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Antitumor triptycene bisquinones induce a caspase-
independent release of mitochondrial cytochrome ¢ and a
caspase-2-mediated activation of initiator caspase-8 and -9
in HL-60 cells by a mechanism which does not involve Fas

signaling

Elisabeth M. Perchellet?, Yang Wang?, Rebeka L. Weber?, Kaiyan Lou®,
Duy H. Hua® and Jean-Pierre H. Perchellet®

Synthetic triptycene analogs (TT code number) mimic

the antitumor effects of daunorubicin (DAU) in vitro, but
have the advantage of blocking nucleoside transport,
inhibiting both DNA topoisomerase | and Il activities, and
retaining their efficacy in multidrug-resistant (MDR) tumor
cells. Since TT bisquinones induce poly(ADP-ribose)
polymerase-1 (PARP-1) cleavage at 6 h and
internucleosomal DNA fragmentation at 24 h, which are,
respectively, early and late markers of apoptosis, these
antitumor drugs were tested for their ability to trigger the
release of mitochondrial cytochrome ¢ (Cyt ¢) and the
caspase activation cascade in the HL-60 cell system.
Based on their ability to reduce the viability of wild-type,
drug-sensitive HL-60-S cells in the nanomolar range, six
lead antitumor TT bisquinones have been identified so far:
TT2,TT13,TT16,TT19, TT24 and TT26. In accord with the
fact that effector caspase-3 is responsible for PARP-1
cleavage, 4 pM concentrations of DAU and these TT
bisquinones all maximally induce caspase-3 activity at 6 h
in HL-60-S cells, an effect which persists when the drugs
are removed after a 1-h pulse treatment. Since caspase-3
may be activated by initiator caspase-9 and -8, it is
significant to show that such caspase activation cascade is
induced by 4 uM DAU and TT bisquinones at 6 h in
HL-60-S cells. Although the relationship is not perfect, the
ability of TT analogs to induce caspase-3, -8 and -9
activities may be linked to their quinone functionality and
cytotoxicity. Interestingly, 4 pnM concentrations of TT
bisquinones retain their ability to induce caspase-3, -8
and -9 activities at 6 h in the MDR HL-60-RV cell line where
4 uM DAU becomes totally ineffective. The release of
mitochondrial Cyt c is also detected within 6 h in HL-60-S
cells treated with 4 uM DAU or TT bisquinones, a finding
consistent with the fact that Cyt c is the apoptotic trigger
that activates caspase-9. Caspase-2 and -8 may both act
upstream of mitochondria to promote Cyt c release, but
caspase-2 is already maximally activated 6 h after 4 uM
DAU or TT13 treatments, whereas DAU- or TT-induced
caspase-8 and -9 activities peak at 9 h. Pre-treatments
with 15 uM of the caspase-2 inhibitor benzyloxycarbonyl
(2)-Val-Asp-Val-Ala-Asp (VDVAD)-fluoromethyl

ketone (fmk) totally block DAU- and TT13-induced
caspase-2, -8 and -9 activities, whereas pre-treatments
with 15 uM of the caspase-8 inhibitor z-lle-Glu-Thr-Asp
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(IETD)-fmk prevent DAU and TT13 from inducing
caspase-8 activities without affecting their caspase-2- and
-9-inducing activities, suggesting that the induction of
apical caspase-2 activity by these drugs may be a critical
upstream event required for the activation of other
downstream caspases, including caspase-9 and

the mitochondrial amplification loop through caspase-8.
However, the mechanisms by which DAU and TT13
induce the release of mitochondrial Cyt ¢ appear to be
caspase-independent since they are both insensitive to
similar pre-treatments with 100 pM of these specific
caspase-2 and -8 inhibitors. Moreover, pre-treatments
with 10 ng/ml of the antagonistic anti-Fas DX2 and ZB4
monoclonal antibodies (mAbs), and the neutralizing
anti-Fas ligand (FasL) NOK-1 mAb are all unable

to prevent DAU and TT13 from inducing Cyt c release
and caspase-2, -8 and -9 activities, suggesting

that the Fas-FasL signaling pathway is not

involved in the mechanism by which these

quinone antitumor drugs trigger apoptosis in HL-60
cells. Anti-Cancer Drugs 15:929-946 © 2004 Lippincott
Williams & Wilkins.
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Introduction

The anthracycline quinone antibiotics doxorubicin
(DOX, adriamycin) and daunorubicin (DAU, daunomy-
cin) covalently bind to and intercalate into DNA, inhibit
DNA replication and RNA transcription, are DNA
topoisomerase (Topo) II poisons, produce reactive O,
species (ROS) and damage biomembranes, induce DNA
breakage and chromosomal aberrations, and have a wide
spectrum of anticancer activity [1-8]. Many anticancer
drugs, such as DOX and DAU, may activate apoptosis at
low concentrations to kill susceptible tumor cells while
defective apoptotic signaling pathways may contribute
to the development of multidrug resistance (MDR)
[3,7-16]. Since the clinical effectiveness of DOX and
DAU is severely limited by their cumulative cardiotoxicity
and ability to induce MDR, it is important to develop
new quinone antitumor drugs with improved bioactivity
[1] and determine whether apoptosis plays a decisive role
in their molecular mechanism of action.

In contrast to their inactive parent compound triptycene
(code name TTO0), several synthetic analogs (TT code
number) with or without quinone functionality may
represent a novel class of bifunctional antitumor drugs,
which inhibit DNA, RNA and protein syntheses within
2-3h, decrease the mitotic index and induce DNA
fragmentation within 24 h, and reduce the proliferation
and viability of murine 1.1210 lymphocytic and wild-type
(WT), drug-sensitive, human HL-60-S promyelocytic
leukemia cells within 2-4 days like DAU [17-20].
Interestingly, the lead antitumor compounds identified
so far are all T'T bisquinones and, based on their ability to
inhibit L1210 leukemic cell growth and mitochondrial
metabolism, are cytostatic and cytotoxic in a nanomolar
range close to that of DAU i vitro [17,19-21]. A critical
finding is that TT bisquinones have the additional
advantage of blocking the cellular transport of purine
and pyrimidine nucleosides within 15min, an effect
which DAU cannot do [17,18,20]. In addition to their
potency and unusual mechanism of action, TT bisqui-
nones retain their efficacy in two MDR HL-60-RV and
HL-60-R8 sublines that have already developed different
P-glycoprotein  (P-gp)- and MDR-associated protein-
mediated mechanisms of resistance to DAU, suggesting
that these new quinone antitumor drugs might have other
molecular targets than those of DAU and might be
valuable in polychemotherapy to potentiate the action of
antimetabolites and circumvent MDR [18].

Some anticancer drugs may cause DNA single-strand
breaks (SSBs), double-strand breaks (DSBs) and DNA-
protein cross-links (DPCs) either directly by interacting
with DNA or indirectly by targeting Topo I and II
activities [1,4,22-24]. Such DNA-damaging events are
then likely to induce apoptosis in tumor cells by
triggering nuclear signals upstream of mitochondria
[3,7,8,25]. Intercalation models have been postulated

for the actions of 20(S)-camptothecin (CPT) and DAU,
which, respectively, inhibit Topo I and II activities by
stabilizing the normally transient and reversible DNA-
Topo I or II cleavable complexes [4,22-25]. Such
stabilized ternary complexes of DNA-drug—Topo I or 11
may subsequently need to collide or interact with DNA
replication forks or several other enzyme complexes that
track along DNA in order to be converted to long-lived
and highly cytotoxic DNA DSBs, induce apoptosis and
exert their lethality [4,22-25]. Our recent study demon-
strates that antitumor T'T bisquinones have the unusual
ability to inhibit, in a concentration-dependent manner,
the relaxation of supercoiled plasmid DNA catalyzed by
both purified human Topo I and II enzymes [21]. T'T24,
one of the most cytotoxic of these compounds, may be a
novel dual inhibitor of Topo I and II activities, which
matches the Topo I inhibitory effect of CPT and
surpasses the Topo II inhibitory effect of m-amsacrine
under conditions where CPT is ineffective in the Topo 11
assay and etoposide (VP-16, 4'-demethylepipodophyllo-
toxin-9-[4,6-0-cthylidene-B-p-glucopyranoside]) is ineffec-
tive in the Topo I assay [21]. Since the initial, massive and
irreversible high-molecular-weight (MW) cleavage of
DNA subsequent to dual Topo I and II inhibition might
induce tumor cells to commit to an apoptotic decision,
apoptosis might be an important mechanism of tumor cell
killing by T'T bisquinones that can target both of these
nuclear enzymes [4,7,8,21-29].

In contrast to the early cleavage of DNA into large 50- to
300-kbp fragments, an initial signaling event that may
induce tumor cells treated with relatively low concentra-
tions of DNA-damaging anticancer drugs to commit
apoptosis, the secondary endonucleolytic cleavage of
DNA at internucleosomal linker sites to produce small
180- to 200-bp mono- and oligonucleosomal fragments at
24 h is a late molecular marker concurrent with morpho-
logical evidence of apoptosis [30,31]. The nuclear
poly(ADP-ribose) polymerase 1 (PARP-1) enzyme, which
recognizes and is activated by binding to DNA strand
breaks, may facilitate DNA repair by dissociating
poly(ADP-ribosyl)ated and negatively charged nuclear
proteins, principally itself, from nicked DNA, deconden-
sing the chromatin structure and permitting access of the
DNA repair machinery to the lesions [32,33]. Hence,
cleavage and inactivation of PARP-1 is an early event
required for cells committed to apoptosis because it
prevents the detection and repair of drug-induced DNA
damage, it blocks the depletion of NAD™ and ATP
causing necrotic cell death, and it enhances the activity of
Ca® ™" /Mg* " -dependent endonucleases [32-36]. Since
PARP-1 cleavage at 6h is one of the first detectable
protein-degradation events occurring after early high-MW
cleavage of chromatin DNA, but before the late and low-
MW internucleosomal fragmentation of DNA at 24h,
detection of the specific 85-kDa fragment of PARP-1
cleavage can serve as an early and sensitive marker of
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apoptosis in tumor cells treated with DNA-damaging
anticancer drugs [32-37]. In contrast to TT0, all lead
antitumor TT bisquinones share the ability to fully
induce PARP-1 cleavage in WT' HL-60-S cells [38].
Treatments with 1.6 uM concentrations of TT24 and
DAU similarly induce maximal PARP-1 cleavage at 6h in
WT HL-60-S cells. However, in MDR HL-60-RV cells,
PARP-1 cleavage is still induced by 4 uM T'T24, but not
by 4-10 uM DAU [38]. Since the abilities of T'T24 and
DAU to induce PARP-1 cleavage are inhibited by the
cysteine protease inhibitor benzyloxycarbonyl (z)-Val-Ala-
Asp (VAD)-fluoromethyl ketone (fmk), but not by the
serine protease inhibitor N-tosyl-L-phenylalanine chloro-
methyl ketone (TPCK), caspase activation is likely
responsible for PARP-1 cleavage after DAU and TT24
treatments [38].

The abilities of antitumor TT bisquinones to induce
internucleosomal DNA fragmentation at 24 h have been
demonstrated by two different techniques, using tumor
cells containing [*H]thymidine-prelabeled DNA to de-
tect low-MW DNA fragments after intact chromatin
precipitation or agarose gel electrophoresis to visualize
the typical pattern of DNA laddering indicative of
apoptosis [17,18,20]. Since apoptosis is an active ATP-
driven and cell cycle phase-specific process that requires
the expression of specific genes, the synthesis of new
RNA and proteins and the activation of caspases, non-
caspase proteases and nucleases, inhibitors of such
mechanisms can prevent DNA fragmentation in anthra-
cycline-treated cells [7]. Interestingly, the concentration-
dependent inductions of DNA cleavage caused by TT?2,
TT24 and DAU in L1210 and HL-60-S cells at 24h are
similarly biphasic, suggesting that, even though they are
increasingly cytotoxic, higher than optimal concentrations
of T'T" bisquinones and DAU might inhibit RNA and
protein syntheses, inactivate enzymes and/or arrest cell
cycle traverse to such excessive degrees that they actually
abolish their own ability to sustain the active process of
apoptotic DNA fragmentation induced by low concentra-
tions of these compounds [17,18,20]. Indeed, the optimal
concentrations of 1.6 uM T'T24 and DAU, which normally
induce peak levels of DNA fragmentation in 1.1210 cells
at 24 h, similarly lose their ability to do so in the presence
of actinomycin D, cycloheximide, z-VAD-fmk, z-Ile-Glu-
Thr-Asp (IETD)-fmk, TPCK and ZnSO,, suggesting that
new RNA and protein syntheses and cysteine and serine
protease and nuclease activities might be required for
these quinone drugs to trigger DNA fragmentation
through an active apoptotic pathway that involves the
activation of initiator and executioner caspases, endonu-
cleases and even other non-caspase proteases, which are
unable to target PARP-1 at 6h, but play a role in the
mechanism by which TT bisquinones and DAU induce
apoptotic DNA fragmentation at 24h [20,38]. Taken
together, the facts that the cleavage of PARP-1, the
inhibition of nucleoside transport/DNA synthesis and

the biphasic elevation and decline of DNA fragmentation
caused by TT2 and T'T'24 are irreversible in L1210 and
HL-60-S cells, and remain unaltered in MDR HL-60
sublines suggest that substituted TT bisquinones might
rapidly and tightly interact with various membrane and
intracellular targets to disrupt the structures/functions of
nucleoside transporters, nucleic acids and proteins, and to
trigger long-lasting apoptotic and antitumor events,
which persist upon drug removal and in DAU-resistant
tumor cells [17,18,20,38].

Because neoplastic cells undergoing apoptosis may be
phagocytosed without inflammation, lead antitumor TT
bisquinones that are the most effective compounds in the
series and can induce apoptosis might be valuable to
develop new means of chemotherapy. Drug-damaged
tumor cells irreversibly committed to the apoptotic
pathway exhibit characteristic biochemical and morpho-
logical alterations, including mitochondrial dysfunction,
cytoplasmic and nuclear condensation, plasma membrane
blebbing, DNA degradation into oligonucleosomal frag-
ments, and packaging of cellular components into
discrete membrane-bound apoptotic bodies that are
rapidly phagocytosed by surrounding cells and macro-
phages [39]. Whether death receptor (DR)-dependent or
-independent, the different apoptosis-signaling pathways
induced by various anticancer drugs with distinct primary
subcellular targets and mechanisms of action may
converge on mitochondria to cause permeability transi-
tion (MPT), release apoptogenic factors, and activate a
similar caspase proteolytic cascade that is amplified by a
positive feedback loop involving the release of cyto-
chrome ¢ (Cyt ¢) from mitochondria [16,30,40]. There-
fore, the present study was undertaken to further assess
and compare the pro-apoptotic effects of synthetic TT
analogs and DAU in WT and MDR HL-60 cells. Our
findings indicate that antitumor T'T bisquinones induce
Cyt ¢ release and caspase-9, -3 and -8 activities by a Fas-
independent signaling pathway which 1is partially
mediated by caspase-2 activation.

Materials and methods

Cell cultures and drug treatments

A new, short and easy method to synthesize the
structures of the 10 TT analogs (code names TT2,
TT3, TT5, TT7, TT8, TT9, TT13, TT16, TT19 and
T'T21) illustrated in Figure 1 has been developed [19].
The syntheses of T'T24-T'T'26 (Fig. 1) will be reported
elsewhere. All solutions of parent TT0 (Aldrich, Milwau-
kee, WI), synthetic TT analogs, z-Val-Asp-Val-Ala-Asp
(VDVAD)-fmk and z-IETD-fmk (both from Calbiochem,
La Jolla, CA) were dissolved and diluted in dimethylsulf-
oxide (DMSO), whereas DAU (Sigma, St Louis, MO)
solutions were prepared in 0.1 M potassium phosphate
buffer, pH 7.4, containing 0.9% NaCl [17,18,20,21,38,41].
Solutions of antagonistic anti-Fas DX2, anti-Fas ligand
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Fig. 1
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Chemical structures, code names and concentrations of synthetic TT analogs required to inhibit by 50% the metabolic activity of human HL-60-S
cells at day 4 in vitro. Cell viability results (means £ SD, n=3) were expressed as percentage of the net absorbance of MTS/formazan after
bioreduction by vehicle-treated control tumor cells (A490 nm=1.490£0.083, 100 £ 6%) after 4 days in culture. The blank value (A490 nm=0.368) for
cell-free culture medium supplemented at day 4 with MTS:PMS reagent was subtracted from the results. ICs, values were calculated from linear
regressmn of the slopes of the log-transformed concentratlon —survival curves. ®Not significantly different from control when tested up to 4 uM;

p<0 05, greater than TT7; °p<0.05, greater than TT21;
9<0.025 and p<0.05, respectlvely greater than TT2 and TT13, but not different from TT16.

“not different from TT2; ®p<0.05, greater than TT26, but not different from TT21;
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(FasLL) NOK-1 (both from BD PharMingen, San Diego,
CA) and anti-Fas ZB4 (Upstate Biotechnology, Lake
Placid, NY) monoclonal antibodies (mAbs) were formu-
lated in Ca’**/Mg® " -free Dulbecco’s phosphate-buf-
fered saline (PBS) [41]. Suspension cultures of WT,
drug-sensitive, human HL-60-S promyelocytic leukemia
cells (ATCC, Manassas, VA) were maintained in con-
tinuous exponential growth by twice-a-week passage in
RPMI 1640 medium supplemented with 8.25% fetal
bovine calf serum (FCS; Atlanta Biologicals, Norcross,
GA) and penicillin (100 IU/ml)/streptomycin (100 pg/ml),
and incubated in the presence or absence (control) of
drugs at 37°C in a humidified atmosphere containing 5%
CO, [18,38,41]. The MDR HL-60-RV cells shown to
overexpress P-gp were similarly maintained in RPMI 1640
medium in the absence of drugs but were exposed, every
4 weeks, to 41 nM DAU for 48 h to stabilize their MDR
phenotype [18,38,41,42]. This concentration of DAU,
which is not cytotoxic to MDR HL-60-RV cells, was
removed from the culture medium at least 48h before
experimentation. Since drugs were supplemented to the
culture medium in 1- or 10-pl aliquots, the concentration
of vehicle (0.2% DMSO) in the final incubation volumes
(0.5 or 5ml, respectively) did not interfere with the data
[17-21,38,41]. For 1-h pulse treatment in the caspase
experiments, drug-containing supernatants were dis-
carded after centrifugation at 200¢ for 10 min and tumor
cells were washed with, and resuspended in, fresh RPMI
1640 medium for further incubation [17,38,41].

Cell viability assay

For tumor cell viability, WT' HL-60-S cells suspended in
FCS-containing RPMI 1640 medium (initial density:
3.75 x 10* cells/0.5 ml) were grown in triplicate at 37°C in
48-well Costar cell culture plates for up to 4 days in the
presence or absence (control) of serial concentrations of
drugs to evaluate their cytotoxicity. The viability of drug-
treated cells was assessed from their mitochondrial ability
to bioreduce the MTS reagent (Promega, Madison, WI)
in the presence of phenazine methosulfate (PMS; Sigma)
into a water-soluble formazan product which absorbs at
490 nm [43]. After 4 days in culture, control and drug-
treated cell samples (about 10%/0.5 ml/well for controls)
were further incubated at 37°C for 3 h in the dark in the
presence of 0.1 ml of MTS:PMS (2:0.1) reagent and their
relative metabolic activity 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 supplemented with
MTS:PMS reagent in the absence of cells were
subtracted from the results [17,18,20,21,41].

Fluorogenic assay of caspase activities

Control and drug-treated HL-60-S or HL-60-RV cells
(0.4 x 10%0.5 ml of FCS-containing RPMI 1640 medium)
were incubated in triplicate for various periods of time at
37°C, collected by centrifugation at 200¢ for 10 min and

washed with 1ml of ice-cold PBS. Cell pellets were
resuspended in chilled 10 mM HEPES buffer, pH 7.4,
containing 100mM NaCl, 100 mM KCI, 5mM MgCl,,
I1mM EDTA, 10mM EGTA, 10% sucrose, 1 mM phe-
nylmethylsulfonyl fluoride (PMSF), 1 mM dithiothreitol
(DTT) and 100 pM digitonin (175 pl for caspase-3 assay,
and 120 pl for caspase-2, -8 and -9 assays), and lysed for
10min on ice [41]. Cell lysates were centrifuged at
14000¢g for 20 min at 4°C to precipitate cellular debris
and the supernatants were stored frozen at —70°C
overnight [41]. The caspase-2-, -3-, -8- and -9-like
activities of the lysates were determined in reaction
mixtures that contained 50 pul of lysis buffer (blank) or
supernatant (control or drug-treated samples) and 50 pl
of reaction buffer (100 mM HEPES, pH 7.5, containing
1mM EDTA, 10mM EGTA, 10% sucrose and 10 mM of
freshly prepared DTT) and that were initiated by the
addition of 5-pl aliquots of the respective 5mM
z-VDVAD-7-amino-4-trifluoromethylcoumarin (AFC),
1 mM z-Asp-Glu-Val-Asp (DEVD)-AFC, 1 mM z-IETD-
AFC or 5mM acetyl-Leu-Glu-His-Asp (Ac-LEHD)-AFC
stocks of AFC-substrate conjugates (all from Calbio-
chem) [41]. After incubation for 1h at 37°C in 96-well
Costar white opaque polystyrene assay plates, the
fluorescence of the free AFC released upon proteolytic
cleavage of the substrate by the appropriate caspase was
detected at 400nm excitation and 505nm emission,
using a Cary Eclipse Fluorescence Spectrophotometer
equipped with microplate reader accessory (Varian,
Walnut Creek, CA). Arbitrary fluorescence units were
quantified with reference to calibration curves ranging
from 0.01 to 6 nmol of AFC (from Sigma), the protein
concentrations of the supernatants were determined
using the BCA Protein Assay Kit (Pierce, Rockford, 1L),
and the VDVAD-, DEVD-, IETD- and LEHD-specific
cleavage activities of the samples were expressed as nmol
of AFC released/mg of protein [41]. Data of all
biochemical experiments were analyzed using Student’s
z-test with the level of significance set at p < 0.05.

Western blot analysis of Cyt c release

For Cyt ¢ analysis, suspensions of control and drug-treated
HL-60-S cells were seeded at an initial density of 1.3 x
10° cells/ml and incubated for various periods of time at
37°C in 15 x 60-mm Petri dishes containing final volumes
of 5ml [41]. To determine the release of mitochondrial
Cyt ¢ into the cytosol, pellets of 6.5 x 10° tumor cells
were collected by centrifugation at 200g for 10 min,
washed with 1 ml of PBS, and lysed for 30 min on ice with
80ul of 10mM HEPES buffer, pH 7.4, containing
100 mM NaCl, 100 mM KCI, 5 mM MgCl,, 1 mM EDTA,
10mM EGTA, 1mM DTT, 10% sucrose, 1mM
PMSE leupeptin (0.2 mg/ml), aprotinin (0.2 mg/ml) and
100 uM digitonin [41]. Digitonin permeabilization is
required to avoid artifacts due to the mechanical breakage
of the outer mitochondrial membrane by dounce homo-
genization or ultrasonic disruption. Cell lysates were
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centrifuged at 14000g for 20min and the protein
concentrations of the cytosolic supernatants were deter-
mined with the BCA Protein Assay Kit. Aliquots of
supernatants containing equal 100-pg amounts of pro-
teins were boiled for 5 min in SDS sample loading buffer,
resolved by electrophoresis for 75 min at 110V in a 15%
SDS—polyacrylamide gel, and transferred for 1h to a
PVDF sequencing membrane (Immobilon-P%2; Millipore,
Bedford, MA), using a Panther model HEP1 Semidry
Electroblotter (Owl Separation Systems, Portsmouth,
NH) [38,41]. The blots were blocked with 5% non-fat
dry milk in 20mM Tris—=HCI buffer, pH 7.4, with 0.9%
NaCl (TBS), containing 0.05% of Tween-20 (TBST) for
2 h at room temperature. Immunodetection of Cyt ¢ was
conducted at room temperature overnight in TBST
containing 2% non-fat dry milk, using 1 pg/ml of mouse
anti-Cyt ¢ (7H8.2C12) primary mAb (BD PharMingen),
which recognizes the 15-kDa denatured form of Cyt ¢
[44]. After the blots were rinsed 3 times with TBST,
incubated for 1 h at room temperature in TBST contain-
ing 2% non-fat dry milk and goat anti-mouse secondary
mAb conjugated with horseradish peroxidase (1:50 000
dilution; Oncogene, Boston, MA), and rinsed again 3
times with TBST, Kodak BioMax light film (Eastman
Kodak, Rochester, NY) was used to develop images of the
immunoreactive bands revealed by enhanced chemilumin-
escence (CL) staining, using the SuperSignal West Pico
CL Substrate (Pierce). The integrated density values of
Western blots were compared by digital image analysis
(Chemi Imager 5500 with AlphaEaseFC software), using
a Multilmage Light Cabinet (Alpha Inotech, San
Leandro, CA).

Results

Inhibition of tumor cell viability

The chemical structures and code names of the
antitumor 'T'T analogs (serial numbers indicate the order
of synthesis) selected to be tested for their ability to
induce markers of apoptosis in the HL-60 tumor cell
system i vitro are depicted in Figure 1. The known
parent compound TTO is commercially available, but all
other TT analogs under study were synthesized by 2 situ
oxidation of substituted dihydroxybenzene followed by
[4 + 2] cycloaddition with 1,4-dimethoxyanthracene and
then oxidation [17-21,38]. This method for synthesizing
such substituted 9,10-dihydro-9,10-[1,2]benzenoanthra-
cene-1,4,5,8-tetrones has been reported [19]. Except for
TT25, the correct nomenclatures and bioactivities of
these rigid tetracyclic skeletons, which possess either
none, one or two external quinones, have already been
described in the L1210 tumor cell system [17,19-21].
The nomenclature of TT25, which is a synthetic
precursor of T'T'24, is 6-bromo-7-methoxy-2-[ N-(4-meth-
oxybenzyl)-N-methylamino]-9,10-dihydro-9,10-[1,2]ben-
zenoanthracene-1,4,5,8-tetrone. T'T'16 and TT24-TT26
are mixtures of regioisomers that are inseparable by silica
gel column chromatography. The apoptotic effects of

these T'T analogs were assessed and compared to those of
DAU, a clinically valuable anticancer drug that is
structurally very different but also contains a para-
quinone moiety [17-21,38].

In contrast to their parent compound TT0, which is
inactive up to 4 uM, all other T'T analogs selected for this
apoptosis study have antitumor activities, based on the
comparative list of nanomolar concentrations required to
inhibit by 50% (ICs() the viability of HL-60-S cells after
4 days in culture # vitro (Fig. 1). The 7 TT bisquinones,
which inhibit the most the mitochondrial ability of HL-
60-S cells to metabolize the MTS:PMS reagent at day 4,
are 'TT2, TT13, TT16, TT19, TT21, T'T24 and TT26
(Fig. 1). However, TT21, which is consistently the
weakest of them in our biochemical assays, has been
dropped from our final list of six lead antitumor
compounds. Bisquinone T'T25, containing a N-methoxy-
benzyl-N-methylamino substitution, is not a lead anti-
tumor compound and was not retained for further study.
Similar data have been observed when ranking the
cytostatic/cytotoxic potential of these drugs in the
L1210 cell system [17,19-21]. However, the same six
lead antitumor TT bisquinones are consistently more
potent against L1210 cells (ICsg values ranging from 48 to
135nM) [21] than against HL-60-S cells (ICsq values
ranging from 275 to 506 nM) (Fig. 1). Moreover, it should
be noted that, under similar conditions, the cytotoxicity
of DAU is characterized by ICs values around 25-30 nM
in L1210 cells and 4-18nM in HL-60 cells [17-21,45].
Although somewhat less potent, T'T5, TT7 and TT9 are
representative examples of T'T monoquinones closely
related to the above TT bisquinones, and with good
antitumor activities in the 1.1210 [17,19,21] and HL-60-S
[38] cell systems (Fig. 1). The dihydroquinone TT3 and
the diketone T'T8 have also been selected for this
apoptosis study because they demonstrate the fact that
synthetic T'T analogs lacking quinone functionality can
still elicit interesting antitumor effects in L1210
[17,19,21] and HL-60-S [38] cells (Fig. 1).

The antitumor activities of T'T'13 and T'T24 have been
confirmed in the 60 human tumor cell line panel of the
National Cancer Institute’s (NCI) 7 oi#ro antitumor
screen, in which a sulforhodamine B protein assay is used
to estimate cell viability and growth after 2 days of
continuous drug exposure. With this well-established
methodology, the cytostatic/cytotoxic activities of TT13
and TT24 can be demonstrated in all 60 human tumor
cell lines, and, although these drugs are slightly more
potent against ascitic than solid tumors, the selectivity
pattern indicates that a wide spectrum of tumor cells are
sensitive to TT bisquinone inhibition (data not shown).
For instance, the concentrations of TT24 required to
inhibit tumor cell growth by 50% (Glsy) at 48h are
1.12 pM in MOLT-4 and 1.35 pM in K-562 leukemia. For
solid tumors, T'T24 is the most effective against HOP-92
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(Gls0: 1.24puM) and NCI-H522 (GlIsy: 1.30 uM) non-
small lung cancers, HC'T-116 and KM12 (Gls,: 1.87 uM)
colon cancers, SF-539 (Gl5o: 1.23 uM) and U251 (Glsq:
1.41 uM) CNS cancers, LOX IMVI (GI5y: 952 nM) and
UACC-62 (Glsp: 1.47 uM) melanoma, IGROV1 (GlIsg:
1.35uM) and OVCAR-3 (Gl5p: 1.50 pM) ovarian cancers,
SN12C (Glsg: 1.05uM) and 786-0 (GI: 1.38 uM) renal
cancers, PC-3 (Gl5o: 1.08 uM) prostate cancer, and MDA-
MB-231/ATCC (GI5o: 1.41 uM), T-47D (GI5p: 1.44 uM)
and NCI/ADR-RES (Glsy: 1.55puM) breast cancers.
Overall, TT13 is slightly less effective than TT24 in
the NCI’s antitumor screen, except against HCC-2998
(GlIsp: 565 nM) colon cancer. Bisquinone TT14, which is
3-bromo-2-N-methylamino-9,10-dihydro-9,10-[1,2]benzen-
oanthracene-1,4,5,8-tetrone (not shown in Fig. 1), is also
somewhat less potent than T'T24 in the NCI’s antitumor
screen and has not been selected for this apoptosis study
because it is clearly less effective than our current lead
antitumor T'T bisquinones in our previous biochemical
assays [20]. However, MOLT-4 (Glso: 412nM) and
CCRF-CEM (Glsy: 472nM) leukemia, M14 (Glsq:
858 nM) melanoma, PC-3 (Glso: 610 nM) prostate cancer
and MCF-7 (Glso: 1.30 uM) breast cancer respond quite
well to TT14 inhibition (data not shown). Naturally, the
concentrations of T'T bisquinones required for total
growth inhibition (TGI) and to induce a net loss of
50% of the initial cell concentration (LCso) are somewhat
higher than the respective Glsy values in this NCI’s
vitro cell line screen.

Activation of caspase-3

Because the degradation of PARP-1 may be catalyzed by
effector caspase-3, the T'T bisquinones shown to induce
PARP-1 cleavage [38] were tested for their ability to
activate caspase-3 in HL.-60-S cells. The hypothesis that
caspase-3 is involved in DAU- and T'T24-induced PARP-1
cleavage at 6 h [38] is substantiated by the fact that DAU
and T'T24 similarly induce time- (Fig. 2) and concentra-
tion-dependent (Fig. 3) elevations of caspase-3 activities,
which peak 6h after treatment of HL-60-S cells with
1.6-4 uM concentrations of these drugs. But the magni-
tude of DAU-induced caspase-3 activation, which reaches
at least 700% of the control, is about 2 times greater than
that caused by TT24, which reaches about 350% of the
control, and extends over somewhat wider ranges of times
and concentrations (Figs 2 and 3), suggesting that DAU
may be more effective than T'T24 at triggering apoptosis
in HL-60 cells. Interestingly, the concentration-depen-
dent abilities of DAU and TT24 to maximally induce
caspase-3 activity in HL-60-S cells at 6 h are similarly
biphasic and resemble the biphasic increases and
decreases of internucleosomal DNA fragmentation
caused by these drugs at 24h [17,18,20], with the
activations of caspase-3 increasing up to peaks at 1.6-4 uM
followed by declines toward or even below control level
for higher 10-25uM concentrations of DAU and TT
bisquinone, which presumably block the active process of
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Comparison of the time-dependent inductions of caspase-3-like
protease activity by 1.6 uM TT24 (@) and DAU (O) in HL-60-S cells in
vitro. Results are expressed as percentage of DEVD cleavage activity in
vehicle-treated control tumor cells (12.3 £ 1.0 nmol AFC released/mg
protein, 100 % 8%, striped area) at each time point tested. Bars:
means + SD (n=3). *Not different from control; °p<0.025, °p<0.005
and 9p<0.0005, greater than control; °p<0.025, greater than TT24 at
6h.

apoptosis (Fig. 3). In contrast to their inactive parent
compound TT0, which fails to induce caspase-3 activity
at 4puM, the lead antitumor TT bisquinones previously
shown to induce PARP-1 cleavage, internucleosomal
DNA degradation and antileukemic effects [17-21,38]
are all capable of mimicking, albeit to a lesser degree, the
activation of caspase-3 caused by 4 uM DAU in HL-60-S
cells at 6h, suggesting that their ability to trigger
apoptosis may play an important role in their molecular
mechanism of antitumor activity (Fig. 4). TT13 and
T'T24, two of the most effective inducers of caspase-3
activity, were selected for further study. Finally, HL.-60-S
cells were exposed to 1.6-4 uM DAU, TT13 and TT24
for only 1h before these drugs were removed, and
caspase-3 activities were assayed as usual at 6 h (Fig. 5).
In contrast to the stimulating effects of DAU and T'T24,
which seem to plateau at 1.6-4pM, the caspase-3-
inducing activity of TT13, which is smaller than that of

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



936 Anti-Cancer Drugs 2004, Vol 15 No 10

Fig. 3 Fig. 4
1,000 1| T T T T T 17 800
la
900 — 700} -
800 — 5 600r I
C
o
= < 500| c -
2 700 . S l
g <
g Z 400} -
g 600 - g T e 1 =
2 @ 300} d L ,
2 2 T
£ 500 - & f
] & T
) & 200 -
o O
g 400 — b
a 100] 1
O
300 -
0
ControlDAU 0 2 13 16 19 21 24 26

200

100

0.1024 0.256 0.64 1.6 4 10 25
TT24 and DAU concentrations (M)

Comparison of the concentration-dependent inductions of caspase-3-
like protease activity by TT24 (@) and DAU (Q) at 6 h in HL-60-S cells
in vitro. Results are expressed as percentage of DEVD cleavage activity
in vehicle-treated control tumor cells (11.2£ 1.0 nmol AFC released/mg
protein, 100 + 9%, strlged area) at 6 h. Bars: means+SD (n=3). ®Not
different from control p<0.05, greater than control, but not different
from 0.1024 uM 'I'I'24 p<0 025 greater than control, but not
different from 0.256 uM DAU; 9p<0.01, ®p<0.005 and 7p<0.0005,
respectlvely, greater than 0. 64 1.6 and 4 uM TT24; 9p<0.005, greater
and "p<0.0005, smaller than control.

DAU but greater than that of T'T'24, definitively peaks at
4puM rather than 1.6puM (Fig. 5). However, these 1-h
pulse treatments with 1.6-4 pM DAU, TT13 and TT24
are sufficient to trigger as much induction of caspase-3
activity at 6h as when the anticancer drugs are
maintained in the culture medium for the whole 6-h
period of incubation, suggesting that the mechanisms by
which DAU and TT bisquinones rapidly stimulate the
apoptotic pathway are irreversible and persist after drug
removal (Fig. 5).

Activation of caspase-8 and -9

Because caspase-3 may be proteolytically activated by
caspase-9 and, directly or indirectly, by caspase-8, DAU
and TT bisquinones were tested for their ability to
activate this cascade of key initiator and effector caspases
in WT and MDR HL-60 cells at 6 h. Indeed, 1.6-4 pM
DAU, TT13 and TT24 all induce initiator caspase-8 and
-9 activities in relation with their abilities to activate

Drug treatments (TT code number)

Comparison of the abilities of 4 uM concentrations of DAU, TTO and
lead antitumor TT bisquinones to induce caspase-3-like protease
activity after 6 h in HL-60-S cells in vitro. Results are expressed as
percentage of DEVD cleavage activity in vehicle-treated control tumor
cells (12.1 £ 1.1 nmol AFC released/mg protein, 100+9%) at 6h.
Bars: means £ SD (n=3). *p<0.005, greater than TT13; Pnot different
from control; °p<0.05, greater than TT2 dnot different from TT19, but
p<0.05, greater than TT21 and smaller than TT24; °not different from
TT2, TT24 and TT26; 'p<0.005, greater than control.

caspase-3 in HLL-60-S cells at 6 h (Fig. 6). As observed for
caspase-3 (Figs 4 and 5), T'T'13 induces caspase-8 and -9
activities to a lesser degree than DAU, but to a greater
degree than T'T'24, especially at 4 uM, a concentration at
which TT13 is consistently a more potent caspase
activator than at 1.6 pM (Fig. 6). When compared at
4uM, caspase-3, -8 and -9 activities are maximally
induced (between 307 and 796% of the controls) by the
lead antitumor bisquinone TT2, but are only partially
induced by the other weaker antitumor T'T analogs that
have no or only one quinoid ring (Fig. 7). Based on the
overall magnitudes of these caspase activations, or lack
thereof, the diketone TT8 and the dihydroquinone TT3
(102-230% of the controls) appear to induce caspase-3, -8
and -9 activities less effectively than the monoquinones
TT5, T'T7 and 'TT9 (128-358% of the controls). And it
is noteworthy that the least cytotoxic TT3 and TT8
(Fig. 1), which have no quinone functionality, are also the
only compounds that fail to activate caspase-8, whereas
T'T'5, which is the most cytotoxic of the monoquinones in
the HL-60 system (Fig. 1), also induces caspase-3, -8 and -9
activities more effectively than TT7 and TT9 (Fig. 7).

Since antitumor TT bisquinones retain their ability to
induce PARP-1 cleavage at 6h, internucleosomal DNA
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Irreversibility of the abilities of 1.6 and 4 uM concentrations of DAU,
TT13 and TT24 to induce caspase-3-like protease activity after 6 h in
HL-60-S cells in vitro. The drugs were either maintained in the medium
for the whole 6-h period of incubation ([J) or removed after the first
hour (&) in order to complete the remaining 5 h of incubation in the
absence of drugs. Results are, respectively, expressed as percentage
of DEVD cleavage activities in vehicle-treated control tumor cells
similarly incubated for 6 h (10.8+0.8 nmol AFC released/mg protein,
100 % 7%, open control) or spun, washed and resuspended in fresh
medium after the first 6 h of incubation (12.6 + 0.8 nmol AFC released/
mg protein, 100 6%, striped control). Bars: means+SD (n=3).
3p<0.005, smaller than a 1-h treatment with 1.6 pM TT13; Pnot
different from the effects of similar concentrations of drugs maintained
for 6 h in the incubation medium; °not different from a 6-h treatment with
1.6 uM DAU; 90<0.025, smaller than a 6-h treatment with 4 yM DAU
but p<0.01, greater than a 6-h treatment with 4 uM TT24; ®not different
from a 6-h treatment with 1.6 uM TT13.

fragmentation at 24h and cytostatic/cytotoxic effects at
2—4 days in MDR HL-60 sublines, the abilities of DAU,
T'T13 and T'T'24 to activate caspase-3, -8 and -9 at 6h
were assessed and compared in the HL-60-RV cells,
which, in earlier studies, proved to be the most resistant
to the action of DAU [18,38,45]. Interestingly, the ability
of DAU to trigger biphasic increases and decreases of
caspase-3, -8 and -9 activities in WT' HL-60-S cells is
totally lost, drastically reduced and/or shifted toward
much higher concentrations in the MDR HL-60-RV
subline (Fig. 8). For instance, the increasing concentra-
tions of 0.64—4puM DAU producing submaximal and
maximal activations of caspase-3, -8 and -9 (between 380
and 1160% of the controls) in HL-60-S cells become
almost totally unable to do so in HL-60-RV cells
(between 80 and 160% of the controls). In contrast, the
higher 10-25 pM concentrations of DAU, which normally
become too toxic to sustain active apoptosis in WT cells,
finally begin to raise caspase-3, -8 and -9 activities

Drug treatments (M)

Comparison of the abilities of 1.6 and 4 uM concentrations of DAU,
TT13 and TT24 to induce caspase-3- (1), -8- () and -9-like (M)
protease activities after 6 h in HL-60-S cells in vitro. Results are
respectively expressed as percentage of DEVD (15.2% 1.1 nmol AFC
released/mg protein, 100 + 7%, open control), IETD (1.03 £ 0.06 nmol
AFC released/mg protein, 100 £ 6%, striped control) or LEHD

(2.7 £ 0.3 nmol AFC released/mg protein, 100 £ 119%, closed control)
cleavage activities in vehicle-treated control tumor cells at 6 h. Bars:
means + SD (n=3). ®Not different from 1.6 uM DAU; °p<0.05, greater
than respective effects of 1.6 uM DAU; °p<0.005, greater than control;
9<0.025, smaller than 1.6 uM DAU; °not different from respective
effects of 1.6 uM TT13; ot different from 1.6 uM TT24 but p<0.01,
smaller than 4 uM TT13; 9p<0.05, %reater than 1.6 uM TT24 but
p<0.005, smaller than 4 M TT13; "p<0.005, greater than 1.6 pM
TT24, but p<0.01, smaller than 4 uM TT13.

(between 220 and 570% of the controls) in MDR cells. As
a result, a 25pM concentration of DAU in HL-60-RV
cells is barely able to match the magnitudes of caspase-3,
-8 and -9 activations caused by 0.64 uM DAU in HL-60-S
cells, suggesting that DAU becomes about 39 times less
effective at inducing the caspase activation cascade
required for apoptosis in this MDR cell system (Fig. 8).
In contrast, the concentration-dependent abilities of
TT13 and TT24 to induce biphasic increases and
decreases of caspase-3, -8 and -9 activities in WT' HL-
60-S cells remain pretty much unaltered in MDR HL-60-
RV cells (Fig. 8). The only exceptions are for the
activations of caspase-8 by TT24 and caspase-9 by
TT13 and TT24, where, as compared to those in HL-
60-S cells, the peaks in HL-60-RV cells may be lower and
slightly shifted from 4 to 10puM, suggesting that, in
contrast to DAU, T'T'13 and T'T24 do not lose or lose only
2.5-fold of their effectiveness as activators of caspase-3,
-8 and -9 in HL-60-RV cells. The bottom line is that, at
1.6-4 uM, DAU loses most, if not all, of its ability to

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



938 Anti-Cancer Drugs 2004, Vol 15 No 10

Fig. 7

1000

900

800 -

700

600 -

500 -

400 -

(% of respective controls)

300

il

Caspase-3, -8 and -9 activities

Controls

TT7 TT9 TT2

Drug treatments (TT code number)

Comparison of the abilities of 4 uM concentrations of antitumor TT analogs with different numbers of quinoid rings to induce caspase-3- (), -8- (&)
and -9-like (M) protease activities after 6 h in HL-60-S cells in vitro. Results are respectively expressed as percentage of DEVD (14.3% 1.2 nmol
AFC released/mg protein, 100 £ 8%, open control), IETD (1.8+0.2 nmol AFC released/mg protein, 100 £ 9%, striped control) or LEHD
(2.6 £0.2nmol AFC released/mg protein, 100 + 7%, closed control) cleavage activities in vehlcle treated control tumor cells at 6 h. Bars:
means = SD (n=3). ®p<0.05, p<0 025 and °p<0.005, greater than respective controls; “not different from control; ©p<0.025, greater than TT9,
but p<0.005, smaller than TT2 f0<0.05, greater than TT9 but p<0.005, smaller than TT2; 9p<0.05, greater than TT8, but not d|fferent from TT9;

hp<0.05, greater than TT3, but not different from TTO.

activate initiator and effector caspases in MDR tumor
cells, whereas lead antitumor TT bisquinones retain
most, if not all, of their ability to do so (Fig. 8).

Induction of Cyt c release

Because the release of Cyt ¢ from the mitochondrial
intermembrane space (IMS) into the cytosol may be a
limiting factor in caspase-9 activation and represents a
central coordinating step in apoptosis [44,46], DAU and
TT13, the TT bisquinone shown to activate the most
caspase-9 and -3 (Figs 4-6 and 8), were tested for their
ability to trigger Cyt ¢ release in HL-60-S cells. The
abilities of 4 uM DAU and T'T'13 to induce Cyt ¢ release
in HL-60-S cells are similarly time dependent (Fig. 9,
top). As compared to untreated controls, the 15-kDa
bands of cytosolic Cyt ¢ become clearly visible at 3 h and
fully developed at 6 h, a time which was then selected to
determine the concentration dependency of these effects
in Figure 9 (middle). Under this condition, 0.64—1.6 uM
DAU and 1.6 uM TT13 become increasingly effective at
triggering the release of Cyt ¢, which is maximally
stimulated in response to 4-10puM concentrations of
these compounds (Fig. 9, middle). When compared at
4puM, all lead antitumor TT bisquinones produce

significant 15-kDa bands of Cyt ¢ extracted from the
cytosol of HL-60-S cells at 6 h (Fig. 9, bottom). When
relative density values are compared, the magnitudes of
their Cyt ¢ responses appear to match rather well their
caspase-inducing activities. For instance, TT13 is slightly
more effective than TT24 on both Cyt ¢ release (Fig. 9,
bottom) and caspase-9 activation (Figs 5, 6 and 8).
Moreover, T'T13 and T'T21 are consistently the most and
least potent, respectively, among the other lead antitumor
TT bisquinones, TT2, TT16, TT19, TT24 and TT26
sharing more or less similar apoptosis-inducing activities
on both Cyt ¢ release (Fig. 9, bottom) and caspase-3
activation (Fig. 4).

Roles of initiator caspase-2 and -8 in DAU- and
TT13-induced apoptosis

Since caspase-2 and -8 activities might act upstream of
mitochondria to promote Cyt ¢ release and the activation
of the post-mitochondrial initiator caspase-9, it is of
interest to show that treatments with 4 uM DAU and
T'T13 can induce all three initiator caspase-2, -8 and -9
activities tested in a similar time-dependent manner in
HL-60-S cells (Fig. 10). However, caspase-2 activity
already peaks at 6 h and remains maximally stimulated up
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60-S cells, but p<0.0005, greater than the effect of 10 uM TT24 in HL-60-S cells; "p<0.05, "p<0.01 and °p<0.0005, smaller than respective

controls.

to 12h, whereas caspase-8 and -9 activities, which are
only partially stimulated at 6h, need 9h to be fully
induced by 4uM DAU and TT13 before substantially
declining thereafter (Fig. 10). Such different rates of
initiator caspase activations might suggest that DAU and
antitumor TT bisquinones sequentially induce caspase-2
before caspase-9 and -8 (Fig. 10). Indeed, pre-incubations
for 1h with the specific caspase-2 inhibitor z-VDVAD-
fmk (15puM) totally abolish the abilities of 4puM DAU
and TT13 to maximally induce caspase-2 activity at 6 h
and caspase-8 and -9 activities at 8h in HL-60-S cells
(Fig. 11, bottom). In contrast, pre-incubations for 1 h with
the caspase-8 inhibitor z-IETD-fmk (15uM), which
totally block DAU- and T'T'13-induced caspase-8 activ-
ities at 8h, do not prevent 4uM DAU and TT13 from
inducing nearly maximal caspase-2 and -9 activities at 6

and 8 h, respectively (Fig. 11, bottom). However, similar
pre-treatments with these caspase-2 and -8 inhibitors
tested at 15, 25, 50 (data not shown) and even 100 uM
(Fig. 11, top) are all unable to prevent 4uM DAU and
T'T13 from triggering maximal or near maximal releases
of Cyt ¢ from mitochondria in HL-60-S cells at 6h,
indicating that caspase-2 and -8 activations are not
absolutely required for Cyt ¢ release during DAU and
T'T bisquinone treatments. Taken together, the results of
Figure 11 suggest that initial activation of apical caspase-2
may be critical to mediate the apoptotic pathways
by which cytotoxic DAU and TT bisquinones activate
the post-mitochondrial caspase-9 and the mitochondrial
amplification loop involving caspase-8. However,
micromolar concentrations of DAU and synthetic TT
bisquinones might also target or disrupt mitochondria to
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Fig. 9
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Induction of Cyt c release by DAU and lead antitumor TT bisquinones in
HL-80-S cells in vitro. Tumor cells were incubated for the indicated
periods of time in the presence or absence (control) of various
concentrations of drugs and bands (arrows) of cytosolic Cyt ¢

(M, ~15000) released from the mitochondrial IMS were detected by
Western blot analysis. Top: comparison of the time-dependent
inductions of Cyt c release by 4 pM DAU and TT13. Middle:
comparison of the concentration-dependent inductions of Cyt c release
by 0.256-10 uM DAU and TT13 after 6 h. Bottom: comparison of the
abilities of 4 uM concentrations of lead antitumor TT bisquinones to
induce Cyt c release after 6 h. Relative band densities in equal areas
are expressed as the percentage that each box contributes to the total
density measured after automatic background correction.

trigger the release of Cyt ¢ by other direct or indirect
mechanisms which appear to be independent from the
pre-mitochondrial action of apical caspases.

Role of Fas-FasL signaling in DAU- and TT13-induced
apoptosis

Since DAU and TT13 induce caspase-8 activity, antag-
onistic anti-Fas and anti-Fasl. mAbs have been used to
determine whether Fas—FasL. signaling is involved in the
mechanisms by which these quinone antitumor drugs
trigger apoptosis in HL-60-S cells (Fig. 12). The
antagonistic anti-FasL. NOK-1 mAb is known to neutralize
the CD95 ligand, whereas, in earlier studies, the
antagonistic anti-Fas DX2 and ZB4 mAbs, which block
the CD95 receptor, have been shown to abolish or
diminish the abilities of the agonistic anti-Fas CH11 mAb
to induce Cyt ¢ release and caspase-2, -8 and -9 activities

in HL-60-S cells [41]. The same 1-h pre-treatments with
blocking or neutralizing anti-Fas and anti-FasL. clones
(10 pg/ml), however, are totally unable to alter the
abilities of 4uM DAU and TT13 to maximally induce
Cyt ¢ release (Fig. 12, top) and caspase-2 activity (Fig. 12,
bottom) at 6h and caspase-8 and -9 activities at 8h
(Fig. 12, bottom) in HL-60-S cells, suggesting that the
Fas—FasL. pathway is neither involved in the mechanisms
of DAU- and TT13-induced apoptosis nor even required
for the induction of caspase-8 activity by these
compounds.

Discussion

Discarding the weaker TT21, six lead antitumor TT
bisquinones, including TT2, TT13, TT16, TT19, TT24
and 'T'T26, have been shown to inhibit the proliferation
and viability of a wide spectrum of tumor cell lines
vitro. Although their potency in the nanomolar range is
not as good as that of DAU, they mimic the ability of this
proven anticancer drug to trigger Cyt ¢ release, caspase-2,
-3, -8 and -9 activations, PARP-1 cleavage and inter-
nucleosomal DNA degradation [17-20,38]. Since the
parent T'TO structure is unable to induce such apopto-
genic effects and is not cytostatic/cytotoxic in the
micromolar range, the ability of synthetic T'T analogs to
interact with cellular targets, such as nucleoside trans-
porters and Topo I and II enzymes, and trigger apoptosis
may play a significant role in their molecular mechanism
of action [17,18,20,21,38]. However, it is unclear whether
apoptosis is the cause or merely the consequence of their
antitumor activity. Moreover, structure—activity relation-
ships (SARs) are difficult to establish and the quinone
functionality of various TT analogs, although important,
may not be consistently correlated to their antitumor
activities. Because the quinone functionality of certain
anticancer drugs may be linked to their ability to alkylate
DNA (arylating activity) and produce toxic ROS and free
radicals (redox cycling activity) [47,48], it is tempting to
speculate that such events may play a role in TT
bisquinone-induced DNA damage, apoptosis and cyto-
toxicity. Indeed, selected antitumor TT analogs with two,
one or none quinoid rings generally produce decreasing
levels of Topo I and II inhibitions, caspase-3, -8 and -9
activations, PARP-1 cleavage, and internucleosomal DNA
fragmentation, but this is not a general rule and there are
too many exceptions [17,20,21,38]. Probably because of
their different substitutions, not all T'T bisquinones
qualify as lead antitumor compounds and the overall
antitumor effects of various TT structures are not
consistently correlated to their quinone functionalities,
suggesting that other mechanisms besides nucleoside
transporters and Topo and caspase enzymes might
be involved in their cytostatic/cytotoxic actions [17,
20,21,38]. For instance, other TT bisquinones not
selected among the current six lead antitumor com-
pounds are less effective than the monoquinones TT5,
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Fig. 10
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Comparison of the time-dependent inductions of caspase-2- (@), -8- (H) and -9-like (A) protease activities by 4 uM DAU and TT13 in HL-60-S cells
in vitro. Results are respectively expressed as percentage of VDVAD (2.87 +0.27 nmol AFC released/mg protein), IETD (1.65+0.15 nmol AFC
released/mg protein), or LEHD (3.57 £0.33 nmol AFC released/mg protein) cleavage activities in vehicle-treated control tumor cells (100 £ 9%,
striped areas) at each time point tested. Bars: means£SD (n=3). ®p<0.01, greater than control but smaller than caspase-9 and -2 activities;
bp<0.005, greater than control but p<0.025, smaller than caspase-9 and -2 activities; °p<0.0005, 9r<0.005, ®p<0.025 and p<0.05, smaller
than respective caspase activities at 9 h; %not different from respective caspase-2 activities at 9 h.

TT7 and TT9 [17,20] and T'T3, which has no quinone
functionality, is sometimes equipotent to its structural
monoquinone equivalent TT5 [17,20,21,38].

Since the abilities of antitumor TT bisquinones to
interact with quinone-metabolizing enzymes, bind to
nucleoside transporters, interact covalently with DNA,
cause high-MW DNA DSBs, SSBs and DPCs, activate
PARP-1 and deplete NAD * within 15 min, interact with
the quinone-binding site regulating the Ca** sensitivity
of the permeability transition pore (PTP) and induce
MPT, block specific phases of cell cycle progression and
affect the production of ROS remain to be determined, it
is rather premature to elaborate SARs, discuss potential
primary molecular targets, and speculate on the nature of
the initial and massive damaging events that, within 1h,
induce T'T analog-treated tumor cells to commit apopto-
sis. T'T analogs might trigger the different but sequen-
tially related DNA-damaging events suggested to occur
during VP-16-induced apoptosis. Rapid, massive and
unrepairable DNA damage secondary to Topo inhibition
may be the trigger initiating nuclear signals that induce
VP-16-treated tumor cells to release their mitochondrial
Cyt ¢ and undergo apoptosis, thereby activating their
post-mitochondrial caspase cascade responsible for PARP-
1 cleavage, endonuclease activation and, ultimately, the

internucleosomal fragmentation of their DNA, which is
one of the late manifestations of the apoptotic process
[31,49]. The basis for this hypothesis is that over-
expression of anti-apoptotic Bcl-Z2 or Bcl-xy, which
stabilize mitochondrial pores, abrogate Cyt ¢ release and
block the post-mitochondrial caspase cascade, inhibit the
later apoptotic events culminating in internucleosomal
DNA fragmentation without affecting the early formation
and repair of DNA DSBs, SSBs and DPCs caused by
VP-16 [49].

In the two major pathways of apoptosis, initiator caspase-
8 is activated by DR signaling, whereas initiator caspase-9
is activated by cytotoxic drugs and genotoxic events
[40,50]. Cytokines trigger the extrinsic pathway in which
Fas-mediated signals induce apical caspase-8 activation.
However, the involvement of the Fas—FasL signaling
pathway in drug-induced apoptosis is controversial
[10,12,51-54]. Upon Fas cross-linking by the natural
Fasl. or agonistic anti-Fas CH11mAb, the receptor
multimerization sequentially recruits the adaptor mole-
cule Fas-associated death domain and procaspase-8,
which bind to the receptor to form the death-induc-
ing signaling complex where proteolytic activation of
caspase-8 takes place. A large amount of activated
caspase-8 may directly activate effector caspase-3 and
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Fig. 11
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Comparison of the abilities of caspase-2 and -8 inhibitors to prevent DAU and TT13 from inducing Cyt c release (top) and initiator caspase activities
(bottom) in HL-60-S cells in vitro. Tumor cells were pre-incubated for 1 h in the presence of vehicle, 16 uM (bottom) or 100 uM (top) concentrations
of z2VDVAD-fmk or z-IETD-fmk and, after supplementing their culture medium with either vehicle (control) or 4 uM concentrations of DAU or TT13,
these incubations were continued for an additional 6 h to determine Cyt c release and caspase-2-like activity or for an additional 8 h to determine
caspase-8- and -9-like activities. Top: bands (arrow) of cytosolic Cyt ¢ (M, ~ 15 000) released from the mitochondrial IMS were detected by Western
blot analysis. Relative band densities in equal areas are expressed as the percentage that each box contributes to the total density measured after
automatic background correction. Bottom: caspase-2- (), -8- (M) and -9-like (&) activities are respectively expressed as percentage of VDVAD
(1.79 £ 0.16 nmol AFC released/mg protein, 100 £ 99%), IETD (1.13 £0.08 nmol AFC released/mg protein, 100 £ 7%) or LEHD (2.12 £ 0.16 nmol
AFC released/mg protein, 100 £ 7%) cleavage activities in vehicle-treated control tumor cells. Bars: means £ SD (n=3). *Not different from
respective controls; Pnot different from DAU-induced caspase-2 activity; °p<0.025, smaller than DAU-induced caspase-9 activity; 9p<0.05, smaller
than TT13-induced caspase-2 activity; °p<0.005, smaller than TT13-induced caspase-9 activity.

the subsequent mitochondrial amplification loop invol- amount of activated caspase-8 is sufficient to trigger
ving the caspase-8-mediated cleavage of Bid [46]. Bid cleavage and Cyt ¢ release and might be more
Truncated Bid (tBid) facilitates the insertion, activation efficient to amplify a signal otherwise too weak to directly
and oligomerization of Bax and Bak into the mitochon- induce caspase-3 activity and apoptosis [55-57].

drial outer membrane where these pro-apoptotic Bcl-2 DNA-damaging anticancer drugs trigger the mitochon-
family members trigger Cyt ¢ release, which is the key  drial-dependent intrinsic pathway in which nuclear-
limiting factor in initiating the post-mitochondrial mediated signals likely to involve various p53-responsive
apoptotic protease cascade [46,55,56]. But a small genes directly induce the Bax- and Bak-mediated release
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Fig. 12
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Comparison of the abilities of antagonistic Fas and FasL mAbs to prevent DAU and TT13 from inducing Cyt c release (top) and initiator caspase
activities (bottom) in HL-60-S cells in vitro. Tumor cells were pre-incubated for 1 h in the presence of PBS, antagonistic anti-Fas DX2 and ZB4 mAbs
(10 pug/ml) or antagonistic anti-FasL NOK-1 mAb (10 pug/ml) and, after supplementing their culture medium with either vehicle (control) or 4 uM

concentrations of DAU or TT13, these incubations were continued for an additional 6 h to determine Cyt c release and caspase-2-like activity or for
an additional 8 h to determine caspase-8- and -9-like activities. Top: bands (arrow) of cytosolic Cyt ¢ (M,~ 15 000) released from the mitochondrial
IMS were detected by Western blot analysis. Relative band densities in equal areas are expressed as the percentage that each box contributes to the
total density measured after automatic background correction. Bottom: caspase-2- (1), -8- (H) and -9-like (&) activities are respectively expressed
as percentage of VDVAD (2.34 +0.13 nmol AFC released/mg protein, 100 % 6%), IETD (1.69 & 0.08 nmol AFC released/mg protein, 100 +5%) or
LEHD (2.10+0.11 nmol AFC released/mg protein, 100+ 6%) cleavage activities in vehicle-treated control tumor cells. Bars: means+SD (n=3).
Not different from respective DAU-induced caspase-2, -8 or -9 activities; Pnot different from respective TT13-induced caspase-2, -8 or -9 activities.

of Gyt ¢ [46]. After its release from the mitochondrial
IMS into the cytosol, Cyt ¢ binds to apoptotic protease-
activating factor-1 (Apaf-1), which through its caspase
recruitment domain interacts with procaspase-9, resulting
in the formation of the apoptosome complex that
activates this initiator caspase in the presence of dATP
[44,46]. In any case, all apoptotic pathways eventually
converge on mitochondria and an activation of caspase-8
that does not require the DR, but is mitochondrial-
dependent, may also play a role in drug-induced
apoptosis. Hence, caspase-8 is involved in Fas-mediated
apoptosis but may also be activated by drugs indepen-
dently of Fas signaling and downstream of mitochondrial
Cyt ¢ release to mediate a secondary amplification loop
[50]. A drug-inducible apoptotic pathway in which
activation of caspase-8, and not caspase-9, forms the
apical and mitochondrial-dependent step that subse-
quently activates the downstream caspases has also been
suggested [50]. Among the apoptogenic factors released

from mitochondrial IMS into the cytosol that can induce
caspase-3 activity, Cyt ¢ does not activate caspase-8 but
apoptosis-inducing factor (AIF) does, suggesting that
cleavage of procaspase-8 downstream of mitochondria
requires AlF activity [58].

Even though nuclear and mitochondrial targets have not
been studied yet, the present data suggest that antitumor
T'T bisquinones may trigger apoptosis in HL-60 cells by
an intrinsic signaling pathway that does not involve the
Fas—Fasl. system, but is partially caspase-2-dependent.
The cellular machinery required for the Fas signaling
pathway is present, functional and responsive in HL.-60-S
cells since the ability of the agonistic anti-Fas CH11 mAb
to induce Cyt ¢ release and caspase-2, -8 and -9 activities
can be prevented in the presence of antagonistic anti-Fas
mAbs in this tumor cell system [41]. However, neither
the antagonistic anti-Fas DX2 and ZB4 mAbs nor the
antagonistic anti-Fasl. NOK-1mAb are able to prevent
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DAU and TTI13 from fully triggering the release of
mitochondrial Cyt ¢ and the activation of the initiator
caspases. Interestingly, the very same neutralizing and
blocking mAbs that antagonize Fas-induced apoptosis also
fail to inhibit DOX-, DAU- and 1,4-anthraquinone (AQ)
analog-induced apoptosis in other studies and/or tumor
cell lines, suggesting that the signaling pathways by
which these quinone antitumor drugs induce apoptosis
are similarly Fas—FasL-independent [10,12,51,59]. More-
over, our studies indicate that both the Fas-mediated
effects of CH11 and the Fas-independent effects of DAU,
TT bisquinones and AQ analogs on Cyt ¢ release and
initiator caspase activations in HL-60 cells are defini-
tively p53-independent since p53 is not expressed in an
active form in these p53-null HL-60 tumor cells
[41,60,61]. Incidentally, bleomycin induces Cyt ¢ release
and caspase-3 and -8 activities in p53-null HL-60 cells
[62], and cisplatin induces Cyt ¢ release and caspase-3, -8
and -9 activities in human hepatoma Hep3B cells, which
are Fas- and p53-negative [63], suggesting that other
anticancer drugs may also trigger apoptosis by a
mitochondrial pathway that involves initiator caspase-8.

Caspase-2, which may be the first apical protease
activated by DAU, VP-16, AQ analogs and TT bisqui-
nones and required for DNA damage-induced apoptosis,
may promote the translocation of pro-apoptotic Bax or
tBid to mitochondria that results in the release of Cyt ¢,
Smac and AIF [41,64-66]. Based on their rates of
activation, caspase-2 is maximally induced at 6 h, whereas
caspase-9 and -8 activities peak at 9 h, which may or may
not indicate that caspase-2 comes first since submaximal
activities of caspase-9 and -8 and maximal activity of
caspase-3 are also detected at 6h. A more convincing
argument to suggest that caspase-2 may be activated
upstream of the other initiator and effector caspases and
control their subsequent activation is that neither
caspase-9, -8 nor -3 activations can occur in DAU-,
TT13- or AQ analog-treated HL-60 cells when caspase-2
is inhibited by z-VDVAD-fmk [41]. Morcover, the
activation of caspase-8 by DAU, TT13 or AQ analog
without Fas signaling is likely to occur in the post-
mitochondrial sequence since it is blocked in the absence
of caspase-9 and -3 activations following caspase-2
inhibition [41]. Because caspase-8 inhibition by z-IETD-
fmk does not prevent DAU, T'T'13 and AQ analog from
activating caspase-2, -9 and -3, the mechanism of
apoptosis induction by these drugs can proceed in the
absence of caspase-8 activation, which may only play a
secondary role as part of the mitochondrial amplification
loop stimulated by the post-mitochondrial caspase
cascade [41].

Our DAU, AQ analog and T'T bisquinone studies support
the concept that, in drug-induced apoptosis, Cyt ¢ release
is caspase-independent [41]. But caspase-9 is not the first
apical caspase activated [67] since caspase-2 inhibition

does prevent caspase-9 activation [41,64-66]. Nuclear
caspase-2 may be a primary target of pro-apoptotic
nuclear signals and play a role upstream of Cyt ¢ release
and caspase-9 activation in VP-16 and cisplatin-treated
tumor cells [64-66]. VP-16 may induce nuclear damage
that signals the caspase-2-mediated release of Cyt ¢ at
10 uM, but directly disturb mitochondria to trigger PTP
opening and Cyt ¢ release at 50 uM [65,66]. The ability of
T'T bisquinones to directly target mitochondria, induce
MPT events and alter the ratio of Bcl-2 family members
controlling mitochondrial channels for the release of pro-
apoptotic molecules from the IMS is under investigation.
Because TT bisquinones fully induce Cyt ¢ release,
caspase activations, PARP-1 cleavage and internucleoso-
mal DNA fragmentation in HL-60 cells at 4 uM, these
drugs may be more potent inducers of apoptosis than VP-
16. The fact that z-VDVAD-fmk totally blocks DAU-, AQ
analog- and TT13-induced caspase-2, -8 and -9 activa-
tions without preventing these drugs from releasing Cyt ¢
suggests that, whether or not caspase-2 acts upstream of
mitochondria to induce some Cyt ¢ release before
activating the post-mitochondrial cascade of caspase-9,
-3 and -8, the activation of this apical caspase-2 is not
absolutely required for DAU-, AQ analog- and TT
bisquinone-induced Cyt ¢ releases, which can proceed
in its absence [41]. The non-essential role of apical
caspases in mitochondrial Cyt ¢ release is substantiated
by the inability of the caspase-8 inhibitor z-IETD-fmk to
alter Cyt ¢ release by DAU, AQ analog and TT13 [41].
The conclusion is that caspase-2 may play an important
role in the mechanisms of DAU-, AQ analog- and TT
bisquinone-induced apoptosis but the critical release of
mitochondrial Cyt ¢ can occur independently from apical
caspase activation.

Although they are somewhat less potent than DAU, the
interest of synthetic T'T bisquinones lies with the fact
that, in contrast to DAU, they have the advantage of
blocking nucleoside transporters, targeting both Topo 1
and II enzymes, and retaining their efficacy in HL-60
sublines that have developed different mechanisms of
MDR [17,18,20,21,38]. Here, TT13 and TT24 induce
caspase-9, -3 and -8 activities almost as effectively in
MDR HL-60-RVas in WT HL-60-S cells, a finding which
is consistent with the reports that T'T bisquinones retain
their ability to induce PARP-1 cleavage and internucleo-
somal DNA fragmentation in these DAU-resistant tumor
cells [18,38]. Blocking purine and pyrimidine nucleoside
transport and inhibiting both Topo I and II activities
might be some of the factors contributing to this
circumvention of MDR by TT bisquinones [18,21,38].
Moreover, apoptosis deficiency is strongly associated with
the MDR phenotype. DOX induces Apaf-1 expression in
WT p53 but not in p53 mutant cell lines. A lack of
caspase-3-mediated PARP-1 cleavage is observed in p53
mutant resistant to apoptosis and MDR HL-60 cells may
lose surface Fas expression [51]. However, TT

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Mechanism of apoptosis by antitumor triptycenes Perchellet et al.

bisquinones can induce PARP-1 cleavage in p53-null WT'
HL-60-S cells and MDR HL-60-RV cells [38] and,
because the Fas pathway is not involved in TT
bisquinone-mediated apoptosis in HL-60 cells, p53
deletion and a deficiency in the activation of the Fas
system suggested to play a role in MDR appear to be
irrelevant to the apoptotic action of our antitumor TT
bisquinones. Recently, anticancer drugs including DOX
have been shown to down-regulate the mRNA levels of
various inhibitor of apoptosis (IAP) proteins in WT but
not in MDR HL-60 cells, suggesting that IAPs, which
bind to and inhibit the activities of caspase-9, -3, -6 and -
7, may be involved in MDR [51]. Whether synthetic TT
bisquinones can decrease the levels of anti-apoptotic
IAPs to activate caspases as effectively in MDR as in WT'
HL-60 cells remains to be seen.

Conclusion

Without Fas signaling, T'T bisquinones trigger a caspase-
independent release of Cyt ¢ and a caspase-2-mediated
activation of caspase-9 and -8, and retain their ability to
induce apoptosis in DAU-resistant HL-60 cells, suggest-
ing that different molecular targets may be involved in
the actions of these quinone antitumor drugs.
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