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Abstract

In an attempt to overcome the cardiotoxicity and cross-resistance problems caused by the anticancer drugs anthracyclines and
anthracenediones during chemotherapy, we have developed a series of aza-anthracenedione compounds by modifying the chromophore
and the side arms of anthracyclines and anthracenediones. One of these aza-anthracenediones, 6,9-bis[(2-aminoethyl)amino]benzol-
glisoquinoline-5,10-dione (BBR 2778), which is currently under phase II clinical trials, showed remarkable antitumor activity and
appeared to lack a cardiotoxic effect in preclinical studies. However, it was still cross-resistant against multidrug resistance (MDR) cells
expressing P-glycoprotein (P-gp). In contrast, another aza-anthracenedione, 6,9-bis[[2-(dimethylamino)ethyl]amino]benzo[g]isoquino-
line-5,10-dione, which has side arm structures different from those of BBR 2778, was highly active against MDR cells. In this study, BBR
2778, BBR 2378, and an anthracenedione compound, 1,4-bis[(2-aminoethyl)amino]-5,8-dimethyl-9,10-anthracenedione, were used to
assess the relationship between the chemical structures of these drugs and their interactions with DNA and P-gp. In addition, the biological
and pharmacological influences of photoaffinity labeling were also studied for BBR 2778 and DEH. As the results indicate, the
photolabeled analogs of BBR 2778 and DEH were less DNA-reactive and less cytotoxic. The more lipophilic compound, BBR 2378, and
the photolabeled analogs of BBR 2778 and DEH inhibited P-gp labeling by azidopine better than did the more hydrophilic parental
compounds. These studies suggested that the DNA binding affinity of BBR 2778 and DEH could be important in determining their
cytotoxicity, and that the chemical structure of the side arms and the lipophilicity of these drugs are critical in determining their cross-

resistance. (€ 2002 Published by Elsevier Science Inc.
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1. Introduction

The anthracyclines daunorubicin and doxorubicin have
long been used as effective anticancer drugs against a
broad spectrum of tumors [1,2]. This class of anticancer
drugs causes free radical-induced DNA damage [3.,4],
stabilization of the DNA-topoisomerase II complex
[5,6], disruption of lipid bilayers [7], and inhibition of
DNA and RNA synthesis [8,9]. Although the anthracy-
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clines are clinically important, there exist a number of
disadvantages, such as cardiac toxicity [10,11] and tumor
resistance [12,13], which limit their clinical potential. In an
attempt to improve the therapeutic usefulness of such
drugs, we developed a carbocyclic compound DEH (1,4-
bis[(2-aminoethyl)amino]-5,8-dimethyl-9,10-anthracene-
dione), and a series of heterocyclic drugs—the aza-anthra-
cenediones (Fig. 1) [14,15].

Our previous reports have shown a dramatic difference in
biological activity between 1-aza and 2-aza compounds—
only the 2-aza compounds have marked antitumor activity
in vivo [14-17]. Among these 2-aza-anthracenediones,
BBR 2378 (6,9-bis[[2-(dimethylamino)ethyl]amino]ben-
zo[glisoquinoline-5,10-dione) and BBR 2778 (6,9-bis[(2-
aminoethyl)amino]benzo[g]isoquinoline-5,10-dione) [18]
were selected for advanced studies in this report. The
chemical difference between these two compounds is that
BBR 2378 has a terminal tertiary amine on both side arms
whereas BBR 2778 has a terminal primary amine on both
side arms (Fig. 1). These two compounds cause similar
DNA mobility shifts in agarose gel electrophoresis and
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Fig. 1. Chemical structures of compounds.

have similar cytotoxicity profiles [17]. A biological dif-
ference between these two drugs is that BBR 2778 is cross-
resistant against MDR-expressing cells, whereas BBR
2378 is highly active [17].

While MDR phenotypes can be caused by several
different mechanisms [19,20], P-gp is one of the most
extensively studied [21,22]. P-gp is a membrane-bound
protein, which recognizes a variety of compounds and
pumps them out of the cells in an energy-dependent
process [21,22]. Since BBR 2378 was active against
MDR-expressing cells but BBR 2778 was not, the different
side arm structures of these two compounds may play a
critical role in P-gp—drug interaction.

In addition, the photoaffinity labeling technique has
been used widely to investigate the interactions between
P-gp and various anticancer drugs, since the photolabeled
probe is chemically stable and the analogs retain biological
and pharmacological activities similar to those of the
original compound [23]. However, the photoaffinity label-
ing modification could also cause some property changes
of the original compound as the structure of the side arms
of anthracenediones plays an important role in determining
their activities in MDR-expressing cells. To elucidate the
influence of the photoaffinity probe, the photoaffinity
analogs of BBR 2778 and DEH were synthesized by

coupling N-hydroxysuccinimidyl-4-azidosalicylic acid
(NHS-ASA) through the primary amine side arms of
BBR 2778 and DEH. Furthermore, to compare the impact
of the different chromophore and side arm structures
among anthracenediones and aza-anthracenediones as well
as the photoaffinity labeling tag on their interaction with
P-gp, competition studies of P-gp labeling by [*H]-azido-
pine were performed since azidopine is known to have the
ability to bind to P-gp [24].

2. Materials and methods
2.1. Drugs

BBR 2778 and BBR 2378 were synthesized at Boeh-
ringer Mannheim Italia. DEH was synthesized by David E.
Horn, Goucher College. Purity of all the compounds was
assured using NMR and TLC. The photoaffinity probe
NHS-ASA was purchased from Pierce. The procedure used
to synthesize photolabeled DEH and BBR 2778 is
described in our recent report [25]. The purity of each
photolabeled compound was verified by NMR and liquid
chromatography-mass spectrometry.

2.2. Cytotoxicity assay

S180 and its doxorubicin-derived resistant cell line
S180/A10 were gifts from T. Tritton (Hanover College).
Both cell lines were grown in McCoy’s 5SA medium
supplemented with 5% donor horse serum. The exponen-
tially growing cells were diluted in fresh medium to
approximately 50,000/mL and subsequently were treated
with different concentrations of drugs for 72 hr. The num-
ber of cells were measured using a Coulter cell counter, and
the concentration of drug required to inhibit cell growth by
50% for each drug was calculated (icsg).

2.3. DNA unwinding assay

The DNA unwinding caused by the drugs was measured
by monitoring the electrophoretic mobility changes of
supercoiled pBR322 DNA (16 pM) in a 1.4% agarose
gel (Gibco BRL) in the presence of different concentra-
tions of the drugs. The conditions are as described pre-
viously [25].

2.4. Cell membrane preparation

The exponentially growing S180 and S180/A10 cells
were harvested by centrifugation and resuspended in a
hypotonic buffer (5 mM Tris—HCI, pH 7.4, 2 mM EDTA,
0.1 mM phenylmethylsulfonyl fluoride (PMSF)) at 4° for
30 min before homogenization. The cell homogenates
were centrifuged at 1000 g for 10 min at 4°. The super-
natants were centrifuged at 100,000 g for 1hr at 4°.
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The membrane pellets were suspended in a membrane
storage buffer (10 mM Tris—HCI, pH 7.4, 100 mM NaCl,
2 mM EDTA, 20% glycerol, 0.1 mM PMSF) at a protein
concentration of 50 pg/mL and stored at —80°.

2.5. Photolabeling P-gp

[*H]-Azidopine was purchased from the Amersham Co.
Each reaction contained [*H]-azidopine (1.25 pM) and a
125 uM concentration of different drugs added to 10 pg of
the membrane preparation at 25° for 20 min in the dark.
The assay conditions were as described previously [25].
The bands were quantified by a PDI Quantity 1 densit-
ometer (model DNA 35, PDI Inc.).

3. Results and discussion

The cytotoxicity values of the anthracenedione com-
pounds mitoxantrone and DEH, the aza-anthracenedione
compounds BBR 2778 and BBR 2378, and the photoaffi-
nity analogs of BBR 2778 and DEH against MDR sensitive
S180 and resistant S180/A10 cells are summarized in
Table 1. BBR 2778 was the most potent drug among these
compounds against S180 cells, but was 50-fold less potent
against S180/A10 cells. In contrast, BBR 2378, with
tertiary terminal amine groups on both side arms, showed
only a 2-fold decrease in potency against the resistant cells.
Mitoxantrone was very potent against the sensitive S180
cells but it was cross-resistant against MDR cells. The
other carbocyclic compound, DEH, was less active against
the sensitive cells, as compared with either the aza-hetero-
cyclic compounds or mitoxantrone, and was not active
against the S180/A10 MDR cells. Finally, both the photo-
affinity analogs of BBR 2778 and DEH lacked significant
cytotoxicity against either the sensitive or MDR-resistant
cells. These data suggested that the chemical structure of
the side arm plays an important role in determining the
cytotoxicity and cross-resistance of these compounds.

Table 1
Cytotoxicity of compounds

Compound Drug (ng/mL)

S180 S180/A10
BBR 2778 0.008 0.4
Photolabeled L2778 >10 >10
DEH 0.3 >10
Photolabeled DEH >10 >10
BBR 2378 0.07 0.14
Mitoxantrone 0.01 0.65

Compounds were added to cells at 37° for 72 hr. The 1csq value for
each compound was calculated as the drug concentration needed to inhibit
50% cell growth as compared with the untreated cells. The ics, values are
averages from three individual experiments, and the error ranges were
within 10%.

12 34567 89 1111213
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Fig. 2. DNA migration assay. The different concentrations of compounds
and pBR322 DNA were incubated in 25 mM HEPES, pH 7.5, 500 mM
NaCl, and 1 mM EDTA at 37° for 20 min before loading onto a 1.4%
agarose gel for electrophoresis. The gel was stained with ethidium bromide
and the photograph was taken under UV light. Lane 1: control DNA; lanes
2-4: BBR 2778 (100, 10, and 1 pM, respectively); lanes 5-7: photolabeled
BBR 2778 (100, 10, and 1 puM, respectively); lanes 8—-10: DEH (100, 10,
and 1 pM, respectively); lanes 11-13: photolabeled DEH (100, 10, and
1 uM, respectively).

One of the major mechanisms of action for anthracy-
cline-like compounds is through DNA intercalation [26].
Intercalation of the drug into supercoiled DNA will unwind
the DNA and slow its migration on an agarose gel. As
shown in Fig. 2, BBR 2778 showed less impact than DEH
on DNA migration which could be due to the nitrogen in
the planar ring of BBR 2778. However, both compounds
changed the DNA migration at a drug concentration of
10 uM, and neither of their photolabeled analogs had any
impact on DNA migration up to a 100 pM concentration. It
was reported that the planar ring of the chromophore
backbone of anthracyclines intercalates into the DNA
double helix and this intercalation is stabilized by inter-
actions between the positively charged amine on the side
arm and the negatively charged phosphate group of DNA
[27-29]. It is possible that the protonated primary amine on
the side arm of BBR 2778 and DEH stabilized the DNA—
drug complex through such interactions. The photolabeled
analog may interact with DNA through different mechan-
isms, however, as the result indicated, the photolabeled
analogs had much less ability to change the DNA migra-
tion, compared with the parent compounds. The DNA
intercalating data suggested that the DNA intercalating
abilities of BBR 2778 and DEH may have a major influ-
ence on their cytotoxicities.

Since S180/A10 cells displayed resistance to mitoxan-
trone, BBR 2778, and DEH it is possible that all three
compounds can be recognized by P-gp. To measure the
P-gp binding affinities of the different compounds, the
inhibitory effects of these compounds against P-gp labeling
by [*H]-azidopine were studied. As shown in Fig. 3 and
Table 2, vinblastine inhibited 90% of the azidopine binding
to P-gp, which suggested that this azidopine binding is
specific. The carbocyclic compound DEH showed 73%
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Fig. 3. Competition assay for P-gp binding. [*H]-Azidopine (1.25 uM)
was incubated with 10 pg of S180/A10 cell membrane preparation with or
without a 125 puM concentration of different compounds at room
temperature for 20 min before exposing to UV light for cross-linking
reactions. The samples were loaded onto an 8% SDS-PAGE. The gel was
subsequently dried after electrophoresis and exposed to a chemoilluminant
film. The bands were quantified by a PDI Quantity 1 densitometer (model
DNA 35, PDI Inc.).

inhibition while BBR 2778, which has two primary amine
side arms like DEH, showed only 2% inhibition. Another
carbocyclic compound, mitoxantrone, with secondary
amines and terminal hydroxyl groups on both side arms,
showed 70% inhibition and the aza-anthracenedione com-
pound BBR 2378 which contains two tertiary amine side
arms and is active in MDR-expressing cells [16,17],
showed 92% inhibition. The photoaffinity analogs of both
BBR 2778 and DEH were more effective in competing
with azidopine on P-gp binding (69 and 91% inhibition,
respectively) than either parental compound (Table 2).

A previous report suggested that two basic chemical
structures are required for P-gp recognition: a single
aromatic moiety and a proper lipophilicity [30]. In this
report, the more lipophilic compound BBR 2378 was more
effective than BBR 2778 at competing against azidopine
binding to P-gp. This is a very interesting phenomenon
because the cytotoxicity data showed BBR 2778 to be
highly cross-resistant in MDR cells whereas BBR 2378
was non-cross-resistant. The other interesting phenomenon

Table 2
Percentage inhibition of P-gp labeling by compounds

Compound Inhibition (%)
Vinblastine 89.8 + 3.94
BBR 2778 1.79 £ 0.3
Photolabeled BBR 2778 68.7 + 2.46
DEH 72.6 + 3.55
Photolabeled DEH 91.2 £ 0.78
Mitoxantrone 70.2 £ 4.60
Verapamil 93.0 £ 1.91
BBR 2378 92.1 £ 2.5

The methods are as described in the legend of Fig. 3. The percent
inhibition was calculated by dividing the intensity of P-gp band by the total
intensity of the whole lane. Values are means + range, N =2. The
percentages of inhibition of different compounds were adjusted using the
azidopine labeled P-gp as a 100% standard.

is that the parent carbocyclic compound DEH inhibited
azidopine binding to P-gp by 73% in comparison to the
poor inhibitory effect of BBR 2778, a compound that
shares the same side arm structures with DEH but has a
different chromophore backbone. It suggested that the
structure of the chromophore backbone may be critical
for P-gp recognition. It is possible that compounds are
recognized by P-gp through binding sites other than
azidopine since it has been suggested that there are multi-
ple binding sites in P-gp [31]. It could also be that BBR
2778 is involved with other cellular drug resistance
mechanisms in addition to P-gp [19,20]. The photoaffinity
analogs of both BBR 2778 and DEH showed better
inhibitory effects than their parental compounds, which
further suggested the influence of lipophilicity on P-gp
recognition.

The relationships of chemical charge and lipophilicity to
drug resistance and P-gp binding have been discussed [32—
34]. It has been shown that P-gp is located on the mem-
brane of the Golgi complex and lysosomes [30]. A micro-
scopic study indicated that BBR 2778 is clustered in the
cell nucleus but BBR 2378 is excluded from the nucleus
and is trapped in cytoplasmic compartments such as the
Golgi apparatus or lysosomes. These subcellular orga-
nelles are responsible for a variety of detoxification pro-
cesses, protein processing and receptor recycling.
Compounds like BBR 2378 may exert their action through
the disruption of the functions of the subcellular orga-
nelles. Further investigations of the relationships between
the chemical structure of compounds and their intracellular
distribution patterns are necessary.
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