyrazole cyto-
toxicity could be related to effects on
other targets as well. For instance, aza-
toxin was shown to induce topoisomerase
II cleavable complexes both in vitro (/3)
and in cell culture (/5). However,
analysis of NCI screen data using the
COMPARE analysis showed that the
cytotoxicity profile of azatoxin correlates
better with those of tubulin inhibitors
than with the profiles of other topoiso-
merase II inhibitors. Further studies (/5)
confirmed that azatoxin inhibits tubulin
polymerization in vitro and that its cyto-

toxicity involves tubulin inhibition at low
doses and topoisomerase II inhibition at
higher doses. The COMPARE analysis
has previously identified several novel
tubulin-binding agents (20,27) as well as
novel antimetabolites, including the in-
osine 5’-monophosphate dehydrogenase
inhibitor benzamide riboside (22) and
dihydroorate dehydrogenase inhibitors
(Paull KD: unpublished data). A full

_description of the COMPARE algorithm

with many examples of mechanism-based
correlations from the NCI Standard Agent
database has been prepared (//). The
COMPARE analysis revealed that the
mechanism of drug cytotoxicity for the
two anthrapyrazoles correlated well with
that of other topoisomerase Il inhibitors
and best with that of mitoxantrone (Fig.
2), suggesting that the cellular target of
anthrapyrazoles leading to cell death is
topoisomerase II.

Anthrapyrazoles trap topoisomerase I
at the same sites as mitoxantrone (Fig. 4)
with preferences for a cytosine at the 3'-
DNA termini of the topoisomerase II
cleavage site, a more restrictive pref-
erence than has been reported (23). This
selectivity may be due to the preferential
binding of anthrapyrazoles and mitoxan-
trone to GC-rich DNA regions (24).
These drug-topoisomerase-DNA interac-
tions have been modeled in the stacking
model [for review see (/&)]. Among
topoisomerase II inhibitors, anthra-
pyrazoles are most closely related to
mitoxantrone, both with respect to
topoisomerase II cleavage pattern and to
cytotoxicity profiles. Therefore, the se-
quence selectivity of topoisomerase [l
cleavage seems to be a major component
of the cytotoxicity and selectivity of
topoisomerase II poisons (25).

The preclusion of free radical forma-
tion by elimination of the quinone function
was the starting point for anthrapyrazole
development. These redox reactions in-
crease oOxygen consumption, generate
lipid peroxides, and account for the car-
diotoxicity and hepatotoxicity of mitox-
antrone and anthracyclines (/,26). Metals
such as iron can be complexed by the
hydroxynaphthoquinone function (/,27)
and may catalyze these adverse reactions.
Indeed, ICRF187, a metal chelator, re-
duces the cardiotoxicity of mitoxantrone
and doxorubicin (/,28). Alteration of the
quinone function, as in 5-iminodaunoru-
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Fig. 4. Topoisomerase H patterns of cleavage in the presence of drugs at the junction between the first exon
and first intron of the human c-myc gene. The DNA fragment was prepared by PCR, using a 5’-2p_labeled
sense-strand primer. Cleavage reactions were performed at 37 °C for 30 minutes with purified topoisomerase
IT and stopped by adding SDS and proteinase K. DNA was electrophoresed in 7% denaturing acrylamide gel.
Lane 1, +10 pM amsacrine; lane 2, +2 pM 5-iminodaunorubicin; lane 3, +0.05 pM mitoxantrone; lane 4,
purine ladder obtained after formic acid reaction; lane 5, DNA control; lane 6, control topoisomerase II; lane
7, +10 pM VM-26; lane 8, +0.2 pM mitoxantrone; lane 9, +0.2 uM DuP 937; lane 10, +0.2 uM DuP 941.
Numbers on the right of the autoradiographs correspond to the genomic position of the nucleotide covalently
linked to the topoisomerase [I. Brackets between the two autoradiographs indicate equivalent cleavage sites

for mitoxantrone.
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bicin, also reduces the chelation potency
and cardiotoxicity of the molecule with-
out affecting topoisomerase II inhibition
(29). The ability of drugs to produce free
radicals has been correlated to their
polarographic reduction potential (30,31).
In contrast to anthracyclines and mitoxan-
trone, anthrapyrazoles are difficult to re-
duce. They can even protect against lipid
peroxidation (27). The doses required for
this kind of protection are unlikely to be
attained clinically, given the toxic effects
and the nature of pharmacokinetics of the
anthrapyrazoles (32,33). Hence, preclini-
cal studies as well as phase I clinical trials
suggest the absence of cardiotoxicity for
the anthrapyrazoles (8).

Anthrapyrazoles and mitoxantrone
share many features, including their
cytotoxic profile in the NCI screen, their
potency to induce DNA strand breaks
(5,6), and their sequence selectivity of
topoisomerase II cleavages. They are po-
tent intercalators (24) and are substrates
for mdr-P-glycoprotein pumps (34). The
only reported difference, besides the ab-
sence of free radical generation for
anthrapyrazoles, is the stronger inhibition
of RNA synthesis by mitoxantrone than
by anthrapyrazoles (5). Mitoxantrone and
DuP 941 behave almost similarly in the in
vitro NCI cell screen, which takes into ac-
count tissue-specific gene expression.
Since the two drugs also share similar
pharmacokinetics (33,35), it would not be
surprising that DuP 941 would exhibit the
same anticancer spectrum of activity as
mitoxantrone with reduced cardiotoxicity.
The point could be of interest in
pediatrics and in intensified protocols,
especially in the case of associated
radiotherapy involving the heart region

).

References

(/) Myers CE: Anthracyclines. Cancer Chemother
Biol Response Modif 13:45-52, 1992

(2) Van der Graaf W, de Vries E: Mitoxantrone:
bluebeard for malignancies. Anticancer Drugs
1:109-125, 1990 :

(3) Leopold WR, Nelson JM, Plowman J, et al:
Anthrapyrazoles, a new class of intercalating
agents with high-level, broad spectrum activity
against murine tumors. Cancer Res 45:5532-
5539, 1985

(4) De Isabella P, Capranico G, Palumbo M, et al:
Sequence selectivity ‘of topoisomerase Il DNA
cleavage stimulated by mitoxantrone deriva-
tives: relationships to drug DNA binding and
cellular effects. Mol Pharmacol 43:715-721,
1993

ZT0Z ‘9 JoqQUIBAON U0 AlSBAIUN USIBAY Te /Biosfeulnolpioxo’ ouly/:dny woly papeojumoq

REPORTS 1243


http://jnci.oxfordjournals.org/

&)

)]

®

9

0

an

u2)

U3

U4

us)

16)

Fry DW, Boritzki TJ, Besserer JA, et al: In
vitro DNA strand scission and inhibition of
nucleic acid synthesis in L1210 leukemia cells
by a new class of DNA complexers, the
anthra[1,9-cd]pyrazol-6(2H)-ones (anthrapyra-

zoles). Biochem Pharmacol 34:3499-3508,
1985
Fry DW: Biochemical pharmacology of

anthracenediones and anthrapyrazoles. Phar-
macol Ther 52:109-125, 1991

Judson IR: The anthrapyrazoles: a new class of
compounds with clinical activity in breast can-
cer. Semin Oncol 19:687-694, 1992

Talbot DC, Smith IE, Mansi JL, et al:
Anthrapyrazole CI941: a highly active new
agent in the treatment of advanced breast can-
cer. ] Clin Oncol 9:2141-2147, 1991

Minford J, Pommier Y, Filipski J, et al: Isola-
tion of intercalator-dependent protein-linked
DNA strand cleavage activity from cell nuclei
and identification as topoisomerase II. Bio-
chemistry 25:9-16, 1986

Monks A, Scudiero D, Skehan P, et al:
Feasibility of a high-flux anticancer drug
screen using a diverse panel of cultured human
cell lines. J Natl Cancer Inst 83:757-766, 1991
Paull KD, Hamel E, Malspeis L: Prediction of
biochemical mechanism of action from the in
vitro antitumor screen of the National Cancer
Institute. /n Cancer Chemotherapeutic Agents
(Foye WO, ed). Washington D.C.: American
Chemical Society. In press

Leteurtre F, Fesen M, Kohlhagen G, et al:
Specific interaction of camptothecin, a topo-
isomerase I inhibitor, with guanine residues of
DNA detected by photoactivation at 365 nm.
Biochemistry 32:8955-8962, 1993

Leteurtre F, Madalengoitia J, Orr A, et al: Ra-
tional design and molecular effects of a new
topoisomerase II inhibitor, azatoxin [published
erratum appears in Cancer Res 52:6136,
1992]. Cancer Res 52:4478-4483, 1992
Pommier Y, Capranico G, Orr A, et al: Local
base sequence preferences for DNA cleavage
by mammalian topoisomerase II in the
presence of amsacrine and teniposide [pub-
lished erratum appears in Nucleic Acids Res
19:7003, 1991]. Nucleic Acids Res 19:5973-
5980, 1991

Solary E, Leteurtre F, Paull KD, et al: Dual in-
hibition of topoisomerase II and tubulin poly-
merization by azatoxin, a novel cytotoxic
agent. Biochem Pharmacol 45:2449-2456,
1993 .

Paull KD, Shoemaker RH, Hodes L, et al: Dis-
play and analysis of patterns of differential ac-
tivity of drugs against human tumor cell lines:

un

U8

9

20

@n

@2

@3

@49

25

@6)

development of a mean graph and COMPARE
algorithm. J Natl Cancer Inst 81:1088-1092,
1989

Yang L, Rowe TC, Nelson EM, et al: In vivo
mapping of DNA topoisomerase II-specific
cleavage sites on SV40 chromatin. Cell
41:127-132, 1985

Pommier Y, Kohn KW, Capranico G, et al:
Base sequence selectivity of topoisomerase in-
hibitors suggests a common model for drug ac-
tion. /n Molecular Biology of DNA
Topoisomerases and Its Application to
Chemotherapy (Andoh T, lkeda H, Oguro M,
eds). Boca Raton, Fla: CRC Press, 1993, pp
215-227

Zajac-Kaye M, Yu B, Ben-Baruch N:
Downstream regulatory elements in the c-myc
gene. Curr Top Microbiol Immunol 166:279-
284, 1990 :

Bai RL, Paull KD, Herald C, et al:
Halichondrin B and homohalichondrin B,
marine natural products binding in the vinca
domain of tubulin. Discovery of tubulin-based
mechanism of action by analysis of differential
cytotoxicity data. J Biol Chem 24:15882-
15889, 1991

Paull KD, Lin CM, Malspeis L, et al: Iden-
tification of novel antimitotic agents acting at
the tubulin level by computer-assisted evalua-
tion of differential cytotoxicity data. Cancer
Res 52:3892-3900, 1992

Jayaram H, Gharehbaghi K, Rieser J, et al:
Cytotoxicity of a new IMP dehydrogenase
inhibitor, benzamide riboside, to human
myelogenous leukemia K562  cells.
Biochem Biophys Res Commun 186:1600-
1606, 1992

Capranico G, De Isabella P, Tinelli S, et al:
Similar sequence specificity of mitoxantrone
and VM-26 stimulation of in vitro DNA
cleavage by mammalian DNA topoisomerase
II. Biochemistry 32:3038-3046, 1993

Hartley JA, Reszka K, Zuo ET, et al: Charac-
teristics of the interaction of anthrapyrazole
anticancer agents with deoxyribonucleic acids:
structural requirements for DNA binding, in-
tercalation, and. photosensitization. Mol Phar-
macol 33:265-271, 1988

Pommier Y, Orr A, Kohn KW, et al: Differen-
tial effects of amsacrine and epipodophyl-
lotoxins on topoisomerase II cleavage in the
human c¢-myc proto-oncogene. Cancer Res
52:3125-3130, 1992

Mewes K, Blanz J, Ehninger G, et al:
Cytochrome P-450-induced cytotoxicity of mi-
toxantrone by formation of electrophilic inter-
mediates. Cancer Res 53:5135-5142, 1993

@7

28)

29)

(30)

&7))

(32)

33

39

35)

Frank P, Novak RF: Effects of anthrapyrazole
antineoplastic agents on lipid peroxidation.
Biochem Biophys Res Commun 140:797-807,
1986

Shipp NG, Dorr RT, Alberts DS, et al: Charac-
terization of experimental mitoxantrone car-
diotoxicity and its partial inhibition by
ICRF-187 in cultured neonatal rat heart cells.
Cancer Res 53:550-556, 1993

Capranico G, Zunino F, Kohn KW, et al: Se-
quence-selective topoisomerase II inhibition
by anthracycline derivatives in SV40 DNA:
relationship with DNA affinity and cy-
totoxicity. Biochemistry 29:562-569, 1990
Zwelling LA, Kerrigan D, Michaels S:
Cytotoxicity and DNA strand breaks by 5-im-
inodaunorubicin in mouse leukemia L1210
cells: comparison with Adriamycin and 4’-(9-
acridinylamino)methanesulfon-m-anisidide.
Cancer Res 42:2687-2691, 1982

Showalter HD, Fry DW, Leopold WR, et al:
Design, biochemical pharmacology, electro-
chemistry and tumour biology of anti-tumour
anthrapyrazoles. Anticancer Drug Des 1:73-
85, 1986

Berg SL, Savarese DM, Balis FM, et al: Phar-
macokinetics of piroxantrone in a phase I trial
of piroxantrone and granulocyte-colony stimu-
lating factor. Cancer Res 53:2587-2590, 1993
Graham MA, Newell DR, Foster BJ, et al:
Clinical pharmacokinetics of the anthrapyra-
zole CI-941: factors compromising the im-
plementation of a pharmacokinetically guided
dose escalation scheme. Cancer Res 52:603-
609, 1992

Klohs WD, Steinkampf RW, Havlick MJ, et
al: Resistance to anthrapyrazoles and anthracy-
clines in multidrug-resistant P388 murine
leukemia cells: reversal by calcium blockers
and calmodulin antagonists. Cancer Res
46:4352-4356, 1986

Myers C, Chabner B: Anthracyclines. /n Can-
cer Chemotherapy: Principles and Practice
(Chabner BA, Collins JM, eds). Philadelphia:
Lippincott, 1990, pp 356-381

Notes

We thank Dr. K. W. Kohn (Laboratory of

Molecular Pharmacology,

Division of Cancer

Therapy, National Cancer Institute) for his support,
and Dr. Alan P. Goldberg (Du Pont Merck Phar-
maceutical Co., Wilmington, Del.) for providing
clinical information concerning the anthrapyrazoles.

Manuscript received January 13, 1994; revised
May 19, 1994; accepted June 3, 1994.

Need the latest information on
clinical trials for HIV and AIDS?

Call the AIDS Clinical Trials
Information Service:

1-800-TRIALS-A

(1-800-874-2572) Monday through Friday, 9 a.m. to 7 p.m. eastern time.

1244 REPORTS

Journal of the National Cancer Institute, Vol. 86, No. 16, August 17, 1994

2T0Z ‘9 JoquienoN uo A1siBAIUN UosRAY e /61o'sjeulnopiojxorouly/:dny woly pspeojumoq


http://jnci.oxfordjournals.org/

