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Abstract—Aza-anthracenediones are a new class of anti-cancer drugs, which demonstrate promising in vitro and
in vivo activity. Our laboratory has synthesized a variety of structural analogs in which we determined previously
that the positioning of the nitrogen within the backbone, as well as sidearm modification, results in dramatic
differences in the potency of cytotoxicity. We reported previously that although DNA reactivity appears to be
a necessary component for mediating cell death, it is not sufficient for predicting cytotoxicity of the aza-
anthracenediones. We have chosen three aza-anthracenediones (BBR 2828, BBR 2778 and BBR 2378) to
investigate the importance of DNA strand breaks and/or protein-concealed DNA breaks induced by aza-an-
thracenediones. We determined in the present study that, while all three drugs cause DNA breaks as determined
by alkaline and neutral elution, as well as KCI-SDS precipitation, these breaks do not correlate directly with their
potency as cytotoxic compounds. Further, we found significant differences in the types of DNA breaks induced
by these drugs. Finally, we report that the persistence of protein-DNA complexes induced by all three drugs was
similar and, therefore, cannot account for differences in the potency of cytotoxicity of the aza-anthracenediones.
Thus, we postulate that, while the total number of drug-induced protein-concealed DNA breaks is an important
indicator of drug toxicity, it is possible that the actual nature of the breaks may differ among the aza-anthracene-
dione congeners, and it is these differences in the actual proteins present in the DNA breaks that differentiate
between aza-anthracenediones.
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The aza-anthracenediones are a new class of anti-cancer
agents that have shown promising activity in vitro and in
vivo against a wide spectrum of tumor cell lines [1-3].
This is an intriguing class of compounds because the
biological activity is exquisitely sensitive to the position-
ing of the aza group within the backbone, as well as to
the chemical nature of the sidearms. The interesting
structure—activity relationship of these compounds has
provided us with a powerful tool to probe the mechanism
of action of this novel class of anti-tumor drugs.

The mechanism of action of anthracenediones remains
uncertain. The putative targets of anthracenediones in-
clude DNA reactivity [4], topoisomerase II [5], protein
kinase C [6, 7], helicases [8], and microtubules [9]. An-
thracenediones contain a characteristic flat planar ring
necessary for intercalation between base pairs. There is
evidence that many intercalating agents induce DNA-
protein cross-links [10, 11]. It has been postulated by
several investigators that the protein involved in forming
cross-links is topoisomerase II {12, 13]. Thus, topo-
isomerase II has been identified as a putative target for
many intercalating agents including mitoxantrone, am-
sacrine and Adriamycin® [14-17].

Topoisomerases have been classified into two sepa-
rate categories. Type I topoisomerases are ATP indepen-
dent, cut only one strand of DNA, and can change the
linking number by steps of one. Type II topoisomerases
are capable of cutting both strands of DNA, change the
DNA linking number by two, and require ATP binding
for strand passage and hydrolysis for turnover [18].
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Topoisomerase inhibitors have been characterized as sta-
bilizing this normally transiently bound DNA-protein
complex. This drug-stabilized protein~-DNA complex
has been referred to as the cleavable complex.

Under deproteinizing conditions, this cleavable com-
plex can be detected as single- or double-strand breaks
by using the elution technique developed by Kohn et al.
[19]. This assay allows one to quantitate the number of
protein-associated single- or double-strand breaks. How-
ever, the literature does not demonstrate a direct rela-
tionship between the number of single-strand breaks and
the potency of cytotoxicity. This has been depicted by
structure—activity relationships of anthracyclines [20]
and anthracenedione derivatives [21] and by comparison
of different intercalating agents [22].

We have reported previously that DNA binding ap-
pears necessary, but it is not sufficient for conferring
cytotoxicity to the aza-anthracenediones [23]. For exam-
ple, we observed an over 100-fold difference in the po-
tency of cytotoxicity with 72 hr of continuous drug ex-
posure between the 1-aza-anthracenedione (BBR 2828)
and the 2-aza-anthracenedione with identical sidearms
(BBR 2778, see Fig. 1 for structures) and only a 5- to
10-fold difference in affinity constants for salmon sperm
DNA.

We have also demonstrated that these compounds ap-
pear to interact with DNA by intercalation [23]. How-
ever, the less active analog, BBR 2828, has a second
mode of interaction that is observed at a lower salt con-
centration (<250 mM NaCl). This second mode of bind-
ing is also observed with mitoxantrone and is presum-
ably due to stacking of the drug on the negative phos-
phate backbone [24].

Although the affinity for DNA does not correlate
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directly with cytotoxicity, it is possible that the ability to
initiate cleavable complex formation and/or the persis-
tence of the cleavable complex formed does correlate
with cytotoxicity. Preliminary work by us using the HL-
60 cell line indicates that both BBR 2828 and BBR 2778
induce DNA damage, albeit at quite different drug con-
centrations [25]. This paper will extend our previous
work on the importance of single- and double-strand
breaks, DNA~protein cross-links and persistence of sin-
gle-strand breaks in mediating cell death by the aza-
anthracenediones. We further demonstrate that sidearm
modification significantly altered the cytotoxicity profile
and the characteristics of DNA damage induced by these
drugs.

MATERIALS AND METHODS

Materials

All aza-anthracenediones and mitoxantrone were syn-
thesized by Dr. A. Paul Krapcho, Department of Chem-
istry, University of Vermont, Burlington, VT, or Boeh-
ringer Mannheim Italia, Research Center, Monza, Italy.
The structural formulae for these drugs are depicted in
Fig. 1. ‘Purity of all drugs was assured using NMR,
HPLC, TLC and visible absorption spectra. Radioactive
thymidine was purchased from ICN (Irvine, CA).

Cell culture

Cytotoxicity and DNA damage data were obtained in
L1210 cells, a murine leukemia cell line, and S180 cells,
a murine sarcoma cell line. L1210 cells were grown in
McCoy’s 5A medium (Gibco, Grand Island, NY) sup-
plemented with 5% donor horse serum (Gibco). S180
cells were grown in McCoy’s 5A medium (Gibco) sup-
plemented with 10% donor horse serum. Both cell lines
were incubated at 37° in a humidified incubator supple-
mented with 10% CO,. CEM and CEM/VM-1 cells were
provided by Dr. William Beck, St. Jude Children’s Re-
search Hospital, Memphis, TN. The CEM/VM-1 cells
are resistant to drugs that inhibit topoisomerase II result-
ing from an altered topoisomerase II activity in these
cells. Both cell lines were grown in RPMI 1640 supple-
mented with 10% fetal bovine serum.

Cytotoxicity

Exponentially growing tumor cells were diluted in
medium to a final concentration of 5 x 104 cells/mL and
subsequently treated with various concentrations of
drugs (dissolved in sterile water) for 2 hr. The cells were
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Fig. 1. Structural formulae for the aza-anthracenediones.
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then washed twice in PBS and resuspended in fresh me-
dium for an additional 72 hr. For each culture, cell con-
centrations were then calculated using a Coulter particle
counter (Coulter Electronics, Hialeah, FL), and IC,, val-
ues were calculated as the concentration that inhibits cell
growth by 50% with respect to non-treated control cells.

Alkaline elution

Alkaline elution assays were performed as described
by Kohn [26). Briefly, L1210 or S180 cells were labeled
with either 0.2 pCi/mL [*H]thymidine or [**C]thymidine
for 24 hr. The labeled cells were washed and resus-
pended in McCoy’s 5A medium, and incubated for an
additional 24 hr to ensure the random distribution of the
radiolabeled thymidine. The '*C-labeled population of
cells was treated with various concentrations of drug for
2 hr in a humidified atmosphere of 5% CO,. Subsequent
to treatment, the cells were washed with ice-cold PBS
buffer containing 6 mM Na, EDTA. The *H population
of cells was washed with ice-cold PBS-6 mM Na,
EDTA and subsequently irradiated with 400 rads to
serve as an internal control for the rate of DNA elution
from the filters. Polycarbonate filters (2 um, Nucleo-
pore) were prechilled with cold PBS-6 mM Na, EDTA,
and approximately 2 x 10° cells from both the *H and
14C-labeled population were gently placed on polycar-
bonate filters. Cells were then washed three times with
ice-cold PBS—6 mM Na, EDTA and lysed for 30 min in
a buffer containing 2% SDS, 20 mM Na, EDTA and 0.5
mg/mL proteinase K (pH 10.1). The lysate was washed
subsequently with 20 mM EDTA (pH 10.1}, and then
eluted with 17 mL of an elution buffer containing 0.1%
SDS, 20 mM free acid EDTA and tetrapropylammoni-
umhydroxide (RSA, Ardsley, NY), pH 12.2. Eight 90-
min fractions were collected with a flow rate of 2.8
mL/90 min.

The filters were digested in protosol (NEN, Boston,
MA) with gentle heat, and the filter holders were washed
twice with 3 mL of 0.6 N NaOH. Ecolume (ICN, Costa
Mesa, CA) containing 0.7% acetic acid was added to
each vial, and the '*C and *H were counted on a Packard
2500 TR liquid scintillation counter. The data were ini-
tially fit to a linear regression and plotted as the amount
of '*C retained on the filter as a function of the *H
retained on the filter. The amount of '“C retained on the
filter when 40% of the internal control (*H-labeled cells)
was retained on the filter was determined, and this value
was used to calculate rad equivalents. Rad equivalents
were determined by the following equation:

rad equivalents =
[log(treated/control)/log(400 rads/control)] - 400.

Persistence of single-strand breaks

L1210/0 cells (5 x 10° cells/mL) were treated with
drug for 2 hr, washed three times in PBS, and resus-
pended in McCoy’s 5A medium supplemented with 5%
donor horse serum for O, 2, 4, and 8 hr. The samples
were then assayed for single-strand breaks as described
previously.

Alkaline elution with/without proteinase K

The procedure was the same as alkaline elution except
that conditions were changed to maximize protein bind-
ing to the filter, which included using a vinyl-acrylamide
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filter (0.8 um), the lysis buffer contained 2% sarkosyl
instead of SDS, and the elution buffer contained no SDS
[26]. The vinyl-acrylamide filter adsorbs proteins more
efficiently than do the polycarbonate filters, and sarkosyl
is a less stringent detergent and, thus, less likely to in-
terfere with protein interactions on the filter.

Neutral elution

The procedure was the same as alkaline elution except
for the following: the lysis buffer, 20 mM EDTA solu-
tion, and the elution buffer were all pH 9.6 to ensure that
the DNA remained double-stranded. The internal control
cells were irradiated at 10,000 rads to detect double-
strand breaks [27].

KCI-SDS assay

The KCI-SDS assay was performed as described pre-
viously by Liu and co-workers [28]. L1210 or S180 cells
were labeled with 0.2 pC/mL [*H]thymidine for 24 hr
and then washed and resuspended in McCoy’s SA me-
dium for an additional 24 hr. Various drug concentra-
tions were added to approximately 5 x 10° cells/mL for
2 hr, and 3 x 10° cells/sample were then washed three
times in solution A (0.4 G glucose, 8 g NaCl, 0.35 g
NaHCO; and 1 mM Na, EDTA per liter, pH 7.4). The
samples were resuspended in 1.2 mL lysis buffer con-
sisting of 1% SDS, 5 mM EDTA, 0.4 mg/mL calf thy-
mus DNA. To ensure complete lysis, cells were pipetted
five times with a 22-gauge needle and heated to 65° for
15 min. From each sample, two 50-pL aliquots were
taken to determine total radioactivity contained in the
lysate. One milliliter of the lysate was transferred and
subsequently precipitated with 250 pL of 650 mM KCl,
vortexed vigorously for 5 sec, placed on ice for 10 min
and centrifuged for 10 min at 1000 g. The pellet was then
resuspended in wash buffer containing 10 mM Tris-HCl,
200 mM KCl, | mM Na, EDTA, 0.01 mg/mL calf thy-
mus DNA, pH 8.0, and heated for 10 min at 60° in order
to redissolve the pellet. After heating, the samples were
vortexed vigorously, placed on ice for 10 min, and cen-
trifuged. The pellet was then washed an additional two
times and after the final wash the pellet was redissolved
in 100 uL water at 65°. Samples were then transferred to
a scintillation vial to which 4 mL of Ecolume was added,
and each sample was counted on a Packard 2500 TR
scintillation counter. The disintegrations per minute
were divided by the average of the disintegrations per
minute per milliliter of the lysate, and the data were then
expressed as treated/control.

RESULTS
Cytotoxicity

We observed an approximate 30-fold difference in
potency between BBR 2828 and BBR 2778 in L1210
and S180 cells (Table 1). The tertiary amine substituted
2-aza (BBR 2378) was approximately 10-fold more po-
tent than the primary amine substituted 2-aza (BBR
2778) in both the L1210 and S180 cells. Mitoxantrone
was over 40- and 3-fold more potent that BBR 2778 and
BBR 2378, respectively, in L1210 cells. The S180 cells
were inherently less sensitive to these drugs than were
the L1210 cells. In the S180 cells, BBR 2378 and mi-
toxantrone were equipotent and BBR 2778 was approx-
imately 10-fold less potent than mitoxantrone.
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Table 1. Effect of drug treatment on L1210 and S180 tumor cell

growth
ICsp (nM)
Drug L1210 S180
BBR 2778 337 1,430
BBR 2378 23 143
BBR 2828 10,520 >26,000
Mitoxantrone 8.2 113

L1210 or S180 cells were treated for 2 hr with various con-
centrations of drug. The cells were washed three times in PBS
and then incubated for 72 hr in drug-free medium. The 1c5,
values were calculated as the concentration that inhibited
growth by 50% with respect to non-drug-treated cells. The data
shown are the averages of three experiments; the SD was less
than 10% of the mean.

Alkaline elution

As shown in Fig. 2, there was an approximately 50-
fold difference in potency between mitoxantrone and
BBR 2778 in L1210 cells with respect to single-strand
breaks. BBR 2378 had an interesting profile for single-
strand breaks in that at the lower concentrations it was
equipotent with BBR 2778; however, the drug-induced
DNA breaks did not increase at concentrations of drug
greater than 4 uM. Bell-shaped profiles are typical of
many intercalating agents [20]; however, it is interesting
to note that the maximum amount of single-strand breaks
induced by BBR 2378 was significantly less than that
induced by BBR 2778, yet BBR 2378 was 10-fold more
potent with respect to cytotoxicity. BBR 2778 was ap-
proximately 10-fold more potent than BBR 2828 with
respect to single-strand breaks, which was in keeping
with the fact that BBR 2778 was approximately 30-fold
more potent with respect to cytotoxicity in L1210 cells.

To test whether the relative profiles we observed with
the aza-anthracenediones in L1210 cells were a consis-
tent phenomenon, we tested the abilities of these com-
pounds to induce single-strand breaks in S180 cells. In
these cells there was an approximately 5- to 8-fold dif-
ference in potency of single-strand breaks induced by
BBR 2778 and BBR 2828. BBR 2378, again, demon-
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Fig. 2. Drug-induced DNA single-strand breaks in L1210 cells,

Murine L1210 cells were treated for 2 hr with various concen-

trations of drug. Cells were then lysed and assayed for single-

strand breaks by alkaline elution (pH 12.1) of DNA from filters.
Values are means + SD from 4 assays.
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Fig. 3. Drug-induced DNA single-strand breaks in S180 cells.
After 2 hr of drug treatment, cells were lysed and assayed for
single-strand breaks by alkaline elution. Values are the means
of 2-3 assays.

strated an interesting profile as there was an apparent
reversal of strand breaks at the 66 uM concentration,
which was not observed with either BBR 2778 or BBR
2828. As in the L1210 cells, BBR 2378 caused fewer
total DNA breaks than either BBR 2778 or BBR 2828
(Fig. 3). It is interesting to note that although the S180
cells were less sensitive to the cytotoxic effects of these
drugs than were the L1210 cells, they did have a greater
number of drug-induced DNA breaks than the L1210
cells at each concentration tested.

To determine whether these single-strand breaks in-
duced by the aza-anthracenediones in L1210 cells were
protein concealed, L1210 cells were treated with equi-
potent concentrations of drug with respect to the number
of single-strand breaks induced, and the drug-induced
single-strand breaks in the presence or absence of pro-
teinase K were measured. The vast majority (85-95%) of
the single-strand breaks were protein concealed for all
four drugs tested (Table 2).

Persistence of single-strand breaks

Another possible explanation for the differences in
cytotoxicity among the aza-anthracenediones could re-
late to the persistence of the protein-DNA lesions in-
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Fig. 4. Removal of single-strand breaks from drug-treated

L1210 cells. L1210 cells were treated with approximately eq-

uitoxic concentrations of drug for 2 hr. Cells were then removed

from drug and incubated for up to 8 hr in drug-free medium

prior to lysis and alkaline elution. Values are means of two
experiments.
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Table 2. Induction of protein-concealed DNA strand breaks by

drug treatment
RAD equivalents
Drug +PK -PK
4 uM BBR 2778 424+ 131 1926
4 pM BBR 2378 340+ 119 15+16
40 uM BBR 2828 396+ 70 58+35
0.075 uM Mitoxantrone 547116 16 +£27

Approximately equipotent concentrations with respect to sin-
gle-strand breaks were assayed + proteinase K (PK), utilizing
conditions that maximized protein absorption. Each condition is
an average of three experiments. Values are means *+ SD for
each condition.

duced by drug treatment. Fox and Smith [29] reported
earlier that differences in cytotoxic potency of amsacrine
and mitoxantrone could be attributed, at least in part, to
such differences in persistence of the protein~-DNA le-
sions. To test time, L1210 cells were treated with equi-
potent concentrations of drugs for 2 hr and placed in
drug-free medium for up to 8 hr prior to assessing DNA
damage by alkaline elution. As shown in Fig. 4, single-
strand breaks initiated by mitoxantrone, BBR 2778,
BBR 2828 and BBR 2378 were stable for at least 4 hr.
While the amounts of DNA—protein lesions appeared to
decrease to some degree for BBR 2778 and BBR 2828,
neither amount was as unstable as those induced by am-
sacrine. The relative lack of persistence of the complexes
formed by amsacrine is in agreement with results re-
ported previously [5,29]. Our results suggest that differ-
ences in the persistence of single-strand breaks cannot
account for the differences between potency of cytotox-
icity between the aza-anthracenediones.

Neutral elution

Given the structural similarities between our com-
pounds and mitoxantrone and the fact that mitoxantone
has been shown to both inhibit topoisomerase II and
induce double-strand DNA breaks, it was important to
determine the ability of the aza-anthracenediones to in-
duce similar DNA breaks. Neutral elution demonstrated
a similar profile for mitoxantrone, BBR 2778 and BBR
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Fig. 5. Drug-induced DNA double-strand breaks in L1210 cells.
Cells were treated for 2 hr with various concentrations of drug.
Cells were then lysed and DNA was eluted from the filters,
using a pH 9.6 buffer, to determine the extent of double-strand
breaks induced. Values are means of two experiments.
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Fig. 6. KCI-SDS precipitation of DNA from drug-treated L1210
cells. Cells were treated with various concentrations of drug for
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Only DNA associated with protein will precipitate under these
conditions. % Treated PPT/% Control PPT = percent of total
radioactivity precipitated from drug-treated cells/percent of to-
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2828. Again, the difference in potency between BBR
2778 and mitoxantrone was approximately S50-fold,
while the difference between BBR 2778 and BBR 2828
was approximately 10-fold. Perhaps the most interesting
observation made was that BBR 2378 produced no mea-
surable double-strand breaks (Fig. 5). This was indeed
surprising given the fact that mitoxantrone, BBR 2778
and BBR 2828 all produced double-strand breaks.

KCI-SDS precipitation

To test if these compounds are capable of inducing
SDS-resistant DNA—protein cross-links, we utilized the
KCI-SDS method. As depicted in Fig. 6, the profile of
drug-induced protein cross-links in L1210 cells was sim-
ilar to what was observed for single-strand breaks as
measured by alkaline elution. There was an approxi-
mately 50-fold difference in potency of DNA-protein
cross-link formation between mitoxantrone and BBR
2778, and a 5- to 10-fold difference between BBR 2778
and BBR 2828 in L1210 cells. In contrast, at only the
6.75 uM concentration were DNA-protein cross-links
observed for BBR 2378.

In S180 cells, there was an approximately 5- to 8-fold

£ 5l
3
£ I
3 sl *
s |
B4 l/ I
g s *
g /i I+\A
g 2‘?/3/ *

1 3 + + + U +- +

Q 5 10 15 20 25 30 35

O--0O BBR 2778 DRUG CONCENTRATION {uM)

®— @ BER 2828
A—aA BBR 2378
Fig. 7. KCI-SDS precipitation of DNA from drug-treated S180
cells. The conditions and procedures were identical to those
discussed in Fig. 6. Values are means + SD, N = 3.
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Table 3. Cytotoxicity of BBR 2778, BBR 2378 and mitox-
antrone against altered topoisomerase II expressing MDR cells

ICso (ng/mL)

Drug CEM CEM/VM-1 RF
BBR 2778 0.225 2.8 12.44
BBR 2378 0.24 0.25 1.04
Mitoxantrone 0.005 0.055 11

Cells were incubated in various concentrations of drug for 72
hr. The ICs, values were calculated as the concentration required
to inhibit cell growth by 50% with respect to control cells. The
resistance factor (RF) was calculated as the 1C5q in CEM/VM-1
cells divided by the ICsq value obtained in CEM cells. The data
shown are averages of two experiments.

difference in potency between BBR 2778 and BBR
2828. Again, drug-induced protein-DNA cross-links ini-
tiated by BBR 2378 did not increase with increasing
concentrations above 6.75 uM (Fig. 7).

Cytotoxicity against cells expressing altered
topoisomerase Il activity

The unexpected differences in the amount and type of
DNA damage induced by BBR 2378 compared with the
other drugs tested suggested that BBR 2378 may kill
cells through a mechanism unrelated to topoisomerase II
inhibition. We reasoned that if this were true, then BBR
2378, but neither BBR 2778 nor mitoxantrone would be
active in the CEM/VM-1 cells. As shown in Table 3, the
resistance factors for BBR 2778 and mitoxantrone were
approximately 10, whereas it was near 1 for BBR 2378.

DISCUSSION

We have developed a promising class of anti-cancer
agents that exhibit a wide range of biological activities
[1]. We are currently attempting to elucidate the mech-
anism of action of this novel class of compounds. We
have determined previously that the aza-anthracenedi-
ones are capable of intercalation; however, the DNA
binding affinity constants do not correlate well with cy-
totoxicity [23]. In an earlier study, we determined that
differences in cytotoxicity in the HL-60 cells were re-
lated to differences in their ability to inhibit topo-
isomerase II [25]. In this paper, we addressed whether
DNA breaks and/or DNA-protein interactions correlate
with cytotoxic activity of three aza-anthracenediones.

Our data demonstrated a lack of direct correlation be-
tween DNA damage and cytotoxicity for the aza-an-
thracenediones. For example, while over a 30-fold dif-
ference in cytotoxicity between BBR 2778 and BBR
2828 in L1210 and S180 cells was observed, there was
only a 5- to 10-fold difference in potency of single-
strand breaks. This lack of correlation between potency
of single-strand breaks and potency of cytotoxicity is
further substantiated when one compares the number of
strand breaks induced at 2 hr by equitoxic concentrations
of the drugs. For example, it is interesting to note that at
the 2-hr IC;, concentration, the least cytotoxic aza-an-
thracenedione (BBR 2828) produced at least an equiva-
lent number of single-strand breaks in L1210 cells as did
BBR 2778 (Table 4). Others have reported a similar
dissociation between DNA damage and cytotoxicity for
other DNA-damaging drugs [5, 30].

The majority of the single-strand breaks induced by
all drugs tested were protein concealed. The persistence
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Table 4. Comparison of drug-induced DNA breaks to drug cy-
totoxicity in L1210 cells

ICsq Rad equivalents
Drug nM) (at 1C5p)
BBR 2778 337 140
BBR 2378 23 0
BBR 2828 10,520 260
Mitoxantrone 8.2 <20

Two-hour ICy, values were obtained as previously described
in Table 1. The rad equivalents shown above are extrapolated
from Fig. 2 at the iC5, concentration for each drug in L1210
cells. The data shown are the averages of three experiments; the
SD was less than 10% of the mean.

of single-strand breaks was similar for mitoxantrone,
BBR 2378, BBR 2828 and BBR 2778, while amsacrine
induced readily reversible single-strand breaks. A pos-
sible explanation for this is differential efflux rates be-
tween the compounds. Zwelling et al. [31, 32} have re-
ported previously that within S min after drug removal,
at drug concentrations lower than 7.5 pM, only residual
amounts of amsacrine are detectable in L1210 cells at
37°. We have reported previously that the efflux rates of
BBR 2373, BBR 2828, BBR 2778 and mitoxantrone are
similar in L1210 cells at 37° [33]. The efflux rates that
we observed are significantly slower than the literature
efflux rates for amsacrine, and thus differential efflux
rates may explain the differences in repair between am-
sacrine and aza-anthracenediones.

Another possibility is that the nature of the break is
significantly different, and thus the repair machinery of
the cell reacts differently to the break. Several investi-
gators have suggested that the lack of correlation be-
tween single-strand breaks and potency of cytotoxicity
may be a reflection of where in the genome this damage
occurs [5, 30]. This could be a plausible explanation for
the difference in persistence observed between amsa-
crine and mitoxantrone. However, Zunino and co-work-
ers [34] did not observe a difference in the pattern of
drug-induced cutting by topoisomerase II and an-
thracenedione derivatives. They also demonstrated that
the efficiency of cutting correlated with DNA binding
affinity at low drug concentration. We also observed a
correlation between DNA binding and single-strand
breaks. We had reported previously an approximately
5-fold difference in DNA affinity between BBR 2778
and BBR 2828 [23], which correlates well with the 5- to
10-fold difference in potency of single-strand breaks be-
tween BBR 2778 and BBR 2828,

Perhaps the most interesting observation was that
BBR 2378 demonstrated no double-strand breaks.
Topoisomerase II is characterized as being transiently
covalently bound to double-stranded DNA. The DNA—
topoisomerase II intermediate (cleavable complex) is
stabilized by topoisomerase II inhibitors. Digestion of
these complexes with proteinase K results in double-
stranded breaks within the DNA. This can be detected by
neutral elution, and thus topoisomerase II inhibitors can
be characterized as forming double-strand breaks. It
must be stated, however, that the ratios of single- to
double-strand DNA lesions can vary significantly among
topoisomerase II inhibitors. This difference may be re-
lated to the fact that some topoisomerase II drugs trap
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the complex after one of the DNA strands has been
resealed. Thus, these lesions would appear to be single-
stranded in spite of the fact that the drug is inhibiting
topoisomerase II.

The observation that BBR 2378 did not cause double-
strand breaks is important because it questions the role
of topoisomerase II as a target for this compound. That
BBR 2378 is a very potent drug and yet causes no dou-
ble-strand breaks suggests that cell death is mediated via
an alternative mechanism. This hypothesis is strength-
ened by the observation that only BBR 2378 was active
in the CEM/VM-1 cells. These cells have been shown to
be cross-resistant to a variety of topoisomerase II inhib-
itors, as a resuit of altered topoisomerase II activity [35],
and were cross-resistant to BBR 2778 and BBR 2828,
both known to inhibit topoisomerase II. Taken together
our results strongly suggest that BBR 2378 is killing
cells through a mechanism unrelated to topoisomerase 11
inhibition.

Considering the structural similarities between BBR
2778 and BBR 2378, this, as of yet, undiscovered target
of BBR 2378 may also be a putative target for BBR
2778. The possibility exists that BBR 2378 is a topo-
isomerase I inhibition as single-strand breaks but not
double-strand breaks were detected. Kapuscinski and
Darzynkiewicz [36] have demonstrated that the cytotox-
icity of ametantrone and mitoxantrone correlates well
with their ability to condense single-stranded RNA.
Thus, it is possible that a similar mechanism could exist
for the aza-anthracenediones. Investigations probing
these possibilities are currently ongoing in our labora-
tory.

We have determined previously that DNA reactivity is
a necessary component for activity of the aza-an-
thracenediones, but is not sufficient for predicting po-
tency of cytotoxicity [23]. Although we did not observe
a tight correlation between single-strand breaks and po-
tency of cytotoxicity of the aza-anthracenediones, it is
possible that protein-concealed DNA breaks are a criti-
cal component of mediating cell death. The assays em-
ployed to measure DNA breaks only measure total pro-
tein-concealed DNA breaks and do not probe the identity
or phosphorylation of the proteins. Darzynkiewicz and
his co-workers [37] have demonstrated that the treatment
of nuclei with ametantrone or mitoxantrone results in
differential displacement of proteins. Thus, it is plausible
that the majority of the protein-concealed DNA breaks
induced by BBR 2828 results in non-lethal lesions. We
are currently developing a technique that will enable us
to identify the actual proteins that are tightly associated
with DNA upon drug treatment, as well as the phosphor-
ylation state of these proteins.
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