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SUMMARY

Imidazoacridinones are new antitumor compounds that exhibit
strong antitumor effect against solid tumors such as human
colon and breast carcinomas. The mechanism of action of
imidazoacridinones is unknown, although a similarity in the
chemical structure between active imidazoacridinones and mi-
toxantrone suggests common cellular targets. We show that
imidazoacridinones inhibit the catalytic activity of purified to-
poisomerase Il as determined by both relaxation and decatena-
tion assays. All biologically active compounds stimulated the
formation of cleavable complexes in vitro, whereas inactive
compounds did not. The pattern of DNA cleavage in SV40 DNA
was similar to that obtained for 4’-(9-acridinylamino)methane-
sulfon-m-aniside, particularly within the matrix-associated re-
gion. Significant levels of DNA complexes were observed when
DC-3F fibrosarcoma cells were treated with active compounds,
whereas negligible amounts of these complexes were induced

by inactive analogues. DC-3F/9-OHE cells, which are resistant
to other topoisomerase Il inhibitors, are 30-125-fold cross-
resistant to active imidazoacridinones. The resistance is asso-
ciated with a reduction in the formation of DNA/protein com-
plexes and is highest for compounds that are potent
topoisomerase |l inhibitors in vitro. Interestingly, the two most
active derivatives, C-1310 and C-1311, were equally cytotoxic
toward fast-growing monolayer cultures and cells growing in
three dimensions as multicellular spheroids, which have a
slower growth fraction. In contrast, 4'-(9-acridinylamino)meth-
anesulfon-m-aniside, mitoxantrone, and doxorubicin were
more cytotoxic toward monolayer cultures. Taken together, the
results suggest that DNA topoisomerase Il is a major cellular
target of biologically active imidazoacridinones and that these
drugs show both similarities and dissimilarities compared with
classic topoisomerase |l inhibitors.

Despite great effort, the development of curative antitumor
drugs has been only partially successful, especially for the
frequent, slowly growing tumors of lungs, breast, and gastro-
intestinal tract. In a search for new drugs derived from
acridines that was based on drug design derived from previ-
ous results of studies with mitoxantrone and its analogues
(1), a series of imidazoacridinones with potent antitumor
properties were developed at the Technical University of
Gdansk, Poland (2, 3).

Imidazoacridinones display considerable cytotoxic activity
toward various murine and human cell lines in vitro (2, 3) as
well as a potent antitumor effect toward breast and colon
adenocarcinomas in vivo (4). In addition, it has been demon-
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strated that active imidazoacridinone derivatives do not in-
duce free radical formation; therefore, they should not be
cardiotoxic, unlike doxorubicin and other anthracyclines. The
most active imidazoacridinone derivative, C-1311, has been
accepted for clinical trials in Great Britain.

The development of a new group of very active anticancer
drugs raises important questions concerning their mecha-
nism of action. In addition to the fundamental aspect, such
studies are of practical value because they may provide in-
formation concerning optimal drug treatment and suitable
drug combinations and result in the development of even
more active derivatives. Given the structural similarities
between imidazoacridinones and mitoxantrone, it was ex-
pected that DNA topoisomerase II would be a target for these
compounds.

DNA topoisomerase II is an essential nuclear enzyme that
regulates DNA topology and organization (5). The enzyme
modulates the three-dimensional structure of chromatin and

ABBREVIATIONS: m-AMSA, 4’'-(9-acridinylamino)methanesulfon-m-aniside; VP-16, 4'-demethylepipodophyllotoxin 9-(4,6-O-ethylidene-B-p-glu-
copyranoside; SDS, sodium dodecyl sulfate; PBS, phosphate-buffered saline; DPC, DNA/protein complex; TBE, Tris/borate/EDTA; MAR,

matrix-associated region.
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catalyzes interconversions between DNA topoisomers, such
as relaxation of supercoiled DNA and decatenation of inter-
twined DNA molecules. Topoisomerase II may also play a
structural role in the organization of chromatin in both in-
terphase cells and mitotic chromosomes (6). Topoisomerase II
is believed to be the primary target for a number of clinically
useful antitumor drugs (5, 7). Most of these drugs reversibly
stabilize covalent reaction intermediates (cleavable com-
plexes) between topoisomerase II and nuclear DNA. Re-
cently, two different isoforms of topoisomerase II have been
found, and for at least some drugs, a different interaction
with either isoform has been proposed (8, 9). Although the
drug-induced stabilization of cleavable complexes is recog-
nized to be important for cell killing, the series of events
resulting from cleavable complex formation and culminating
in cell death are still poorly understood.

We describe the inhibition of topoisomerase II by selected
imidazoacridinones both in vitro and in DC-3F fibrosarcoma
cells as well as in DC-3F/9-OHE cells, which are resistant to
topoisomerase II inhibitors. The compounds studied differed
both in their chemical structure and in their biological activ-
ities (2, 3), which allowed us to delineate structural compo-
nents of imidazoacridinones that are important for their in-
teractions with DNA topoisomerase II.

Materials and Methods

Chemicals. Imidazoacridinone derivatives (see Fig. 1 for chemi-
cal structures), mitoxantrone, ametantrone, and m-AMSA were syn-
thesized at the Department of Pharmaceutical Technology and Bio-
chemistry, Technical University of Gdansk, Poland. [*HIThymidine,
[**Clleucine, and [a-32P}JdCTP were obtained from Amersham (Buck-
inghamshire, UK). All other chemicals were of reagent grade.

DNA substrates and enzymes. Supercoiled plasmid pBR322
DNA (>95% form I), pUC18, BstXI, Mspl, and Taql were purchased
from Boehringer Mannheim (Mannheim, Germany). SV40 DNA and
123-base pair DNA ladder were obtained from GIBCO (Cergy Pon-
toise, France), whereas Klenow fragment polymerase was obtained

compound n Rj,R; R3 R4 Rs
C-1263 2 CHz OH H H
C-1310 2 CHCH3 OH H CHj3
C-1311 2 CHyCH3 OH H H
C-1371 3 CH3 OH H H
C-1419 2 CHCH3 H OH H
C-1492 5 CHs OH H H
C-1554 2 CH)CH3 CH3 H H
C-1558 2 CHyCH3 tbutylH H

Fig. 1. Chemical structures of imidazoacridinones.
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from United States Biochemical (Cleveland, OH). Highly catenated
kinetoplast DNA was isolated from Crithidia fasciculata kindly pro-
vided by Dr. Guy Riou (Institut Gustave Roussy, Villejuif, France)
and purified through cesium chloride/ethidium bromide density cen-
trifugation (10). DNA topoisomerase II was obtained from Saccha-
romyces cerevisiae overexpressing a multicopy plasmid (a generous
gift from Dr. James Wang, Harvard University, Cambridge, MA) and
purified according to the method of Worland and Wang (11).

Relaxation assay. The reaction mixture contained 50 mM
Tris‘HC], pH 7.4, 5 mM MgCl,, 1 mM B-mercaptoethanol, 165 mM
KCl, 1 mM ATP, and 150 ng of pBR322 DNA. The reaction was
initiated by the addition of DNA topoisomerase II and allowed to
proceed at 30° for 10 min. Reactions were terminated by the addition
of loading buffer (1% SDS, 0.05% bromophenol blue, 50 mm EDTA,
10% sucrose, final concentrations). The samples were electropho-
resed in 1% agarose gels at 2 V/cm for 18 hr in TBE buffer (90 mM
Tris-borate, and 1 mM EDTA, pH 8). Gels were stained with 0.5
pug/ml ethidium bromide to visualize DNA and photographed under
UV illumination. The peak areas of supercoiled DNA were deter-
mined by scanning photographic negatives with a Joyce-Loebl Chro-
moscan 3 densitometer.

Decatenation assay. The reaction conditions were as described
above except that 200 ng of kinetoplast DNA was used as substrate
and that the incubation time was 15 min. Reactions were stopped by
the addition of loading buffer (1% SDS, 0.06% bromophenol blue, 50
mM EDTA, 30% glycerol, final concentrations). The samples were
electrophoresed in 1.2% agarose gels at 1 V/cm for 16 hr, and liber-
ated minicircles were quantified with the use of densitometry.

Formation of cleavable complexes in vitro. The experimental
conditions were the same as for the relaxation assay except that
~50-fold more DNA topoisomerase II was used. The reaction was
initiated with the addition of the enzyme. After 10 min at 30°, the
reactions were terminated by the addition of 1% SDS and 0.06 mg
proteinase K, followed by incubation at 50° for 30 min. Electrophore-
sis in 1% agarose gels containing ethidium bromide (0.5 ug/ml) was
carried out at 2 V/cm for 18 hr in TBE buffer containing 0.5 ug/ml
ethidium bromide. All of the topoisomerase assays were done at least
twice with two different enzyme preparations.

Topoisomerase II-induced cleavage of SV40 DNA. SV40 DNA
was linearized with Taql and end-labeled with Klenow fragment and
[a-32P}dCTP. The labeled DNA was then subjected to a second di-
gestion with BstXI, the fragments obtained were separated with
agarose gel electrophoresis, and the larger fragment was used for
DNA cleavage assays. Reactions mixtures contained 20 mm Tris-HCI,
pH 7.4, 1656 mM KC], 0.5 mM EDTA, 0.5 mMm dithiothreitol, 10 mM
MgCl,, 1 mM ATP, ~1 X 10° cpm (~50 ng) 3'-end-labeled SV40 DNA,
and the indicated concentrations of drugs. The reactions were initi-
ated by the addition of DNA topoisomerase II (15 ng) and were
allowed to proceed for 10 min at 37°. Reactions were terminated by
the addition of SDS, proteinase K, and EDTA (0.35%, 0.3 mg/ml, and
15 mM final concentrations, respectively) and incubated for 1 hr at
50°. Loading buffer was added, and samples were electrophoresed in
4% polyacrylamide gels with TBE as a running buffer at 20 V/cm for
2-3 hr. Gels were dried and autoradiographed with Hyperfilm MP
(Amersham) for 1-2 days. We used 123-base pair DNA ladder and
Mspl digest of pUC18 DNA plasmid to estimate the size of the DNA
fragments.

Cell culture and growth inhibition. The DC-3F fibrosarcoma
cell line and its 9-hydroxy-ellipticine-resistant subline DC-3F/9-OHE
have been described previously (12, 13). The cells were maintained in
minimal essential medium supplemented with 8% fetal calf serum,
100 units/ml penicillin, and 100 ug/ml streptomycin. The cells were
grown at 37° in a 5% CO,/95% air atmosphere.

Growth inhibition assays were carried out with exponentially
growing cells and 72-hr drug exposure as described previously (14).
The liquid overlay system was used to generate spheroids from
DC-3F cells as described (15). Under these conditions, cells are
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unable to attach to the tissue plates, which are covered with 1%
agarose, and grow as multicellular spheroids in three dimensions.

Cell cycle analysis and confocal fluorescence microscopy.
Flow cytometric analysis was carried out as described (16). Briefly,
the cells were trypsinized, washed twice with cold PBS, fixed in 70%
ethanol overnight at 4°, and stained for 30 min at room temperature
with propidium iodide in the presence of RNase A (20 and 100 ug/ml
final concentrations, respectively). The data from 10* cells were
analyzed with the use of an Epics Profile II flow cytometer (Coulter
Counter, Hieilah, FL), and the relative fractions of cells in different
phases of the cell cycle were determined with the Multicycle program
(Phoenix Flow Systems, San Diego, CA). Values are given as mean
from three independent experiments.

For analyses of intracellular accumulation and distribution of
imidazoacridinones, DC-3F and DC-3F/9-OHE cells were grown onto
glass slides and incubated with 1 ug/ml imidazoacridinones for 30
min at 37° immediately before microscopic examination with an
ACAS 670 confocal microscopy system (Meridian Instruments, Oke-
mos, OH). To confirm nuclear accumulation of the drugs, nuclei were
counterstained with Hoechst 33342 (5 ug/ml final concentration in
the medium), and dual-parameter analysis was performed.

Topoisomerase II-associated DNA damage in intact cells.
DPCs were quantified with use of the KCI/SDS coprecipitation assay
(17). DNA and proteins of DC-3F cells (~5 x 10°) were radiolabeled
with 0.3 uCi/ml [*Hlthymidine and 0.1 uCi/ml [**C]leucine, respec-
tively, for 18 hr. The cells were exposed to various concentrations of
drugs for 1 hr at 37° or otherwise, as specified. After incubation, cells
were lysed in a solution of 1.25% SDS, 5 mM EDTA, pH 8, and 0.4
mg/ml salmon testes DNA. The lysates were passed through a 22-
gauge needle five times and incubated at 65° for 15 min. The lysates
were then adjusted to 65 mM KCl, vortexed for 10 sec, and placed on
ice for 15 min, and the precipitates were collected with a microcen-
trifuge. The pellets were washed three times in 10 mm Tris-HCl, pH
8,100 mM KCI, 1 mm EDTA, and 0.1 mg/ml salmon testes DNA at 65°
before being dissolved in 0.5 ml water and mixed with § ml scintil-
lation fluid for determination of radioactivity. Data are expressed as
the ratio of [*(H]DNA to [**Clprotein, with the protein being an
internal standard for the exact number of cells used.

Results

Inhibition of the catalytic activity of topoisomerase
II in vitro. Imidazoacridinones inhibited the catalytic activ-
ity of purified topoisomerase II in both relaxation and decat-
enation assays. The most potent imidazoacridinones inhib-
ited the topoisomerase II-mediated relaxation of supercoiled
pBR322 plasmid DNA at a concentration of ~2.5 ug/ml,
resulting in a 50% decrease in DNA relaxation activity (Table
1). Biologically inactive analogues such as C-1492, C-1554,
and C-1558 inhibited the relaxation of supercoiled pBR322
DNA at considerably higher concentrations, with IC50 values
as high as 50 pug/ml for the C-1558 derivative. At lower
concentrations, the binding of imidazoacridinones to DNA
produced a typical biphasic pattern (14), with increased re-
laxation at intermediate concentrations (Fig. 2). This effect
was not observed for C-1558, a nonintercalating imidazo-
acridinone derivative, and confirms indirectly an intercala-
tive binding mode of imidazoacridinone derivatives.!

We also examined the abilities of imidazoacridinones to
interfere with decatenation of kinetoplast DNA by purified
topoisomerase II. The compounds studied inhibited the de-
catenation activity of purified topoisomerase II at concentra-
tions higher than those required to inhibit DNA relaxation,

1 J. Dziegielewski, B. Slusarski, A. Skladanowski, and J. Konopa, manu-
script in preparation.

TABLE 1
Inhibition of topoisomerase |l activity in vitro by
imidazoacridinones

Inhibition of
Antitumor
Compound
activity* DNA ,'g:?m“ DNA decatenation ICyo?
nyml

C-1263 ++ 5 45
C-1310 +++ 5 27
C-1311 ++ 25 48
C-1371 ++ 5 38
C-1419 - 10 38
C-1492 + 25 66
C-1554 - 25 80
C-1558 - 50 108

® Antitumor activity against P388 leukemia in vivo according to Cholody et al.
(2): +++, very active; ++, active; +, active; and —, not active.

© Concentration inhibiting 509 of the topoisomerase |l-mediated relaxation of
supercoiled pBR322 plasmid DNA.

¢ Concentration inhibiting 50% of the topoisomerase ll-mediated decatenation
of kinetoplast DNA.

with IC;, values of 30-100 ug/ml (Fig. 3, A and B). Interest-
ingly, C-1419, which is a close structural analogue of the lead
compound C-1311 but has an inversion of the functional
groups between positions 8 and 9 (see Fig. 1), was as effective
as the parent compound in inhibiting both relaxation and
decatenation mediated by purified topoisomerase II (Table
1).

Induction of cleavable complexes in vitro. Biologically
active imidazoacridinones stabilized the formation of cleav-
able complexes between topoisomerase II and pBR322 DNA
in vitro. This inhibition was dose dependent, with biphasic
curves obtained for biologically active compounds (Fig. 4).
Inactive compounds were unable to stabilize topoisomerase
II/DNA complexes, except for C-1419, for which the dose-
response curve was very similar to that obtained for biolog-
ically active compounds.

Topoisomerase II-induced cleavage of SV40 DNA.
The pattern of DNA cleavage induced by imidazoacridinones
in SV40 DNA was compared with the pattern induced by
other classic topoisomerase II inhibitors: the nonintercalat-
ing compound VP-16 and DNA intercalators such as mitox-
antrone and m-AMSA. The results show that the level of
topoisomerase II-mediated DNA breaks induced in the pres-
ence of imidazoacridinones is significantly lower than that
for other inhibitors tested at equimolar concentrations (Fig.
5). The pattern of DNA breaks differed considerably from
those of both VP-16 and mitoxantrone and was rather similar
to that obtained for m-AMSA, particularly within the MAR.

Cytotoxicity against DC-SF and DC-3F/9-OHE cells.
We determined the cytotoxicity of imidazoacridinones toward
sensitive DC-3F and DC-3F/9-OHE cells, which are resistant
to classic topoisomerase II inhibitors. We found that DC-3F/
9-OHE cells are 30-125-fold cross-resistant to imidazoacridi-
nones with antitumor activity (Table 2). The level of cross-
resistance was the highest for compounds that were more
potent against topoisomerase II in vitro and comparable to
resistance factors obtained for reference drugs such as m-
AMSA and the anthracenediones mitoxantrone and amet-
antrone. For biologically inactive imidazoacridinones, which
were also poor inhibitors of purified topoisomerase II, the
resistance factor was ~1-5.

In addition, the growth inhibitory activity of imidazoacridi-

2102 ‘T Jaqwiadaq uo Ausianiun Buellayz 1e Bio'sjeuinofadse wreydjow woly papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet

C-1310
1 234567809

C-1419
1234567809

il

S

nones toward DC-3F cells grown as monolayer cultures and
as multicellular spheroids was determined. Cells grown in
spheroids have a substantially different cell cycle distribu-
tion (G, = 76 = 5%, S = 21 * 4%, and Gy/M = 7 * 2%)
compared with monolayer cultures (G; = 38 + 6%, S = 53 *
5%, and Go/M = 9 * 1%). The results show that C-1310 and
C-1311 were equally cytotoxic toward fast-growing mono-
layer cultures and slower growing three-dimensional sphe-
roids (Table 3). This is in contrast to classic topoisomerase II
inhibitors, which show a clearly reduced cytotoxicity against
cells growing in spheroids.

Accumulation and distribution of imidazoacridino-
nes within the cell. One of the most frequently observed
changes in resistant cells is reduced drug accumulation due
to expression of P-glycoprotein or multidrug-resistant pro-
teins (18, 19). Therefore, the decreased cytotoxicity of imida-
zoacridinones toward DC-3F/9-OHE cells could be due to a
diminished accumulation of the drugs in these cells. We
exploited the facts that imidazoacridinones fluoresce both as
free compounds and when complexed with DNA and that
their accumulation and distribution within the cell can be
observed with fluorescence microscopy. The compounds were
preferentially accumulated within the nucleus, but no differ-
ence in the distribution of imidazoacridinones was observed
between the parental DC-3F and resistant DC-3F/9-OHE
cells (Fig. 6). Image analysis of the fluorescence intensities of
the nuclear regions of 100 randomly chosen cells as observed
with confocal microscopy showed no significant differences,
as determined with the use of Student’s ¢ test, in imidazo-
acridinone-treated DC-3F and DC-3F/9-OHE cells (289 *+ 79
and 265 * 67 integrated pixel intensity/um?, respectively).

Formation of DNA/topoisomerase II complexes in in-
tact cells. The ability of imidazoacridinones to inhibit topoi-
somerase II activity in DC-3F cells and their DC-3F/9-OHE
resistant subline was determined. The induction of DPCs by
imidazoacridinones was measured with the KCI/SDS copre-

C-1558
1234567889
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C-1311
1234567809

Fig. 2. Inhibition of the catalytic activity of purified
yeast DNA topoisomerase |l by imidazoacridinones
as measured by relaxation. Supercoiled pBR322
DNA (lane 1) was relaxed by purified topoisomer-
ase Il in the absence (fane 2) or presence of imida-
zoacridinones at 0.1, 0.5, 1, 2.5, 5, 10, and 25
pg/ml (fanes 3-9). S, Native supercoiled DNA; R,
relaxed topoisomers. Data shown are typical of
three independent experiments.

cipitation assay after a 1-hr drug exposure. The results show
that two biologically active compounds C-1310 and C-1311
produce significant levels of DPCs (Fig. 7), whereas the in-
active analogues C-1419 and C-1558 induced negligible
amounts of these complexes. Similar results were observed
for four other derivatives. The levels of DPC was significantly
higher in DC-3F-sensitive cells than in resistant cells. The
relationship between the concentration and the level of DPC
induced by imidazoacridinones is biphasic with a complete
absence of DPC at concentrations of >50 ug/ml. This bell-
shaped concentration profile has been observed for other
DNA intercalators (20) and interpreted as self-inhibition of
drug-induced DNA lesions (21).

In addition, the results show that imidazoacridinones are
very cytotoxic per cleavable complex as, for example, at iso-
toxic doses C-1311 produces ~4-fold fewer cleavable com-
plexes in DC-3F parental cells than m-AMSA, a classic to-
poisomerase II inhibitor (see Table 2).

We examined the kinetics of formation and reversibility of
DPC induced by imidazoacridinones. Figs. 8 and 9 show the
results of these experiments for the C-1311 derivative, the
most potent compound with respect to DPC formation. The
level of DPCs formed in the presence of C-1311 reaches a
plateau after 15 min of drug incubation (Fig. 8). Topoisomer-
ase II-mediated lesions were readily reversed when treated
cells were incubated in drug-free medium with a substantial
decrease of ~50% of the initial value after 30 min and only
~15% of the initial DNA damage after 2 hr after incubation
(Fig. 9). This time course is similar to that obtained for
m-AMSA regarding both the formation and reversal of DPC
(data not shown).

Discussion

This study was undertaken to elucidate the mechanism of
action of imidazoacridinones, new antitumor agents with
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Fig. 3. Inhibition of the catalytic activity of purified yeast DNA topoi-
somerase |l by imidazoacridinones as measured by decatenation. Kin-
etoplast DNA (lane 1) was decatenated by purified topoisomerase Il in
the absence (lane 2) or presence of imidazoacridinones at 2, 5, 10, 25,
50, and 100 ug/ml (lanes 3-8). K, catenated DNA; M, free minicircles.
Data shown are typical of two independent experiments.

strong activity against solid tumors. Their structural simi-
larity to mitoxantrone suggested that their cytotoxic and
antitumor effects might be due to inhibition of topoisomerase
II. For these experiments, we selected a group of imidazo-
acridinone derivatives that differ in both their chemical
structure and antitumor activities (2-4). We found that imi-
dazoacridinones inhibit the catalytic activity of purified to-
poisomerase II in vitro. Like most topoisomerase II inhibi-
tors, biologically active imidazoacridinones also stabilized
cleavable complex formation between DNA and purified en-
zyme, whereas inactive derivatives did not.

We then wanted to determine whether the interaction with
topoisomerase II plays a role in the cytotoxic action of imi-
dazoacridinones. The cytotoxic effects were compared of imi-
dazoacridinones toward sensitive DC-3F and 9-hydroxyellip-
ticine-resistant DC-3F/9-OHE cells. The DC-3F/9-OHE cells
are cross-resistant to classic topoisomerase II inhibitors and

% DNA cleavage

control

0 10 20 30

drug concentration [ ug/mi]

Fig. 4. Effect of imidazoacridinones on DNA cleavage mediated by
purified yeast DNA topoisomerase Il. Supercoiled pBR322 DNA was
incubated with purified topoisomerase |l in the presence of imidazo-
acridinones. The resulting topoisomerase IV/DNA complexes were di-
gested by proteinase K, and the different topological forms of DNA
were separated by agarose gel electrophoresis. Data are presented as
percentage of DNA cleavage calculated from densitometric scans and
are the averages of two independent experiments. Bars, standard
deviation.

VP-18 MITOX m-AMSA C-1310 C-1311 < =

r — r —r r 2 &
5-28 5-°28 5-°8 7-28 5-28a0¢8
o - O - O - O -0 va

110—

90-

Fig. 5. DNA cleavage pattem induced by topoisomerase |l inhibitors.
The SV40 DNA was linearized, uniquely 3'-labeled, and incubated in the
presence of purified topoisomerase Il and VP-16, mitoxantrone, m-
AMSA, and imidazoacridinones C-1310 and C-1311 at different con-
centrations (in um). DNA, native SV40 DNA; topoll, SV40 DNA plus
topoisomerase |l (no drug). A molecular mass scale indicates base pair
(bp) position and MAR in SV40 DNA.

have been shown to have decreased amounts and activity of
topoisomerase II (22-24). The results show that DC-3F/9-
OHE cells are cross-resistant to imidazoacridinones with an-
titumor activities. The resistant cells used throughout this
study express the multidrug-resistance-associated P-glyco-
protein (13); however, this could not explain the differences
in cytotoxicity between DC-3F and DC-3F/9-OHE as no dif-
ferences in drug accumulation and distribution between sen-
sitive and resistant cells were observed. The resistance levels
are comparable to those observed for classic topoisomerase II
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TABLE 2

Growth inhibition and DNA cleavage induced by
imidazoacridinones in DC-3F fibrosarcoma celis and in DC-3F/8-
OHE cells, which are resistant to topoisomerase Il inhibitors

ECso”

Fold
Compound b DPCs*¢
DC-3F  DC-3F/B-OHE resistance

ng/ml Lpnax

C-1263 3.4 3174 93 1.75

C-1310 12.2 384.8 31 2.16

C-1311 3.1 2614 124 2.38

C-1371 1.8 213.6 119 1.57
C-1419 216.7 1088.7 5 1.2
C-1492 144.7 285.3 2 11
C-1554 2248 446.1 2 1.1
C-1558 523.5 532.1 1 1.1
Mitoxantrone 0.4 38.5 96 a
Ametantrone 52.2 3479.5 67 a

m-AMSA 3.7 573.5 1565 9.71

® Concentration inhibiting the growth of DC-3F cells by 50% compared with
untreated control cells.

b Ratio between ECs,, values obtained for DC-3F/9-OHE-resistant and DC-3F-
sensitive cells, respectively.

° Lmaex Is the maximal level of DPCs measured with the KCI/SDS coprecipita-
tion assay, expressed as the ratio of [PH]DNA to ['“C]protein values determined
for treated and untreated control cells.

9 Not determined.

TABLE 3

Growth inhibitory effect of imidazoacridinones and classic DNA
topoisomerase Il inhibitors toward DC-3F cells grown in
monolayer culture and as muilticellular spheroids

Growth inhibition ECso*

Compound Ratio
Monolayer Spheroids
ng/mi
C-1310 120+ 0.3 189 = 0.6 1.6
C-1311 3.1+03 3.7+0.1 1.2
VP-16 41 £ 15 1756 + 20 43
m-AMSA 2503 79 0.9 3.2
Mitoxantrone 0.36 = 0.05 09*04 2.8
Doxorubicin 29+ 1 79+04 2.7

# Concentration inhibiting the growth of DC-3F cells by 50% compared with
untreated control cells.

inhibitors such as VP-16 and m-AMSA, which strongly sug-
gests that topoisomerase II is an important target for imida-
zoacridinone action. However, we cannot exclude that part of
the imidazoacridinone-induced cytotoxicity is derived from a
topoisomerase II-independent mechanism.

Imidazoacridinones were highly cytotoxic toward DC-3F
fibrosarcoma cells but induced relatively little cleavable com-
plexes. For example, derivative C-1311 has a ECg, value
comparable to that of m-AMSA but induces ~4-fold fewer
cleavable complexes. Protein-linked DNA strand breaks in-
duced by imidazoacridinones are rapidly reversed, which is a
typical property of topoisomerase II-mediated DNA damage.
In addition, the pattern of DNA damage induced by purified
topoisomerase II in the presence of imidazoacridinones was
very similar to that obtained for m-AMSA (Fig. 5). Therefore,
the high toxicity of the cleavable complexes induced by these
compounds can be related to neither an unusual persistence
of DNA damage, as has been proposed for mitoxantrone (25),
nor an inherently different selectivity toward DNA se-
quences.

Imidazoacridinones share some structural features with
both mitoxantrone (side chain) and m-AMSA (acridine core).
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The structural similarities are reflected in the induction of
DNA cleavage in vitro. Autoinhibition of topoisomerase II-
associated DNA damage was observed at high concentrations
(100 uM) for both imidazoacridinones and mitoxantrone but
not for m-AMSA. On the other hand, the pattern of DNA
breaks induced by imidazoacridinones is similar to that ob-
served for m-AMSA, which suggests that it is probably the
planar chromophore moiety that directs the sequence speci-
ficity of DNA cleavage by topoisomerase II in the presence of
DNA intercalators. However, a major difference between imi-
dazoacridinones and m-AMSA is that the latter drug has
little activity toward solid tumors, which is in direct contrast
to imidazoacridinones. It is interesting to note that topoi-
somerase-mediated damage observed for imidazoacridinones
was preferentially induced in the MAR of SV40 DNA. It is
therefore possible that these compounds specifically target
DNA MARs, as has been suggested for certain other cleav-
able complex-inducing topoisomerase II inhibitors (26).

The cytotoxic effects of anticancer drugs are usually deter-
mined toward cells growing in suspension culture or in two
dimensions on tissue culture plates. However, such results
may not necessarily be representative of the in vivo situation,
where most solid tumors grow as multicellular spheroids in
three dimensions (27). Compared with two-dimensional cul-
tures, cells growing in multicellular spheroids have a slower
cell generation time and a different cell cycle distribution. In
addition, three-dimensional cultures have a different cytoar-
chitecture and cell/cell interactions. We therefore compared
the effects of C-1310 and C-1311 on cells growing in either
two or three dimensions. Remarkably, the results show that
these compounds are almost as potent toward cells growing
in spheroids as toward cells growing as monolayer cultures.
In contrast, other topoisomerase II inhibitors were 3-4-fold
less active toward cells growing in spheroids. These results
may, at least in part, explain the activity of C-1310 and
C-1311 toward solid tumors in vivo. Taken together with the
high cytotoxicity of C-1310- and C-1311-stabilized cleavable
complexes, our results may also suggest that these imidazo-
acridinones affect topoisomerase II in a manner different
from that of other cleavable complex inducers or, alterna-
tively, that these drugs act preferentially on only one of the
two topoisomerase II isoforms.

The comparative structure-activity data suggest that a
hydroxyl group at position 8 of the chromophore ring, which
is essential for biological activity of imidazoacridinones, is
usually, but not always, associated with inhibitory activity
against topoisomerase II in vitro. However, the position of
this group is important for the inhibitory effect of imidazo-
acridinones in vivo cells because a compound with the hy-
droxyl group at position 9 (C-1419) was unable to stimulate
DPCs, as measured with the KC//SDS coprecipitation assay.
On the other hand, the chemical structure of the side chain of
these compounds, specifically a number of methylene groups
in the aminoalkyl moiety, also plays a role in the interaction
between topoisomerase II and imidazoacridinones because
C-1492, a close analogue of C-1311 with a long aminoalkyl
side chain, was inactive toward topoisomerase II both in vitro
and in vivo. It is not clear why C-1419 is not effective against
topoisomerase II in whole cells while it is as potent as bio-
logically active imidazoacridinones when tested in vitro. We
propose at least two explanations for this phenomenon. First,
in our in vitro tests, we used yeast enzyme, which may have
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Fig. 6. Subcellular distribution of C-1311 in sensitive
DC-3F and DC-3F/9-OHE cells resistant to topoisomer-
ase |l inhibitors. The cells were incubated with 1 ug/mi for
30 min at 37° and viewed with the use of phase contrast
and fluorescence microscopy. Original magnification,
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Fig. 7. DPC formation induced by se-
lected imidazoacridinones in sensitive
DC-3F (®) and DC-3F/9-OHE (O) cells
resistant to topoisomerase |l inhibitors.
The DNA and protein were radiolabeled,
and the cells were treated with the indi-
cated concentrations of the drugs for 1
hr at 37°. Data are expressed as the
amount of radiolabeled DNA precipi-
tated with the cellular protein. Each point
is the average of three individual exper-
iments, each done in duplicate. Bars,
standard deviation.

substrate specificity that is different than that of hamster. be inactive against the hamster enzyme. It is also possible
There is a high degree of heterogeneity between the carboxyl- that imidazoacridinones interact with cellular topoisomerase
terminal regulatory region of topoisomerase II from different II after metabolic activation by cellular enzymes. Imidazo-
eukaryotic cells (28), and this might explain why a compound acridinones have been shown to undergo enzymatic oxidation
that is inhibitory toward yeast topoisomerase Il in vitro could in vitro to a putative imino-quinoid structure (29). In contrast
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Fig. 8. Kinetics of DPC formation induced by C-1311 in sensitive
DC-3F and DC-3F/9-OHE cells resistant to topoisomerase Il inhibitors.
The cells were exposed to the drug at 1 ug/ml for different times, and
the number of DPCs were determined with the KCI/SDS coprecipitation
assay. Each point is the average of three individual experiments, each
done in duplicate. Bars, standard deviation.
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Fig. 9. Reversibility of DPC formation induced by C-1311 in sensitive
DC-3F and DC-3F/9-OHE cells resistant to t Il inhibitors.
The cells were exposed to C-1311 at 1 ug/ml for 1 hr and the number
of DPCs were determined with the KCI/SDS coprecipitation assay after
drug removal and incubation in drug-free medium for the times indi-
cated. Points, average of three individual experiments, each done in
duplicate. Bars, standard deviation.

to all biologically active imidazoacridinones, this imino-qui-
noid derivative cannot.be formed in C-1419 because there is
no hydroxyl group in a para position to a nitrogen atom in the
acridinone moiety of this compound.

In conclusion, we have shown that biologically active imi-
dazoacridinones inhibit the catalytic activity of topoisomer-
ase II in vitro and in living fibrosarcoma cells. Like other
classic topoisomerase II inhibitors, these compounds stabi-
lize cleavable complex formation between topoisomerase II
and DNA both with purified enzyme in vitro and in whole
cells. The more cytotoxic compounds were also the most po-
tent topoisomerase inhibitors. Imidazoacridinones show re-
duced activity against cells resistant to classic topoisomerase
II inhibitors. A unique feature of the imidazoacridinones is
their activity toward cells growing in three dimensions as
multicellular spheroids. The latter effect may be responsible
for the activity of these drugs toward solid tumors. Taken
together, the presented data suggest that DNA topoisomer-
ase II is a major cellular target of biologically active imida-
zoacridinones.

Imidazoacridinones Are DNA Topoisomerase Il Inhibitors 779

Acknowledgments

We gratefully acknowledge the expert technical assistance of
Jeannine Couprie. We also thank Zohar Mishal and Arlette Verwisch
for help with confocal microscopy and flow cytometry studies.

References

1. Konopa, J. Interstrand DNA crosslinking in tumor cells by 1-nitroacri-
dines, anthracyclines and aminoanthraquinones. Pharmacol. Ther. 7:
(suppl):83-94 (1990).

2. Cholody, W. M., S. Martelli, and J. Konopa. 5-{(Aminoalkyl)aminolimi-
dazo{4,5,1-de]acridin-6-ones as a novel class of antineoplastic agents: syn-
thesis and biological activity. J. Med. Chem. 33:2852-2856 (1990).

3. Cholody, W. M., S. Martelli, and J. Konopa. Chromophore-modified anti-
neoplastic imidazoacridinones: synthesis and activity against murine leu-
kemias. J. Med. Chem. 35:378-382 (1992).

4. Kusnierczyk, H., W. M. Cholody, J. Paradziej-Lukowicz, C. Radzikowski,
and J. Konopa. Experimental antitumor activity and toxicity of the se-
lected triazolo- and imidazoacridinones. Arch. Immunol. Ther. Exp. 42:
415423 (1994).

5. Corbet, A., and N. Osheroff. When good enzymes go bad: conversion of
topoisomerase II to a cellular toxin by antineoplastic drugs. Chem. Res.
Toxicol. 6:585-597 (1993).

6. Wang, J. DNA topoisomerases. Annu. Rev. Biochem. 54:665-697 (1985).

7. Liu, L. F. DNA topoisomerase poisons as antitumor drugs. Annu. Rev.
Biochem. 58:351-375 (1989).

8. Drake, F. H,, G. A. Hoffman, J. Bartus, M. R. Mattern, S. T. Crooke, and
C. K. Mirabelli. Biochemical and pharmacological properties of p170 and
p180 forms of topoisomerase II. Biochemistry 28:8154-8160 (1989).

9. Harker, W. G., D. L. Slade, F. H. Drake, and R. L. Parr. Mitoxantrone
resistance in HL-60 leukemia cells: reduced nuclear topoisomerase II
catalytic activity and drug-induced DNA cleavage in association with
reduced expression of the topoisomerase II g form. Biochemistry 30:9953—
9961 (1991).

10. Riou, G., and W. E. Gutteridge. Comparative study of kinetoplast DNA in
culture, blood and intracellular forms of Trypanosoma cruzi. Biochimie
60:365-379 (1978).

11. Worland, S. T., and J. Wang. Inducible overexpression, purification, and
active site mapping of DNA topoisomerase II from the yeast Saccharomy-
ces cerevisiae. J. Biol. Chem. 264:4412-4416 (1989).

12. Salles, B., J.-Y. Charcosset, and A. Jacquemin-Sablon. Isolation and prop-
erties of Chinese hamster lung cells resistant to ellipticine derivatives.
Cancer Treat. Rep. 68:327-338 (1982).

13. Larsen, A. K., and A. Jacquemin-Sablon. Multiple resistance mechanisms
in Chinese hamster cells resistant to 9-hydroxyellipticine. Cancer Res.
49:7115-7119 (1989).

14. Larsen, A. K, L. Grondard, J. Couprie, B. Desoize, L. Comoe, J.-C. Jar-
dillier, and J.-F. Riou. The antileukemic alkaloid fagaronine is an inhibitor
of DNA topoisomerases I and II. Biochem. Pharmacol. 46:1403-1412
(1993).

15. Kobayashi, H., S. Man, C. H. Graham, S. J. Kapitain, B. A. Teicher, and R.
S. Kerbel. Acquired multicellular mediated resistance to alkylating agents
in cancer. Proc. Natl. Acad. Sci. USA 90:3294-3298 (1993).

16. Hotz, M. A,, J. Gong, F. Traganos, and Z. Darzynkiewicz. Flow cytometric
detection of apoptosis: comparison of the assays of in situ DNA degrada-
tion and chromatin changes. Cytometry 18:237-244 (1994).

17. Zwelling, L. A., M. Hinds, D. Chan, J. Mayes, K. L. Sie, E. Parker, L.
Silberman, A. Radcliffe, M. Beran, and M. Blick. Characterisation of an
amsacrine-resistant line of human leukemia cells: evidence for drug-
resistant form of topoisomerase II. J. Biol. Chem. 264:16411-16420 (1989).

18. Symes, M. O. Multi-drug resistance due to P-glycoprotein: review. In¢. J.
Oncol. 3:539-542 (1993)

19. Cole S. P. C., G. Bhardwaj, J. H. Gerlach, J. E. Mackie, C. E. Grant, K. C.
Almquist, A. J. Stewart, E. U. Kurz, A. M. V. Duncan, and R. G. Deeley.
Overexpression of a transport gene in multidrug-resistant human lung
cancer cell line. Science (Washington D. C.) 288:1650-1654 (1992)

20. Zwelling, L. A., J. Mayes, M. Hinds, D. Chan, E. Altschuler, B. Caroll, E.
Parker, K. Deisseroth, A. Radcliffe, M. Seligman, L. Li, and D. Farquar.
Cross-resistance of an amsacrine-resistant human leukemia cell line to
topoisomerase II-reactive DNA intercalating agents: evidence for two to-
poisomerase II-directed drug actions. Biochemistry 30:4083—4055 (1991).

21. Zwelling, L. A., J. Mayes, E. Altschuler, P. Satitpunwaycha, T. R. Tritton,
and M. P. Hacker. Activity of two novel anthracenedione-9,10-diones
against human leukemia cells containing intercalator-sensitive or -resis-
tant forms of topoisomerase II. Biochem. Pharmacol. 46:265-271 (1993).

22. Pommier, Y., R. E. Schwartz, L. A. Zwelling, D. Kerrigan, M. R. Mattern,
J. Y. Charcosset, A. Jacquemin-Sablon, and K. W. Kohn. Reduced forma-
tion of protein-associated DNA strand breaks in Chinese hamster cells
resistant to topoisomerase II inhibitors. Cancer Res. 46:611-616 (1986).

23. Charcosset, J.-Y., J.-M. Saucier, and A. Jacquemin-Sablon. Reduced DNA
topoisomerase II activity and drug-stimulated DNA cleavage in 9-hy-
droxyellipticine resistant cells. Biochem. Pharmacol. 87:2145-2149 (1988).

24. Khelifa, T., M.-R. Casabianca-Pignede, B. Rene, and A. Jacquemin-Sablon.
Expluslon of topoisomerases Ila and B in Chinese hamster lung cells

2102 ‘T Jaqwiadaq uo Ausianiun Buellayz 1e Bio'sjeuinofadse wreydjow woly papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet.’

780 Sidadanowsid et al.

27.

mmwmnmm.m.w.mmm
1994).

. Fox, M. E., and P. J. Smith. Long-term inhibition of DNA synthesis and the
of complexes in ing the

persistence of trapped topoisomerase II
toxicity of the antitumor DNA intercalators mAMSA and mitoxantrone.
Cancer Res. 80:5813-5818 (1990).

vatives: relationship to drug DNA binding and cellu-
lar effects. Mol. Pharmacol. 48:715-721 (1988).

Sutherland, R. M. Cell and environment interactions in tumor microre-
gions: stlsua multicell spheroid model. Science (Washington D. C.) 340:177-
184 (1988).

Caron, P. R, and J. C. Wang. DNA topoisomerases as targets of therapeu-

tics: a structural overview, in Molecular Biology of DNA Topoisomerases:
Proceedings of the International Symposium on DNA Topoisomerases in
Chemotherapy (T. Andoh, H. Ikeda, and M. Oguro, eds.). CRC Press, Boca
Raton, FL, 3-18 (1992).

29. Mazersks, Z., and J. Konopa. The oxidation ability of some acridine deriv-

atives and its relation to cytotoxic and antitumor activity, in Proceedings
of the 4th International Symposium on Molecular Aspects of Chemother-
apy. Gdansk, Poland, 52 (1993).

Send reprint requests to: Dr. Annette K. Larsen, Department of Structural
Biology and Pharmacology, CNRS, URA 147, Institut Gustave-Roussy, 94805
Villejuif Cedex, France.

2102 ‘T Jaqwiadaq uo Ausianiun Buellayz 1e Bio'sjeuinofadse wreydjow woly papeojumod


http://molpharm.aspetjournals.org/



