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Report

Among substituted 9,10-dihydro-9,10-
[1,2]benzenoanthracene-1,4,5,8 -tetraones, the lead
antitumor triptycene bisquinone TT24 blocks nucleoside
transport, induces apoptotic DNA fragmentation and
decreases the viability of L1210 leukemic cells in the
nanomolar range of daunorubicin in vitro
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In contrast to their inactive parent compound triptycene (code
nameTTO0), several new synthetic analogs (TT code number) have
antileukemic activities and remain effective in daunorubicin
(DAU)-resistant tumor sublines in vitro. Among variously substi-
tuted 9,10-dihydro-9,10-[1,2]benzenoanthracene-1,4,5,8 -tetra-
ones, a total of six lead antitumor compounds have been
identified, and their code names are TT2, TT13, TT16, TT19, TT21
and TT24. These active antitumor triptych structures have bisqui-
none functionality, and various bromo, methoxy, methylamino
and/or dimethylamino substitutions with or without longer alkyl
chains on the amino function. Like the anthracycline quinone anti-
biotic DAU, these triptycene (TT) bisquinones also inhibit DNA
synthesis and induce DNA cleavage in relation with their cytotoxic
activities, but have the additional advantage of blocking the cellu-
lar transport of purine and pyrimidine nucleosides, an effect which
DAU cannot do. As demonstrated by intact chromatin precipitation
and agarose gel electrophoresis, the ability of TT bisquinones and
DAU to induce DNA fragmentation is biphasic with a peak that
shifts to lower concentrations with increasing times of drug expo-
sure. The most effective lead antitumor compound, TT24, induces
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DNA cleavage in the same concentration-dependent manner as
DAU at 24 h (similar peak in response to 1.6 #M) and is nearly equi-
potent to DAU against L1210 tumor cell viability at day 4 (IC5, values
of TT24 and DAU: 48 and 25 nM, respectively). The mechanism by
whichTT24 induces DNA fragmentationis inhibited by actinomycin
D, cycloheximide, benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl
ketone, benzyloxycarbonyl-lle-Glu-Thr-Asp-fluoromethyl ketone,
N-tosyl-L-phenylalanine chloromethyl ketone and ZnSO,, sug-
gesting that TT bisquinones trigger apoptosis by caspase and en-
donuclease activation. Since TT24 is cytotoxic in the nanomolar
range of DAU, but might have a more versatile mechanism of ac-
tion than DAU in wild-type and multidrug-resistant tumor cells, this
new class of DNA-damaging quinone antitumor drugs inhibiting
nucleoside transport might be valuable to develop new means of
polychemotherapy. [©) 2002 Lippincott Williams & Wilkins.]

Key words: Apoptosis, DNA synthesis and fragmentation,
L1210 cells, nucleoside transport, triptycene bisquinones,
tumor cell viability.

Introduction

Several natural and synthetic quinones function as
bioreductive alkylating agents and have antitumor
activity."? Their cytotoxicity may be due to two
competing mechanisms: soft electrophilic arylation
and redox cycling oxidation.> Complete two-electron
reduction of the quinone ring by DT diaphorase
produces a stable hydroquinone, whereas partial
one-electron reduction of the quinone ring by
NADPH-oxidizing enzymes yields an unstable semi-
quinone free radical (FR) that can spontaneously
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autoxidize at the expense of molecular O, to
generate a cascade of reactive O, species and FRs,
which can induce DNA damage, lipid peroxidation
and cytotoxicity. However, the few quinone anti-
tumor drugs used clinically have complex chemical
structures with a number of active functional groups
and the exact contribution of the quinone group to
their antitumor activity remains uncertain.*”’ The
anthracycline quinone antibiotics doxorubicin (DOX,
adriamycin) and daunorubicin (DAU, daunomycin)
covalently bind to and intercalate into DNA, inhibit
DNA replication and RNA transcription, are DNA
topoisomerase (Topo) II poisons, produce oxidative
stress and damage biomembranes, induce DNA
breakage and chromosomal aberrations, trigger
apoptosis, and have a wide spectrum of anticancer
activity.*>77'2 Since the clinical effectiveness of DOX
and DAU is severely limited by their cumulative
cardiotoxicity and ability to induce multidrug resis-
tance (MDR), it is important to develop quinone
antitumor drugs with improved bioactivity.*
Recently, we found that, with or without quinone
functionality, synthetic triptycene (TT) analogs may
represent a novel class of bifunctional antitumor
drugs that block nucleoside transport, induce DNA
cleavage and decrease the viability of murine L1210
leukemic cells in the nanomolar range in vitro."
Among 13 TT analogs synthesized so far, the TT
bisquinone TT2 and its C2-brominated derivative,
TT13, are the current lead antitumor compounds.'?
Although less potent, TT2 inhibits DNA, RNA and
protein syntheses, induces DNA cleavage, and de-
creases the mitotic index, proliferation and viability
of L1210 lymphocytic leukemia cells like DAU."® The
critical finding is that, in contrast to DAU, TT2 has the
additional advantage of also blocking the cellular
transport of nucleosides,'® an effect which might be
very valuable in polychemotherpy to potentiate the
action of antimetabolites and circumvent MDR. For
instance, by blocking the salvage pathway for the
utilization of extracellular nucleosides, inhibitors of
nucleoside transport, such as dipyridamole, may
potentiate or prolong the antitumor activity of
antimetabolites, such as methotrexate (MTX) and 5-
fluorouracil (5-FU), which inhibit the de novo path-
way for nucleoside synthesis.'*?! Moreover, nucleo-
side transport may be one of the mechanisms
involved in MDR and the classic probes used to
experimentally block various nucleoside transporters
have been shown to sensitize MDR tumor cells to the
action of conventional anticancer drugs, such as
DOX.?>%¢ Indeed, our preliminary studies indicate
that TT2, a potent DNA-damaging quinone antitumor
drug which has the unique ability to block nucleo-
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side transport, retains its effectiveness in human HL-
60 promyelocytic leukemia sublines that have already
developed different mechanisms of resistance to
DAU.*’

In order to explore structure—activity relationships
(SARs) and identify more effective lead compounds,
11 new TT analogs (TT14-24) were synthesized and
screened in the present study (Figure 1). Their
potency and mechanism of action were assessed
and compared to those of DAU, TT2 and TT13, the
reference quinone antitumor drugs that have already
been characterized together in the same L1210 tumor
cell system in vitro."® Interestingly, we discovered
four new lead antitumor TT bisquinones, the most
potent of them being TT24, a nucleoside transport
inhibitor that induces DNA fragmentation by an active
process of apoptosis and is, at nanomolar concentra-
tions, nearly as cytotoxic as DAU.

Materials and methods
Cell culture and drug treatments

A new, short and easy method to synthesize the
structures of the 12 TT analogs (code names TT2,
TT13 and TT14-23) illustrated in Figure 1 has been
developed.”® The synthesis of TT24 (Figure 1) will be
reported elsewhere. All solutions of triptycene (code
name TTO; Aldrich, Milwaukee, WI), synthetic TT
analogs, N-tosyl-i-phenylalanine chloromethyl ke-
tone (TPCK; Sigma, St Louis, MO), benzyloxycarbo-
nyl-Val-Ala-Asp-fluoromethyl ketone (z-VAD-fmk) and
benzyloxycarbonyl-Ile-Glu-Thr-Asp-fluoromethyl ke-
tone (z-IETD-fmk) (both from Calbiochem, La Jolla,
CA) were dissolved and diluted in dimethylsulfoxide
(DMSO), whereas DAU (from Sigma) solutions were
prepared in 0.1 M potassium phosphate buffer, pH
7.4, containing 0.9% NaCl.'>?7?°71 ZnSO (JT Baker,
Phillipsburg, NJ) and actinomycin D-mannitol (Act-
D; Sigma) solutions were prepared in H,O and
cycloheximide (CHX; Sigma) was dissolved in Ca*"/
Mg®"-free Dulbecco’s phosphate-buffered saline
(PBS).?**! Suspension cultures of murine L1210
lymphocytic leukemia cells (ATCC, Manassas, VA)
were maintained in continuous exponential growth
by twice-a-week passage in RPMI 1640 medium
supplemented with 8.25% fortified bovine calf serum
(FCS; Hyclone, Logan, UT) and penicillin (1001U/
ml)/streptomycin (100 pg/ml), and incubated in the
presence or absence of drugs at 37°C in a humidified
atmosphere containing 5% CO,. Since drugs were
supplemented to the culture medium in 1-ul
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TT2: R'=OMe, R?=R%*=R*=H
TT13: R1=OMB, R2=R3=R*=H
TT14: R'=NHMe, R?=Br, R®=R*=H
TT16: R'=OMe, R2=Br,R%*=NMe,, R*=H

and R'=OMe, R2=Br, R3=H4=NM82
TT19: R'=NHCH,CH,CO,Et, R?%=Br, R*=R*=H
TT20: R'=NH(CH,),CH(NH),CO,H, R2=Br, R®=R*=H
TT21: R'=NHCH,CH,CO,-+-Bu, R?=Br,R*=R*=H
TT22: R'=NHCH,CH,CO,Na, R?=Br, R®= R*= H
TT23: R'=NHCH,CH,CO,H, R2=Br, R3= R’= H

TT15: R'=NHMe, R?=Br, R®= R*= H TT24: R'= OMe, R2=Br, R®=NHMe, R*= H
and R'=OMe, R2=Br, R3=R4=NHMB

Figure 1. Chemical structures and code names of the TT analogs tested for their antitumor effects in vitro.

aliquots, the concentration of vehicle in the final
incubation volume (0.5ml) did not affect the basal
activity levels in control L1210 cells incubated in the
absence of drugs.'>%7-2°31

Cell viability assay

For tumor cell viability, L1210 cells suspended in
FCS-containing RPMI 1640 medium were grown at
37°C in 48-well Costar cell culture plates for up to 4
days in the presence or absence (control) of drugs to
evaluate their cytotoxicity. Decreasing concentra-
tions of cells, such as 75000 and 4700 cells/0.5 ml/
well, were initially plated in triplicate at time O in
order to collect control samples with approximately
equal cell densities after 2 and 4 days in culture,
respectively. The viability of drug-treated cells was
assessed from their ability to bioreduce the 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS) reagent (Pro-
mega, Madison, WI) in the presence of phenazine
methosulfate (PMS; Sigma) into a water-soluble

formazan product which absorbs at 490 nm.*? At
the appropriate time after drug treatment, cell
samples (about 10°/0.5mlwell for controls) were
further incubated at 37°C for 3h in the dark in the
presence of 0.1 ml of MTS:PMS (2:0.1) reagent and
their relative cell viability was estimated by recording
the absorbance at 490 nm, using a Cambridge model
750 automatic microplate reader (Packard, Downers
Grove, IL). Blank values for culture medium supple-
mented with MTS:PMS reagent in the absence of cells
were subtracted from the results.'>*7-2=31

Nucleoside transport and DNA synthesis

L1210 cells (10%0.5ml) were preincubated for
15 min at 37°C in the presence or absence (control)
of drugs and then exposed to 1 xCi of [2,8-*H]ade-
nosine (30 Ci/mmol; American Radiolabeled Chemi-
cals, St Louis, MO) or [methyl->’H]thymidine (50 Ci/
mmol; Amersham, Arlington Heights, IL) for only 30s
to, respectively, assess the cellular uptake of purine
and pyrimidine nucleosides over such very short
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periods of time.'*>?*?7?°73! Reactions were diluted
with 2ml of ice-cold PBS and the unincorporated
radiolabel was removed by centrifugation at 200 g for
10 min. After washing thrice with 2ml of ice-cold
PBS, intact cell pellets were harvested by centrifuga-
tion and incubated for 30 min in 1ml of hypotonic
lysis buffer (HLB) containing 10 mM Tris—HCI, pH
8.0, 1mM EDTA and 0.2% Triton X-100. Cell lysates
were mixed with 6ml of Bio-Safe II (Research
Products International, Mount Prospect, IL) and
counted to estimate the cellular uptake of [*H]ade-
nosine or [*H]thymidine. Drug inhibition was ex-
pressed as percentage of [*H]adenosine or
[’H]thymidine transported into vehicle-treated con-
trol tumor cells over a similar 30-s period.'?#%27-29-31
To estimate the rate of DNA synthesis, L1210 cells
were resuspended in fresh FCS-containing RPMI
1640 medium at a density of 10°cells/0.5ml, incu-
bated at 37°C for 90 min in the presence or absence
(control) of drugs and then pulse-labeled for an
additional 30 min with 1uCi of [’H]thymidine. The
incubation was terminated by the addition of 0.5 ml
of 10% trichloroacetic acid (TCA). After holding on
ice for 15min, the acid-insoluble material was
recovered over Whatman GF/A glass microfiber
filters, and washed thrice with 2ml of 5% TCA and
twice with 2 ml of 100% EtOH. After drying the filters,
the radioactivity bound to the acid-precipitable
material was determined by liquid scintillation
counting (LSC) in 6ml of Bio-Safe NA (Research
Products International, Mt Prospect, 1L).'3-?7-2-31

DNA cleavage and apoptosis

Drug-induced DNA cleavage was determined by
intact chromatin precipitation, using L1210 cells
which were prelabeled with 1 uCi of [*H]thymidine
for 2 h at 37°C, washed with 3 x 1 ml of ice-cold PBS,
collected by centrifugation and resuspended in fresh
FCS-containing RPMI 1640 medium at a density of
5 x 10’ cells/0.5 ml. ' 113:27:29-3133.3% quch cells con-
taining prelabeled DNA were then incubated at 37°C
for 24h in the presence or absence (control) of
drugs. After centrifugation at 200g for 10min to
discard the drugs and wash the cells, the intact cell
pellets were lysed for 20min in 0.5ml of ice-cold
HLB and centrifuged at 12 000 g for 15 min to collect
the supernatants. The radioactivities in the super-
natants (detergent-soluble low molecular weight
DNA fragments) and the pellets (intact chromatin
DNA) were determined by LSC: percent DNA
fragmentation=[c.p.m. in supernatant/c.p.m. in
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supernatant+pellet] x 100.'11327:29-31.33.34  Before

being counted in 6ml of Bio-Safe NA, the intact
pelleted chromatin was incubated for 2h at 60°C in
the presence of 0.6ml of NCS tissue solubilizer
(Amersham).>®> For apoptosis, L1210 cells were
incubated for various periods of time in the presence
or absence (control) of drugs and DNA was extracted
from samples with equal cell densities (106 cells/
0.5ml), using a salting-out procedure.>* 13536 After
centrifugation at 200g for 10min, the cell pellets
were washed twice with PBS and lysed overnight at
37°C in 0.34 ml of 10 mM Tris—HCI, pH 8.0, contain-
ing 2mM EDTA, 400mM NaCl, 1% SDS and
proteinase K (0.5 mg/ml). Cell lysates were vortexed
for 15s with 0.1ml of 6M NaCl and centrifuged
(3000 r.p.m. x 30 min). The supernatants (0.44 ml)
were mixed with 0.88 ml of ice-cold 100% EtOH and
kept at 4°C for 15 min for DNA precipitation. After
centrifugation (13000 r.p.m. X 15min) at 4°C, the
air-dried DNA pellets were dissolved in 0.34ml of
10mM Tris-HCl, pH 8.0, with 1mM EDTA (TE
buffer) and incubated for 2 h at 37°C in the presence
of RNase (0.1 mg/ml). After another round of EtOH
precipitation and centrifugation, the final air-dried
pellets were dissolved in 50 ul of TE buffer and their
DNA concentrations determined spectrophotometri-
cally at 260 nm. Equal amounts of DNA samples (6 ug/
7.5 ul of TE buffer) were mixed with 1.5 ul of 10 mM
Tris-HCl, pH 7.5, containing 50mM EDTA, 10%
Ficoll 400 and 0.4% orange G, and loaded on each
lane. About 0.5 ug of 100 bp DNA ladder and 0.75 ug
of A DNA/EcoRI+HindII (both from Promega) were
similarly applied to each gel to provide size markers
in the range 100-1500 and 125-21226bp, respec-
tively. Horizontal electrophoresis of DNA samples
was performed for 3.7 h at 60V in 1.5% agarose gels
containing ethidium bromide (1 ug/ml) with 90 mM
Tris—-HCl, pH 8.0, containing 90 mM boric acid and
2mM EDTA as a running buffer. DNA fragments were
visualized and photographed with Polaroid 667 film
under UV transillumination. %3136

Results
Drugs

The chemical structures and code names of the TT
analogs (serial numbers indicate the order of synth-
esis) tested for their antileukemic activity in the
L1210 tumor cell system in vitro are depicted in
Figure 1. The nomenclature of the parent TTO
compound, which is known and commercially



available, is 9,10-dihydro-9,10-[1’,2']benzenoanthra-
cene. All other TT analogs under study were
synthesized in Hua’s laboratory by in situ oxidation
of substituted dihydroxybenzene followed by [4+42]
cycloaddition with 1,4-dimethoxyanthracene and
then oxidation.'>?” This new, short and easy method
to synthesize substituted TT quinones has been
reported.?® The correct nomenclature of the TT2
skeleton, which possesses 2 external quinones, is 2-
methoxy-1H,4H,5H,8H-9,10-dihydro-9,10-
[1',2']benzenoanthracene-1,4,5,8-tetraone. TT13 is
the C2-brominated derivative of TT2 and its nomen-
clature is 2-bromo-3-methoxy-1H ,4H,5H,8H-9,10-di-
hydro-9,10-[1',2']benzenoanthracene-1,4,5,8-tetra-
one. Since TT2 and TT13 are the most potent of the
rigid tetracyclic quinones we synthesized so far,'>?”
they have been selected as references to assess the
effectiveness of the new antitumor compounds in the
series. The correct nomenclatures of the new
synthetic TT analogs tested in the present study are
as follows. TT14: 3-bromo-2-N-methylamino-1H,4H,
5H,8H-9,10-dihydro-9,10-[1',2' |benzenoanthracene-
1,4,5,8-tetraone. TT15: 3-bromo-5,8-dihydroxy-2-N-
methylamino-1H,4H-9,10-dihydro-9,10-[1’,2' |benze-
noanthracene-1,4-dione. TT16: 6-bromo-7-methoxy-
2-N-dimethylamino-1H,4H,5H,8H-9,10-dihydro-9,10-
[1',2']benzenoanthracene-1,4,5,8-tetraone and 7-bro-
mo-6-methoxy-2-N-dimethylamino-1H,4H,5H,8H-9,
10-dihydro-9,10-[1/,2']benzenoanthracene-1,4,5,8-
tetraone. TT17: dimethyl 6,11-dihydroxy-1,4-dioxo-
1H,4H-5,12-dihydro-5,12-[1',2']benzenonaphtha-
cene-8,9-dicarboxylate. TT18: dimethyl 6,11-dihy-
droxy-1,4-dioxo-5,7,10,12-tetrahydro-1H,4H-5,12-
[1',2']benzenonaphthacene-8,9-dicarboxylate. TT19:
ethyl 3-[N-(3-bromo-1,4,5,8-tetraoxo-1H,4H,5H 8H-
9,10-dihydro-9,10-[1/,2'|benzenoanthracen-2-yl) Jami-
nopropanoate. TT20: 6-[N-(3-bromo-1,4,5,8-tetra-
oxo-1H,4H,5H,8H-9,10-dihydro-9,10-[1’,2']benzeno-
anthracen-2-yl)Jamino-2-aminohexanoic acid. TT21:
tert-butyl 3-[N-(3-bromo-1,4,5,8-tetraoxo-1H,4H,5H,
8H-9,10-dihydro-9,10-[1,2'|benzenoanthracen-2-
yl)Jaminopropanoate. TT22: sodium 3-[N-(3-bromo-
1,4,5,8-tetraoxo-1H,4H,5H,8H-9,10-dihydro-9,10-
[1',2']benzenoanthracen-2-yl) Jaminopropanoate.
TT23: 3-[N-(3-bromo-1,4,5,8-tetraoxo-1H,4H,5H,8H-
9,10-dihydro-9,10-[1,2'|benzenoanthracen-2-yl) |]ami-
nopropanoic acid. TT24: 6-bromo-7-methoxy-2-N-
methylamino-1H,4H,5H,8H-9,10-dihydro-9,10-
[1',2']benzenoanthracene-1,4,5,8-tetraone and 7-bro-
mo-6-methoxy-2-N-methylamino-1H,4H,5H,8H-9,10-
dihydro-9,10-[1’,2'|benzenoanthracene-1,4,5,8-tetra-
one (Figure 1). The antileukemic effects of these TT
monoquinones and bisquinones were assessed and
compared to those of DAU, a clinically valuable

Effects of lead antitumor triptycene bisquinones

anticancer drug that is structurally very different from
TT2 but also contains a para-quinone moiety. >’
This well-known anthracyclinone is characterized by
a linear fused tetracyclic system with an internal
quinone and a glycosidic moiety.

Inhibition of tumor cell viability

Treatment with 40.96nM of the known quinone
antitumor drug DAU decreases tumor cell viability at
day 4 by 73% and serves as a positive control in the
cytotoxicity assay (Figure 2). In contrast to the
tetracyclic structure of their parent compound TTO,
which is neither cytotoxic at 256 nM (Figure 2) nor in
the higher micromolar range (data not shown),
256nM concentrations of our previous lead anti-
tumor TT bisquinones TT2 and TT13 decrease L1210
tumor cell viability at day 4 by 83-84% (Figure 2).
Although most of these substituted TT bisquinones
are much more potent at higher concentrations, at
this lower concentration of 256 nM, the new hydro-
philic molecules TT20, TT22 and TT23 have either
no or only weak cytotoxic activities (inhibition by 22—
28%). Under similar conditions, the cytotoxic activ-
ities of the substituted TT monoquinones TT17 and
TT18 are moderate (inhibition by 38-41%). Interest-
ingly, the substituted TT monoquinone TT15 and its
bisquinone equivalent TT14 have equally good
cytotoxic activities (inhibition by 55-59%) in spite
of their different quinone functionalities. However,
four new substituted TT bisquinones have excellent
cytotoxicities and increase our current pool of lead
antitumor compounds in the series (Figure 2). At
256nM, TT21 inhibits tumor cell viability by 69%,
and the new TT16 and TT19 clearly match the
cytotoxic effects of the previous TT2 and TT13
(inhibition by 83-88%). However, the critical finding
is that 256nM TT24, which is significantly more
potent than TT2, TT13, TT16 and TT19, and inhibits
tumor cell viability by 96% (Figure 2), is the most
effective of the lead antitumor TT bisquinones
synthesized so far and its cytotoxicity compares well
with that of a proven anticancer drug already used
clinically (Figure 3).

The smallest concentrations of TT24 and DAU that
can induce significant cytotoxic effects after 2 days
are 102.4 and 40.96nM, respectively, whereas
256 nM TT24 inhibits almost totally the viability of
L1210 cells at day 4 and must be used to mimic the
maximal cytotoxic activity of 102.4nM DAU on the
same day (Figure 3). These nearly equivalent
potencies of TT24 and DAU can easily be compared
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Figure 2. Comparison of the abilities of 256 nM concentrations of TTanalogs to inhibit L1210 cell viability at day 4 in
vitro. The cytotoxic activity of 40.96 nM DAU is demonstrated in the same experiments. Cell viability results are ex-
pressed as percent of the net absorbance of MTS/formazan after bioreduction by vehicle-treated control tumor cells

(A490 nm=1.318 £ 0.096,100 +7 %) after 4 daysin culture. The blank value (A490 nm

=0.294 at day 4) for cell-free culture

medium supplemented with MTS:PMS reagent has been subtracted from the results Bars: means + SD (n=3). ®Not

different from control;

p < 0.025, smaller than control, but not different from TT23 °p <0.05, smaller than TT23 but

notdifferent fromTT17; p < 0.05, smaller thanTT17, but not different fromTT15; ®p < 0.05, smaller thanTT15; p <0.01,
smaller thanTT21, but not different fromTT2,TT16 and TT19; °p < 0.005, smaller thanTT19.

using the full concentration-response curves of
Figure 3 where the striped area at 100% represents
the control levels of L1210 cell viability after 2 and 4
days in culture. The magnitudes of the cytotoxic
effects of both TT24 and DAU are clearly related to
the combination of their increasing concentration
and duration of action. For instance, 16.38 nM DAU
and 40.96 nM TT24 are ineffective at day 2 but their
cytotoxic activities become obvious at day 4 (inhibi-
tions by 35 and 44%, respectively). Moreover,
40.96nM DAU and 102.4nM TT24 are weakly
cytotoxic at day 2 (inhibitions by 24 and 28%,
respectively) but dramatically inhibit L1210 cell
viability by 71 and 74%, respectively, at day 4. As a
result, the inhibitions of tumor cell viability by DAU
and TT24 are respectively characterized by ICsq
values of 80 and 154 nM at day 2, but 25 and 48 nM
at day 4, suggesting that DAU is only about 1.9 times
more cytotoxic than TT24 in this leukemic cell
system in vitro (Figure 3).

Inhibition of DNA synthesis and nucleoside transport

The concentration-dependent inhibition of DNA
synthesis by DAU (ICso: 1 uM) and TT2 (ICsq: 6 uM)
suggest that, under our experimental conditions,
DAU prevents L1210 cells from synthesizing DNA
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about 6 times more effectively than TT2."> As
reported previously,'>?” a 15-min treatment with
7 uM DAU is unable to alter the cellular transports of
[’H]adenosine and [*H]thymidine occurring over
only 30s, even though a 2-h treatment with such
concentration of DAU inhibits maximally the incor-
poration of [’H]thymidine into DNA used to assess
the rate of DNA synthesis over a 30-min period of
pulse-labeling in L1210 cells in vitro (Figure 4).
Hence, DAU serves as a positive control in the DNA
synthesis assay, but as a negative control in the
nucleoside transport assay. In contrast to DAU, our
previous lead antitumor compounds TT2 and TT13
have been shown to inhibit DNA synthesis in relation
with their ability to irreversibly block the cellular
transports of purine and pyrimidine nucleosides.
Both of these inhibitory effects on DNA synthesis and
nucleoside transport share the same ICs, value of
6 uM, suggesting that these TT bisquinones decrease
the incorporation of radiolabeled nucleosides into
DNA at 2 h because they rapidly prevent the nucleo-
side transport system from incorporating these
radiolabeled nucleosides into the cells within
15 min.">?” This hypothesis is substantiated by the
results of Figure 4, which show that all the new TT
analogs synthesized inhibit the rate of DNA synthesis
in relation with their ability to block nucleoside
transport, and that the magnitudes of their inhibi-
tions of DNA synthesis and nucleoside transport



120

100 5%
. a.

[oe]
o

Cell viability (% of control)
B D
o o

N
o
T

655 4096 256 1600

0 L L
2.62 16.38 102.4 604
TT24 (0,8) and DAU (m, ) concentrations (nM)

Figure 3. Comparison of the concentration-dependent
inhibitions of L1210 cell viability by TT24 (circles) and
DAU (squares) at days 2 (open symbols) and 4 (closed
symbols) in vitro. Cell viability results are expressed as
percent of the net absorbance of MTS/formazan
after bioreduction by vehicle-treated control tumor
cells (100+7%, striped area) at days 2
(A400nm=1.2944+0.087) and 4 (As90nm=1.275+0.092).
Blank values (A9 nm=0.265 and 0.278 at days 2 and 4)
for cell-free culture medium supplemented with
MTS:PMS reagent have been subtracted from the re-
sults. Bars: means + SD (n=3). ®Not different from con-
trol; bp<0.05, smaller than control but greater than
16.38 nM DAU at day 4; °p <0.01, smaller than control
and p<0.025, smaller than 40.96 nM TT24 at day 2;
OIp < 0.01, smaller than control but p < 0.005, greater than
1024nM DAU at day 2; °p<0005, greater than
40.96 nM DAU at day 4.

within 15min to 2h are linked to their overall
cytotoxicity over 4 days in Figure 2. Indeed, the
parent compound TTO, which is not cytotoxic
(Figure 2), also fails to inhibit nucleoside transport
and DNA synthesis (Figure 4). The inactive or
marginally cytotoxic molecules TT20, TT22 and
TT23 (Figure 2) similarly do not alter or only
minimally inhibit DNA synthesis and nucleoside
transport (Figure 4). However, TT17 and TT18
inhibit nucleoside transport and DNA synthesis by
24-56%, and TT14 and TT15 inhibit the same
responses by 39-71% (Figure 4) in relation with the
moderate and good abilities of these groups of
compounds to reduce tumor cell viability (Figure 2).
Moreover, the four new lead antitumor TT bisqui-
nones all drastically inhibit nucleoside transport and
DNA synthesis (Figure 4) in relation with their
excellent cytotoxicities (Figure 2). For instance,
TT21 decreases nucleoside transport and DNA
synthesis by 53-78%, whereas the new TT16 and
TT19 mimic the abilities of TT2 and TT13 to inhibit
nucleoside transport and DNA synthesis by 62-90%

Effects of lead antitumor triptycene bisquinones

(Figure 4). Interestingly, the most cytotoxic TT
bisquinone, TT24 (Figure 2), matches the 97-98%
inhibition of DNA synthesis caused by DAU but has
the additional advantage of also blocking the cellular
transports of purine and pyrimidine nucleosides by
77-83% (Figure 4).

Inductions of DNA cleavage and apoptosis

L1210 cells containing [*H]thymidine-prelabeled
DNA were used to quantitatively determine by intact
chromatin precipitation whether our lead antitumor
TT analogs would induce DNA fragmentation over a
24-h period én vitro (Figures 5 and 6) and the results
were confirmed by agarose gel analysis (Figure 7).
DAU, the quinone antitumor drug known to induce
DNA-strand breaks by inhibiting Topo II activity, is
used as a positive control in these DNA fragmenta-
tion assays and, at 1.6 uM, produces a 17.7-fold
increase in the percent of DNA cleavage over control
(Figure 5). Our best lead antitumor compound,
TT24, which is nearly as cytotoxic as DAU (Figures
2 and 3), also produces a 14.7-fold increase in the
level of DNA cleavage when tested at the same
concentration of 1.6 uM as DAU (Figure 5). However,
all other TT analogs must be compared at 4 uM in
order to demonstrate that the various levels of DNA
cleavage that they induce at 24h (Figure 5) are
related to their respective cytotoxic activities when
tested at 256 nM for 4 days (Figure 2). Indeed, the
parent TTO and its analog TT20, the only two
compounds devoid of cytotoxicity (Figure 2), do
not damage DNA (Figure 5), whereas the marginally
cytotoxic TT22 and TT23 (Figure 2) produce only
minimal 1.8- to 2.6-fold increases in the percent of
DNA cleavage (Figure 5). However, the levels of DNA
cleavage are increased 4.6- to 5.6-fold by the
moderately cytotoxic TT17 and TT18, and 9.0- to
10.6-fold by TT14 and TT15, which have good
cytotoxicity (Figures 2 and 5). Finally, among the
lead antitumor TT bisquinones, the new compounds
TT16 and TT19 match the 15.2- to 16.8-fold increases
in the percent of DNA cleavage caused by the
previous compounds TT2 and TT13, whereas the
slightly less cytotoxic TT21 produces a smaller 13.0-
fold increase in the percent of DNA cleavage (Figures
2 and 5).

As reported before, the concentration-dependent
induction of DNA cleavage caused by DAU is
biphasic,'>?”%° starting at 102.4nM, peaking 32—
39% above control level (2.5% DNA fragmentation) in
L1210 cells treated for 24 h with 0.64-1.6 uM DAU,
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Figure 4. Comparison of the abilities of 7 uM concentrations of TT analogs to inhibit DNA synthesis (open) and the
cellular transports of purine (striped) and pyrimidine (closed) nucleosides in L1210 cells in vitro. The effects of 7 uM
DAU on DNA synthesis and nucle03|de transport are demonstrated in the same experiments. DNA synthesis results
are expressed as percent of [ H]thymidine incorporation into DNA of vehicle-treated control tumor cells over 30 min
(19914 +£1553 c.p. m ,100 + 8%, open control). The blank value (680 + 87 c.p.m.) for cells incubated and pulse-labeled
at2°Cwith1 ,uCl of [® H]thymldlne has been subtracted fromthe results. Nucle03|detransport results are expressed as
percent of [ H]adenosine (17 711 +1009 c.p.m., 100+ 6%, striped control) or [ H]thymidine (7589 +653 c.p.m.,
100 + 9%, closed control) transported into vehlcle treated control tumor cells over 30 s. Bars means + 8D (n= 3)
@Not different from respective controls; ®not different from the respectlve effects of TT2; °p <0.05, greater than the
respective effects of TT21, but not different from those of TT15; p < 0.05, greater than the respective effects of TT15,
but not different from those of TT18; ®p <0.05, greater than the effect of TT15, but not different from that of TT17;
p<005 greater than the effects of TT2 and TT16; °p < 0.05, greater than the respective effects of TT2 and TT19;
p <0. 025 greater than TT18 but p < 0.05, smaller thanTT22; 'p <0. 05 greater thanTT17 but p <0.025, smaller than
TT22; 'p<0.05, greater than TT18 but p < 0.05, smaller than control; “p < 0.005, smaller thanTT2 and TT19, but not
dlfferent from DAU; p <0.01and p <0.05, smaller thanTT2 and TT13, respectively; ™p <0.025 and p < 0.05, smaller
thanTT2 and TT13, respectively.

but declining back to (7% above control at 4 uM), or
even below (1.9 and 2.4% below control at 10 and
25 uM, respectively), control level at higher concen-
trations of DAU (Figure 6). Although our best lead
antitumor compound TT24 is slightly less potent and
does not fully match the magnitude of DNA cleavage
produced by DAU, the shape of the concentration-
dependent induction of DNA cleavage caused by this
substituted TT bisquinone in L1210 cells is similarly
biphasic and resembles that of DAU, with a peak at
1.6 uM and higher concentrations increasingly losing
their ability to induce DNA fragmentation, suggesting
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that the mechanisms by which TT analogs and DAU
induce DNA damage might share some similarity
(Figure 6). For instance, DNA breakage is initiated at
256 nM TT24, peaks 30% above the control percent
of DNA fragmentation at 1.6 uM, but rapidly declines
toward or even below (1.5 and 2.3% below control at
4 and 10 uM, respectively) the control percent of
DNA fragmentation at higher concentrations of TT24
(Figure 06).

Time- and concentration-dependent analyses of
drug-induced internucleosomal DNA cleavage by
agarose gel electrophoresis further demonstrate that
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Figure 5. Comparison of the abilities of 4 uM concentrations of TTanalogs to induce DNA cleavage at 24 h in L1210
cells containing 3H-prelabeled DNA in vitro.The DNA-damaging effects of TT24 and DAU are compared at1.6 uMin
the same experiments. Results are expressed as [c.p.m. in supernatant/c.p.m. in supernatant+pellet] x 100 at 24 h.
For untreated control tumor cells (25+0.2% DNA fragmentation), the supernatant (DNA fragments) is
19924167 c.p.m. and the pellet (intact DNA) is 78 236 46884 c.p.m. Bars: means + SD (n=3). ®Not different from
control; bp<0.025, greater than control, but not different fromTT23; °p < 0.005, greater than TT23, but not different
fromTT17; dp <0.01, greater thanTT17, but not different fromTT15; ®p < 0.025, greater thanTT15 but p < 0.05, smaller
thanTT16; fnot different fromTT16; °p < 0.05, smaller than DAU.
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Figure 6. Comparison of the concentration-dependent
inductions of DNA cleavage by TT24 (circles) and DAU
(squares) at 24 hin L1210 cells containing 3H—prelabeled
DNA in vitro. Results are expressed as [c.p.m. in super-
natant/c.p.m. in supernatant+pellet] x 100 at 24 h. For
untreated control tumor cells (2.5 +0.3% DNA fragmen-
tation, striped area), the supernatant (DNA fragments) is
2235+232c.p.m. and the pellet (intact DNA) is
85900+ 9277 c.p.m. Bars: means + SD (n=3). Not dif-
ferent from control; bp<0.005 and p<0.0005, greater
thanTT24 and control, respectively; °p <0.005, greater
than control but smaller than DAU; dp<0.005 and
®p<0.05, greater than respective concentrations of
TT24;'p <0.005, smaller than control.

our lead TT bisquinones are truly DNA-damaging
anticancer agents which, although they are some-
what less potent than DAU, can similarly induce a
biphasic increase and decrease of DNA fragmentation
characterized by a peak that shifts toward lower
concentrations with increasing times of drug expo-
sure (Figure 7). Indeed, no or very little DNA
cleavage is visualized in controls, whereas DNA
cleavage bands with a characteristic pattern of
internucleosomal ladder suggestive of apoptosis
become increasingly apparent over a 3-day period
in L1210 cells treated with 0.64 and 1.6 uM DAU or 4
and 10 uM TT2 (Figure 7A). For instance, the faint
bands of low molecular weight DNA fragments
observed at 24 h in response to both drugs become
clearly more pronounced at 48 h and their intensities
plateau afterward (Figure 7A). Interestingly, 1.6 uM
DAU and 10 uM TT2, respectively, induce more DNA
fragmentation than 0.64 uM DAU and 4 uM TT2 at
24 h, but the opposite is true at 72h when 0.64 uM
DAU and 4uM TT2 become, respectively, more
effective than 1.6uM DAU and 10uM TT2, an
observation suggesting that the molecular events
triggered by lower concentrations of quinone anti-
tumor drugs require substantially longer periods of
time to fully induce DNA fragmentation (Figure 7A).
When the full concentration-dependent inductions
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Figure 7. Agarose gel analysis of drug-induced internucleosomal DNA cleavage in L1210 cells in vitro. (A) Time
courses of DNA fragmentation in cells incubated at 37°C for 1,2 and 3 days in the presence or absence (control: lanes
C) of 0.64 (lanes D5) and 1.6 uM (lanes D6) concentrations of DAU or 4 (lanesT7) and 10 uM (lanesT8) concentrations
of TT2. (B) Concentration-dependent levels of DNA fragmentationin cells incubated at 37°C for 2 daysinthe presence
orabsence (control: lanes C) of 0.016,0.041,0.102,0.256,0.64,1.6,4 and 10 uM DAU (lanes DAU1-8) or 0.041,0.102,0.256,
0.64,1.6,4,10 and 25 uM TT2 (lanesTT2 2-9). Cellular DNA extracts (6 ug/well) were loaded onto a 1.5% agarose gel
containing ethidium bromide (1 ug/ml), separated by electrophoresis for 3.7 h at 60 V and photographed under UV
light. A typical ladder pattern indicating the presence of DNA equivalent to the size of single and oligonucleosomes
is characteristic of apoptosis. Size markers are shown in lanes M (0.5 ug of 100-bp standard DNA ladder) and A

(0.75 ug of L DNA/EcoRI+Hindlll markers).

of DNA fragmentation by 16 nM to 10 uM DAU and
41 nM to 25 uM TT2 are compared at 48 h, character-
istic ladders of DNA fragments indicative of apoptosis
become increasingly visible in response to increasing
concentrations of these drugs up to their peaks at
0.64-1.6 uM DAU and 4-10 uM TT2, after which such
typical pattern of DNA laddering disappears in
response to 10 uM DAU and 25 uM TT2, presumably
because the higher concentrations of these cytotoxic
drugs block the molecular events required to sustain
the active process of apoptotic DNA fragmentation
(Figure 7B).

To substantiate this hypothesis, non-toxic concen-
trations of Act-D, CHX, z-VAD-fmk, z-IETD-fmk, TPCK
and ZnSOy, which by themselves do not alter the
basal level of DNA cleavage in L1210 cells after a 1-h
preincubation period followed by 24h of treat-
29731 were tested for their ability to affect the
molecular mechanism by which DAU and TT24
induce DNA fragmentation and apoptosis (Figure
8). Such treatments with Act-D, CHX, z-VAD-fmk, z-
IETD-fmk, TPCK and ZnSO4, which are known to,
respectively, inhibit RNA and protein syntheses and
caspase and endonuclease activities, all reduced
more or less the abilities of 1.6 uM concentrations
of DAU and TT24 to maximally induce DNA cleavage
at 24 h (Figure 8). For instance, considering that the
background of DNA cleavage is 2.6% in control
tumor cells, the levels of DNA fragmentation induced
by DAU (43%) and TT24 (35%) at 24h are both
inhibited by 74-75, 64-65, 56-57, 43, 88-90 and 61%
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in the presence of Act-D, CHX, z-VAD-fmk, z-IETD-
fmk, TPCK and ZnSOy, respectively (Figure 8). These
preliminary data suggest that, like DAU, TT24 may
use, at least partially, an active process of apoptosis
that requires gene expression, new RNA and protein
syntheses, and caspase and endonuclease activations
in order to trigger DNA fragmentation.

Discussion

Among 24 analogs of TTO synthesized so far, six
excellent lead antitumor compounds have been
discovered (Figure 2), all of them substituted 9,10-
dihydro-9,10-[1,2]benzenoanthracene-1,4,5,8-tetra-

ones. TT2 (ICso: 125 nM), TT13 (ICso: 135 nM), TT16
(ICsp: 116nM) and TT19 (ICsp: 110nM) similarly
inhibit L1210 tumor cell viability in vitro,”® whereas
TT21 (ICsy: 176nM) is slightly less effective®® and
TT24 is clearly the most cytotoxic with an ICsq value
(48nM) nearly equipotent to that of DAU (ICsq:
25nM) (Figure 3). The bisquinone TT2 has a
methoxy substitution, TT13 is the brominated analog
of TT2, TT16 is the dimethylamino derivative of
TT13, TT24 is like TT16 but has a methylamino
instead of a dimethylamino substitution, and TT19
and TT21 are brominated TT bisquinones with
various alkyl chains on their amino function (Figure
1). Our preliminary L1210" and HL-60 studies®’
have been focused on TT2, but other substituted TT
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Figure 8. Inhibition of DAU- and TT24-induced DNA
cleavage by inhibitors of RNA and protein syntheses,
and caspase, non-caspase protease and endonuclease
activitiesin L1210 cells in vitro. Tumor cells containing ®H-
prelabeled DNA were preincubated at 37°C for 1h in the
presence of vehicle, Act-D (1 ug/ml), CHX (25 pug/ml),
100 uM z-VAD-fmk, 100 uM z-IETD-fmk, 50 uM TPCK or
100 uM ZnSO, and, after supplementing their culture
medium with either vehicle (control), 1.6 uM DAU (open)
or 1.6 uM TT24 (striped), these incubations were contin-
ued for an additional 24 h to determine the level of DNA
cleavage as indicated in Figures 5 and 6. For drug-un-
treated control tumor cells preincubated and incubated
in the presence of vehicle only (2.6 +0.2% DNA frag-
mentation), the supernatant is 2037 +177 c.p.m. and
the pellet is 76932 +7154 c.p.m. Bars: means+SD
(n=3). p<0.05, smaller than DAU; °p < 0.005, smaller
than DAU orTT24 alone, respectively; °o <0.05, smaller
than DAU-+z-IETD-fmk or TT244-z-IETD-fmk, respec-
tively; dp < 0.005, greater than control.

bisquinones share similar bioactivities in the present
study (Figures 2, 4 and 5) and their exact molecular
mechanism of action would have to be elucidated in
order to assess SARs among various TT analogs. Since
the parent TTO framework is inactive, it is reasonable
to assume that the bisquinone function and/or
bromo, methoxy, methylamino and dimethylamino
substitutions of our lead compounds may be
responsible for their potent antitumor activities.
However, other monoquinone and hydroquinone
TT analogs with or without such bromo, methoxy,
methylamino and dimethylamino functions also have
interesting antitumor activities.'> For example, TT1
with two quinones is not better than its analog TT7
with only one quinone,'” and, in the present study,

Effects of lead antitumor triptycene bisquinones

the bisquinone TT14 is equipotent to its monoqui-
none equivalent TT15 in the cell viability, DNA
synthesis, nucleoside transport and DNA cleavage
assays. Moreover, the dihydroquinone TT3, which
lacks quinone functionality, is as good or even better
than its monoquinone equivalent TT5."> Hence, it is
rather premature to speculate on the antitumor
potential of various substitutions and quinone or
hydroquinone functionalities of the TT skeleton
when the abilities of various TT analogs to bind to
nucleoside transporters, interact covalently with
DNA, inhibit Topo activities, block cell cycle progres-
sion and affect the production of FRs are still
unknown. However, it would be of interest to
determine whether antitumor TT analogs lacking
quinone functionality are less cardiotoxic than DAU
or their monoquinone and bisquinone equivalents.

In general, the electrophilic nature of the bisqui-
none functionalities along with the triptych structure
might explain the potent anticancer activities of our
lead TT bisquinones (Figure 1). The quinone moiety
could undergo addition reactions with amine and
thiol nucleophiles, and the triptych structure could
intercalate into single- or double-stranded nucleic
acid molecules. The rigid a-methoxyketo function-
ality of compounds TT2 and TT13 could serve as an
acceptor of hydrogen bonds. The C2-bromine (elec-
tronegative atom) of TT13 might enhance the
electrophilicity or reactivity of the adjacent quinone.
The monoquinone TT15, which is the dihydro-
derivative of TT14, might be oxidized under the
conditions of our bioassays to provide the bisqui-
none TT14 and elicit its antitumor activity. In
addition to their disubstituted bromo- and methoxy-
quinone, TT16 and TT24, respectively, possess o-
dimethylaminoquinone or o-methylaminoquinone
functions, which could enhance their antitumor
activity. Particularly, the o-methylaminoquinone of
our best lead antitumor compound, TT24, might
provide hydrogen donor—-acceptor arrangements that
maximize hydrogen bonding. TT19 and TT21 are
analogs of TT14 with longer alkyl chains on the C2-
amino function, which could increase their hydro-
phobicity, membrane permeability and cytotoxicity.
Increasing the hydrophilicity of TT20, TT22 and
TT23 by installing water-solubilized functionalities,
such as a carboxylic acid or amino acid or sodium salt
derivatives of a carboxylic acid might, in fact,
decrease the ability of these compounds to cross cell
membranes and explain their poor antitumor activ-
ities. Apparently, the extra six-membered ring
attached to the A-rings of TT17 and TT18 does not
seem to improve the bioactivity of these TT mono-
quinones (Figure 1).
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All TT analogs tested inhibit DNA synthesis and
nucleoside transport and induce DNA cleavage in
relation with their ability to decrease tumor cell
viability (Figures 2, 4 and 5), suggesting that such
molecular targets play an important role in the
antitumor effects of our lead TT bisquinones, which
share the same bifunctional mechanism of action, i.e.
blocking nucleoside transport and damaging DNA.
Our original lead compound, TT2, inhibits the
proliferation and viability of murine L1210 and
human wild-type HL-60 leukemic cells in the
nanomolar range in wvitro,">?’ and its cytostatic,
cytotoxic'®> and DNA-damaging effects (Figure 7)
increase with the number of days in culture,
suggesting that TT bisquinones may be cytostatic
and cytotoxic in various tumor cell systems and that
their effectiveness as anticancer drugs is a combina-
tion of concentration and duration of action.
Decreased tumor cell viability after TT24 treatment
in vitro may be a reliable predictor of anticancer
activity in vivo,>” especially since this lead TT
bisquinone is almost equipotent to DAU (Figures 3
and 6), a quinone antitumor drug already used
clinically. Combining drugs, which target different
molecules and achieve complementary or synergistic
antitumor effects, is an important strategy in cancer
chemotherapy. Although slightly less potent, our
antitumor TT bisquinones mimic the ability of DAU
to inhibit nucleic acid and protein syntheses, induce
DNA fragmentation, and prevent cell cycle progres-
sion to M phase.'>?” However, the critical advantage
of TT2, TT13, TT16, TT19, TT21 and TT24 lies with
the fact that, in contrast to DAU, they can also block
the cellular transports of both purine and pyrimidine
nucleosides (Figure 5), suggesting that these bifunc-
tional antitumor TT bisquinones might have a more
versatile mechanism of action and disrupt a wider
spectrum of molecular targets in populations of
unsynchronized tumor cells than DAU. Another
attractive feature of TT2 is that it retains its
effectiveness in two MDR HL-60-RV and HL-60-R8
sublines that have developed different mechanisms
of resistance to DAU, suggesting that antitumor TT
bisquinones might not be initially recognized and
targeted for ATP-dependent extrusion by tumor cells
overexpressing P-glycoprotein and/or multidrug re-
sistance-associated protein and displaying cross-
resistance to a number of other cytotoxic agents.?’
Indeed, TT2 inhibits tumor cell growth, viability and
DNA synthesis as effectively in the MDR HL-60-RV and
HL-60-R8 cell lines as in the wild-type HL-60 cells and
the resistance factors (RFs) are negligible (0.9-1.5),
whereas DAU becomes dramatically less effective
against DNA synthesis (RF: 8.1-11.9), cell prolifera-
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tion (RF: 22.9-35.7) and cell viability (RF: 23.8-31.3)
in these MDR HL-60 sublines than in their parental
wild-type counterparts.”” Moreover, TT2, which, in
contrast to DAU, has the unique ability to rapidly
block the cellular transports of purine and pyrimi-
dine nucleosides in L1210 and wild-type HL-60 cells,
retains such additional advantage in the MDR HL-60
sublines.?” These findings substantiate the hypoth-
esis that, because of their unusual bifunctional
mechanism of action, our lead antitumor TT bisqui-
nones might be more versatile than DAU and able to
circumvent MDR.

In addition to synthetic anthracycline antibiotics
and a few natural anthracyclinones, a limited number
of quinoid structures with one (benzoquinone), two
(naphthoquinone, NQ) or three rings (anthraqui-
none, AQ) and various substitutions have cytotoxic
ztctivities;1’13’27’29’?’0’?’8’39 however, with some rare
exceptions, none of them are as potent as our lead
antitumor TT bisquinones in wild-type and MDR cell
lines. At 1uM, 2-methyl-1,4-NQ (vitamin K3) is
marginally cytotoxic, whereas the NQ isomers of
the WS-5995 antibiotics (ICso: 0.65-3.5 uM) and the
pyrano-NQ derivatives of lapachol (ICsy: 6-80 uM)
are several-fold less cytotoxic than TT2.27304041 The
potent antitumor activity of 1,4-AQ (ICsy: 25 and
100 nM in L1210 and wild-type HL-60 cells, respec-
tively) we discovered recently®*? is all the more
remarkable that the number of bioactive 1,2-, 1,4-
and 9,10-AQs appears quite limited and almost all of
those with antitumor activity én vitro and in vivo are
9,10-AQs."*#3° Based on ICs, values reported pre-
viously, oncocalyxones A and B, two 1,4-AQs from
Auxemma oncocalyx, appear to be cytotoxic agents
10-529 times less potent than TT2.'>?743%% Among
synthetic aminoalkylamino AQs, mitoxantrone is the
only 9,10-AQ equipotent to DOX and DAU.>**
Mitoxantrone, a DNA-damaging agent which inhibits
tumor cell growth and viability in vitro and in vivo, is
somewhat effective in MDR sublines, synergistic with
MTX and 5-FU, and less cardiotoxic than DOX
(reviewed in Perchellet et al.>°). However, the higher
ICs values reported for the cytotoxic effects of aloe-
emodin (1-100 uM) and the barleriaquinones (8-
10 uM) in various tumor cell lines*®47 suggest that
these natural 9,10-AQ analogs extracted from Aloe
vera leaves and Barleria buxifolia roots have much
weaker antitumor potential than our synthetic TT
bisquinones.

The apparent discrepancies between the nM
concentrations of TT24 sufficient to inhibit tumor
cell viability (Figure 3) and the higher micromolar
concentrations of TT24 required to block nucleoside
transport and DNA synthesis (Figure 4), and maxi-



mally induce DNA cleavage (Figure 6), may be due to
the fact that the rates of nucleoside transport over
30s and DNA synthesis over 30 min are inhibited in
L1210 cells treated for only 15-90 min with TT24,
and the peak of DNA cleavage occurs 24 h after TT24
treatment, whereas the more spectacular reduction
of L1210 cell viability is the result of a 4-day long
TT24 treatment. Although the cellular uptake, reten-
tion, metabolism and half-life of radiolabeled TT
bisquinones remain to be determined, TT2 rapidly
triggers long-lasting inhibitory and damaging events
that persist upon drug removal.'> Hence, the
irreversibility of the inhibitions of nucleoside trans-
port and DNA synthesis caused by TT2 suggests that
this drug is no longer required in the medium after
15-90 min, presumably because it has already bound
to membrane nucleoside transporters and, perhaps,
also been internalized to interact with nuclear
enzymes involved in DNA metabolism."? Since both
responses are irreversible and share similar ICsg
values,'>?” the rapid inhibition of [*H]thymidine
incorporation into DNA caused by TT analogs is most
likely due to their ability to immediately block the
cellular transport of nucleosides (Figure 4). In
contrast, DAU blocks the incorporation of precursors
into DNA during replication without interfering with
the cellular uptake of these DNA precursors (Figure
4). In L1210 cells, it takes 24h to fully reveal the
extent of DNA cleavage induced by 3-h pretreatments
with TT2 or DAU.'> The irreversibility of this
response suggests that the DNA-damaging events
triggered by TT2 and DAU within the first 3h can
proceed uninterrupted for the next 21h in the
absence of these drugs in the extracellular medium
and are sufficient to induce the same maximal levels
of DNA fragmentation as when the cells are incu-
bated for the entire 24-h period with the drugs."®
Since, within 24 h, the magnitudes and shapes of
the concentration-response curves for the abilities of
TT2'»% and TT24 (Figure 6) to induce DNA
fragmentation resemble the biphasic response to
the known Topo II inhibitor DAU, which has already
been reported and discussed before, 13272242 gur
lead TT bisquinones might induce DNA-strand breaks
by a mechanism which is similar to that of DAU and
plays a major role in their antitumor activity. The
Topo II-associated lesions occurring in drug-treated
tumor cells may facilitate subsequent internucleoso-
mal DNA fragmentation by endogenous nucleases
and trigger apoptosis.11 Since apoptosis is an active
and cell cycle phase-specific process, which requires
the expression of specific genes, the synthesis of new
mRNA and proteins and the activation of caspase and
endonuclease enzymes, inhibitors of such mechan-
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ism can prevent DNA fragmentation in anthracycline-
treated cells (reviewed in Ling et al.''). Hence, the
abilities of the inhibitors of RNA (Act-D) and protein
(CHX) syntheses, and caspase (z-VAD-fmk and z-
IETD-fmk), non-caspase protease (TPCK) and endo-
nuclease (ZnSOy) activities to similarly reduce the
mechanisms of DNA fragmentation by DAU and TT24
(Figure 8) suggest that, just like other clinical and
experimental quinone antitumor drugs previously
tested,”>! our lead TT bisquinones might also
activate various sequences of caspases, non-caspase
proteases and nucleases in order to trigger apopto-
sis, break DNA and induce tumor cell Kkilling.
Whether death receptor-dependent or -independent,
different chemotherapeutic drug-induced apoptotic
pathways may converge on the activation of a caspase
proteolytic cascade that is amplified by a positive
feedback loop involving the release of cytochrome ¢
from mitochondria.*®*° Since TT24-induced DNA
cleavage is inhibited by the general caspase inhibitor
z-VAD-fmk, which prevents the processing of effector
caspase-3 to its active form, and the inhibitor of
initiator caspase-8 z-IETD-fmk (Figure 8), both
mitochondrial cytochrome c¢ release and caspase
activation are likely to be involved in the apoptotic
pathways by which antitumor TT bisquinones trigger
DNA fragmentation in L1210 cells.

In spite of their increasing cytotoxicity, micromolar
concentrations of DAU, TT2 and TT24 higher than
those inducing the peaks of DNA fragmentation at
24-48h (Figures 6 and 7) might inhibit RNA and
protein syntheses,'” reduce the level of Topo targets,
inactivate caspases and endonucleases, and/or arrest
cell cycle traverse to such excessive degrees that they
might actually block their own ability to sustain the
active molecular mechanisms required for internu-
cleosomal DNA fragmentation and apoptosis, and
produce the paradoxical biphasic curves of DNA
cleavage shown and discussed before in our L1210
and HL-60 studies.'>27?>*? Interestingly, the ability
of DAU to both stimulate the active process of
apoptotic DNA fragmentation at low concentrations
and block the same process at higher concentrations
is severely impaired in MDR HL-60 cells, whereas that
of TT2 is not.?”*? Taken together, the facts that the
inhibition of nucleoside transport/DNA synthesis and
the biphasic elevation and decline of DNA cleavage
caused by TT2 are irreversible in L1210 cells'® and
remain unaltered in MDR HL-60 cells®” suggest that
substituted TT bisquinones may rapidly and tightly
interact with various membrane and intracellular
targets to disrupt the structures/functions of nucleo-
side transporters, nucleic acids and proteins, and to
trigger long-lasting antitumor events, which persist
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after cessation of drug treatment and in DAU-
resistant tumor cells. Further studies are warranted
to determine which of the mechanisms of MDR TT24
can overcome and whether this new quinone
antitumor drug can potentiate the action of anti-
metabolites.

Conclusion

TT24 may be a novel and potent bifunctional
anticancer drug, which blocks nucleoside transport
and induces apoptotic DNA fragmentation in order
to decrease the viability of leukemic cells in the same
nanomolar range as DAU én vitro. The molecular
mechanism of action and anticancer potential of
TT24 must be characterized in vitro and in vivo in
order to determine whether this new synthetic class
of antitumor TT bisquinones might be valuable to
develop improved means of polychemotherapy.
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