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Abstract

The overexpression of Bcl-2 is implicated in the resistance of cancer cells to apoptosis. This study explored the potential of irofulven
(hydroxymethylacylfulvene, HMAF, MGI 114, NSC 683863), a novel DNA- and protein-reactive anticancer drug, to overcome the anti-
apoptotic properties of Bcl-2 in HeLa cells with controlled Bcl-2 overexpression. Irofulven treatment resulted in rapid (12 hr) dissipation of
the mitochondrial membrane potential, phosphatidylserine externalization, and apoptotic DNA fragmentation, with progressive changes after
24 hr. Bcl-2 overexpression caused marginal or partial inhibition of these effects after treatment times ranging from 12 to 48 hr. Both Bcl-2-
dependent and -independent responses to irofulven were abrogated by a broad-spectrum caspase inhibitor. Despite the somewhat decreased
apoptotic indices, cell growth inhibition by irofulven was unaffected by Bcl-2 status. In comparison, Bcl-2 overexpression drastically reduced
apoptotic DNA fragmentation by etoposide, acting via topoisomerase II-mediated DNA damage, but had no effect on apoptotic DNA
fragmentation by helenalin A, which reacts with proteins but not DNA. Irofulven retains its pro-apoptotic and growth inhibitory potential in
cell lines that have naturally high Bcl-2 expression. Collectively, the results implicate multiple mechanisms of apoptosis induction by
irofulven, which may differ in time course and Bcl-2 dependence. It is possible that the sustained ability of irofulven to induce profound
apoptosis and to block cell growth despite Bcl-2 overexpression may be related to its dual reactivity with both DNA and proteins.

© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

The goal of cancer chemotherapy is to eradicate cancer
cells, preferably through coordinated cell death, as in the

w Preliminary accounts from these studies have been presented at the
91st Annual Meeting of the American Association for Cancer Research,
April 1-5, 2000, San Francisco, Abstract 1799, and at the 11th NCI-
EORTC Symposium on New Drugs in Cancer Therapy, Amsterdam,
November 7-10, 2000, Abstract 303.

* Corresponding author. Tel.: 4+1-210-677-3832; fax: +1-210-677-0058.

E-mail addresses: bwoynar@saci.org (B.A. Woynarowska),
jmwl@saci.org (J.M. Woynarowski).

' Tel.: +1-210-677-3846.

Abbreviations: JC-1, 5,5,6,6'-tetrachloro-1,1',3,3'-tetracthylbenzimi-
dazolyl-carbocyanine iodide; Gisg, drug concentration inhibiting relative
cell growth by 50%; AY,,, mitochondrial membrane potential; MTT, 3-
[4,5-dimethylthiazol-2-yl1]-2,5-diphenyltetrazolium bromide; PI, propi-
dium iodide; PTPC, permeability transition pore complex; Z-VAD-fmk,
N-benzyloxycarbonyl-Val-Ala-Asp(O-Me) fluoromethyl ketone.

apoptotic process. Apoptosis is thought, in general, to be
initiated via two major routes involving either a death
receptor pathway or a signaling pathway leading to mito-
chondrial dysfunction [1,2]. Blocks to either route are
implicated in the resistance of cancer cells to drug-induced
cell death [3]. There is substantial cross-talk between both
pathways, and mitochondrial dysfunction is viewed as a
general point of no return in the execution of apoptosis
[4,5].

Whether or not an apoptotic stimulus leads to mitochon-
drial dysfunction can be critically dependent upon the
interplay of the Bcl-2 family of proteins. Tipping the
delicate balance between the pro- and anti-apoptotic mem-
bers of the Bcl-2 family can lead to either increased
cytochrome ¢ release and mitochondrial dysfunction or
attenuation of apoptosis signaling and continued unim-
peded mitochondrial function [6,7]. Among the several
known mammalian anti-apoptotic members of the Bcl-2
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Fig. 1. Structure of irofulven.

family, apoptosis inhibition by Bcl-2 itself has been the
most extensively documented [5,6,8—13]. Bcl-2 overex-
pression inhibits apoptosis induced by diverse anticancer
drugs [11,14-18]. The chemoresistance of some leukemias,
lymphomas, and colon, prostate, and lung cancers can be
traced to overexpression of Bcl-2, or to increased ratios of
anti-/pro-apoptotic Bcl-2 family members [7,11,14,18-26].
Clinically, increased Bcl-2/Bax ratios are often observed in
tumors of patients found to be unresponsive to various
chemotherapeutic treatments [22,27-30].

Irofulven (HMAF, hydroxymethylacylfulvene, MGI
114, NSC 683863, Fig. 1) is a novel pro-apoptotic anti-
tumor drug currently undergoing a Phase III trial for
gemcitabine-refractory pancreatic cancer, and several
Phase II clinical trials [31]. A broad spectrum of antitumor
activity [32-36] and a potent induction of apoptosis are the
most prominent features of the action of irofulven [37—-40].
Moreover, irofulven can differentiate between tumor and
normal cells, essentially being reversibly cytostatic and
thus non-apoptosis-inducing in various types of normal
cells [39,40]. The reactivity of irofulven with cellular
macromolecules, including alkylation of both DNA and
proteins [37,38,41], suggests that the drug may promote
apoptosis in tumor cells via multiple mechanisms.

DNA damage is generally recognized as an important
apoptotic stimulus that initiates death signaling. Thus,
irofulven—DNA adducts are highly likely to initiate apop-
totic responses in drug-treated cells. The DNA-damage
initiated pathway, however, is known to be subject to
inhibition by Bcl-2 overexpression [42—45]. On the other
hand, functional protein damage by agents that react only
with proteins seems to promote apoptosis by mechanisms
that have limited dependence on Bcl-2 [46-55]. We pro-
posed that protein adducts (functional protein damage)
may enhance apoptosis by dual-acting agents such as
irofulven [56]. Hence, it seemed likely that irofulven-
induced protein damage and a resulting pro-oxidative
distortion of redox homeostasis might overcome the
anti-apoptotic effects of Bcl-2.

In this study, we explored the effects of forced Bcl-2
overexpression on the ability of irofulven to induce apop-
tosis and inhibit cell growth. The results demonstrate that
irofulven remains profoundly pro-apoptotic under the con-
ditions of overexpression of the anti-apoptotic protein Bcl-
2. The pattern of irofulven’s effects and the comparison
with the protein-reactive drug helenalin and the DNA-
damaging drug etoposide implicate the dual DNA- and
protein-reactivity of irofulven in its apoptotic properties.

2. Materials and methods
2.1. Drugs

Stock solutions of irofulven (from MGI Pharma), hele-
nalin A (Calbiochem), and etoposide (Sigma) were pre-
pared in DMSO and stored protected from light at —20°.

2.2. Cell culture and drug cytotoxicity

BH2 cells, a subline of HeL.a S3 cells stably transfected
with a tetracycline-controlled Bcl-2 overexpressing sys-
tem, were developed and made available to the research
community by Yin and Schimke [57] and distributed free
of charge by Clontech Laboratories Inc. BH2 cells were
cultured in Minimal Essential Medium (MEM) supple-
mented with 10% fetal bovine serum either in medium
containing 2 pg/mL of tetracycline (Bcl-2 OFF) or with-
out the addition of tetracycline (Bcl-2 ON) as described
by Yin and Schimke [57]. Tetracycline, when used,
was continuously present in culture starting at least 3
days before an experiment to ensure the complete inhibi-
tion of Bcl-2 expression. The presence of tetracycline
did not affect the growth properties of untreated cells
adversely.

Drug cytotoxicity was measured by a standard colori-
metric MTT assay as described previously [38,58]. Briefly,
exponentially growing cells, either with or without tetra-
cycline, were plated at 1.5 x 103 cells/0.2 mL in a 96-well
plate and incubated with a series of irofulven concentrations
for 72 hr followed by the addition of MTT for the colori-
metric reaction. The results were expressed as Gisy values
(drug concentrations inhibiting relative cell growth, RG, by
50%), using the equation: RG = (T; — Ty)/(Con — Ty),
where 7, and Con are the MTT absorbance signals for
drug-treated and control cells, respectively, and T is the
initial (time zero) absorbance.

2.3. Detection of Bcl-2 by Western blot analysis

Total protein extracts were obtained as described pre-
viously [58]. Protein concentration in the lysates was
determined using the Pierce bicinchoninic acid (BCA)
assay with BSA as the standard (Pierce). Protein samples
(50 pg) were subjected to reducing SDS-PAGE electro-
phoresed on a 12% SDS—polyacrylamide gel [58] and then
electro-transferred to nitrocellulose membrane (Bio-Rad
Laboratories) [59]. Membranes were blocked for non-
specific staining with 10% non-fat dry milk for 1 hr at
room temperature [59] and next probed with antibody
specific for Bcl-2 (1:2000, mouse anti-human Bcl-2 spe-
cific antibody, clone YTH-8C8, R&D Biosystems) and
then with corresponding horseradish peroxidase-conju-
gated secondary antibody (1:500 goat anti-mouse IgG).
Specific protein bands were visualized using a chemilu-
minescence system, ECL (Amersham Biosciences).
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2.4. Flow cytometric determinations of AY,,

AV, was determined using the fluorescent lipophilic
cationic probe JC-1. Irofulven-treated cells were harvested
either by a mild trypsinization or by scraping and were
combined with any cells already detached to the medium
during the treatment. Cells were washed twice by centri-
fugation for 5 min at 200 g at room temperature in serum-
free RPMI 1640 medium without phenol red and glutamine
and were resuspended in PBS. Aliquots (1 mL) containing
1 x 10% cells were supplemented with 1 mL of binding
buffer with JC-1 (ApoAlert™ Mitochondrial Membrane
Sensor, BD Biosciences Clontech) as per the protocol of
the manufacturer. Cell suspensions were incubated for
25 min at 37° and then analyzed immediately by flow
cytometry on a Coulter EPICS ELITE flow cytometer
(Beckman Coulter). Typically, 10,000 events were col-
lected using excitation/emission wavelengths of 488/525
and 488/675 nm for green and red fluorescence, respec-
tively. Events with high red and high green fluorescence
were gated as indicated in sample histograms (see Fig. 2B)
as measures of cells with high and low mitochondrial
membrane potential, respectively.

2.5. Flow cytometric determinations of
phosphatidylserine externalization (annexin V binding)

Cells were treated with irofulven as indicated and
harvested as described for A¥,,, determinations. Harvested
cells were washed with serum-free RPMI 1640 medium
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without phenol red and glutamine, counted, and suspended
in PBS at a density 1 x 10° cells/mL. After an additional
wash with PBS, aliquots of 1 x 10° cells were suspended in
500 pL of binding buffer (Annexin V-FITC Staining Kit,
BD Biosciences Pharmingen). One hundred microliters of
this cell suspension was stained with 5 pLL of annexin V
conjugated to fluorescein isothiocyanate (from Annexin V-
FITC Staining Kit) and 10 pL. of PI (500 pg/mL) for
15 min in the dark followed by the addition of 400 uL.
of binding buffer. Cells were placed on ice and immedi-
ately analyzed by flow cytometry. Typically, 10,000 events
were collected using excitation/emission wavelengths of
488/525 and 488/675 nm for annexin and PI, respectively.

2.6. Quantitative apoptotic DNA fragmentation

The quantitative fragmentation assay, described in detail
previously [37,39,40], detects both early, high-molecular-
weight DNA fragments and late residual oligonucleosomal-
size fragments. In this assay, drug-treated ['*C]thymidine-
prelabeled cells were permeabilized in a hypotonic buffer
followed by the extraction of fragmented DNA. Under these
conditions, undegraded DNA remains in the nuclear pellet
fraction while chromatin fragments are in the supernatants.
The results are expressed as a percentage of the total DNA
released in the supernatants, corrected for the radioactivity
released from untreated controls (typically 13 and 16% for
Bcl-2 ON and OFF, respectively). Z-VAD-fmk (200 pM)
was added 2 hr prior to the addition of irofulven in samples
treated with this pan-caspase inhibitor.
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Fig. 2. Irofulven-induced mitochondrial permeability transition in BH2 cells under Bcl-2 ON and OFF conditions. (A) Western blot analysis of Bcl-2 protein
from BH2 cells grown in the presence or absence of 2 pg/mL of tetracycline, referred to as “Bcl-2 ON” and “Bcl-2 OFE” respectively. A 26-kDa mark
indicates the position of the Bcl-2 band. (B and C) Changes in AY,, were followed by flow cytometric analysis using ApoAlert Mitochondrial Membrane
Sensor. High red and green fluorescence correspond to cells with high and low AY,,, respectively. Panel B: Representative examples of flow cytometric
histograms after 12 hr of drug treatment. Panel C: Quantitation of changes in red and green fluorescence for 12- and 24-hr drug treatment times averaged

(£SEM) from two independent experiments carried out in duplicate.
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3. Results

Apoptotic responses to irofulven treatment were fol-
lowed in BH2 cells, a subline of HeLLa S3 cells developed
by Schimke and co-workers [57,60] with forced over-
expression of Bcl-2 in the absence of tetracycline. Under
these conditions, herein referred to as “Bcl-2 ON,” BH2
cells were confirmed to have abundant levels of bcl-2
message (data not shown) and Bcl-2 protein (Fig. 2A).
In contrast, BH2 cells grown in the presence of 2 pg/mL of
tetracycline had marginal levels of Bcl-2 protein (condition
referred to as “Bcl-2 OFF,” Fig. 2A).

3.1. Collapse of AY,, in both Bcl-2 OFF and
Bcl-2 ON cells

Since mitochondrial effects can be rate limiting in
apoptosis [4], prevention of mitochondrial dysfunction
by excess Bcl-2 can have a decisive effect on the fate of
a cell. Thus, the effects of irofulven on AY,, were exam-
ined under the conditions of Bcl-2 ON and OFF using flow
cytometric determinations with a fluorescent sensor of
AY.,, JC-1. In cells with normal mitochondria (high
AY.), JC-1 molecules bound as multimers in mitochon-
drial membranes, emitting red fluorescence. In cells with
depolarized mitochondria, the dye is mainly present in the
cytoplasm as a monomer, emitting green fluorescence
[61,62].

In the control cells with no drug treatment, the majority
of cells had a high AY, regardless of their Bcl-2 status, as
indicated by a high red JC-1 fluorescent signal (Fig. 2B).
After treatment with irofulven, however, the fraction of
cells with red fluorescence decreased. Concurrently, the
fraction of cells with green fluorescence (dissipated AY ,,)
became substantial. This collapse of A, could be detected

after a 12-hr drug treatment. The effect was somewhat more
pronounced in cells with Bcl-2 OFF than with Bcl-2 ON,
but the difference was not significant. An extensive collapse
of AY¥,, with both Bcl-2 OFF and ON was also seen at 24 hr.
At this time, however, the down-regulating influence of
Bcl-2 ON was slightly more significant (P = 0.06) than
after 12 hr. These results demonstrated clearly that iroful-
ven causes mitochondrial dysfunction in the absence as
well as in the presence of Bcl-2 overexpression. At the
most, Bcl-2 seemed to slow down the progression of the
initial AY¥,, collapse.

3.2. Possible independence of the earliest apoptotic
events of the Bcl-2 status

To discern between possible differences in Bcl-2-depen-
dence or the kinetics of apoptosis, we analyzed the effects
of irofulven on apoptosis at various stages. Changes in
plasma membrane phospholipids, such as externalization
of phosphatidylserine residues in the outer plasma mem-
brane, are a characteristic marker of early apoptotic events
[63,64]. Phosphatidylserine externalization can be conve-
niently detected by fluoresceinated annexin V binding.
Counterstaining with PI, which detects cells with compro-
mised cell membrane integrity, allows one to distinguish
among necrotic, early-apoptotic, and late-apoptotic cells
[65,66] (Fig. 3A).

Representative flow cytometric histograms (Fig. 3A)
illustrated profound shifts in annexin V and PI signals in
BH2 cells following irofulven treatment for 12 hr. The
appearance of cells with a high annexin signal and a low PI
signal is characteristic of early apoptosis. The progression
of apoptosis results in cells with a high annexin signal and a
high PI signal, characteristic of late apoptosis (secondary
necrosis).
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Fig. 3. Early and late apoptosis induced by 2.5 uM irofulven in BH2 cells under Bcl-2 ON and OFF conditions: flow cytometric analysis of phosphatidylserine
externalization (annexin staining) with PI counter-staining. (A) Representative examples of flow cytometric histograms after 12 hr of drug treatment. The
appearance of cells with a high annexin signal and a low PI signal is characteristic of early apoptosis. Progression of apoptosis results in cells with a high
annexin signal and a high PI signal (secondary necrosis). (B) Quantitation of early, late, and total apoptosis after 12- and 24-hr treatments with 2.5 uM irofulven.
The values shown are means (SEM) from two independent experiments carried out in duplicate and are corrected for respective values in control cells.
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The quantitation of these effects (Fig. 3B) shows that a
relatively brief 12-hr incubation with irofulven-induced
profound apoptosis regardless of Bcl-2 status. Bcl-2 over-
expression after a 12-hr irofulven treatment only margin-
ally reduced the proportion of cells in the combined early
and late apoptotic compartments, compared to Bcl-2 OFF
conditions. Thus, it appears that the earliest apoptotic
events induced by irofulven and detected by annexin
binding can be independent of Bcl-2 status. The differences
in the response to irofulven between Bcl-2 ON and Bcl-2
OFF cultures increased after 24 hr with the drug. In parti-
cular, in the Bcl-2 ON cultures (Fig. 3B), the early apoptosis
compartment was diminished markedly after 24 hr com-
pared to both 12 hr for Bcl-2 ON and 24 hr for Bel-2 OFF.
The differences between the late apoptosis compartments
were not significant, which is consistent with the belief that
the cells in late apoptosis, after 24 hr, represent primarily
cells that were in the early apoptosis phase after 12 hr of
drug treatment.

3.3. Partial dependence of apoptotic DNA fragmentation
on Bcl-2 status

DNA breakage, an event downstream from the caspase
cascade, is another hallmark of apoptosis. With other cell
lines, irofulven tended to produce massive high-molecular-
weight DNA fragmentation (peaking at ~40-50 kbp after a
24-hr incubation), although no oligonucleosomal-size
fragments (‘““DNA ladder”’) were observed [37]. To assess
whether Bcl-2 overexpression affects DNA fragmentation
in BH2 cells, we used a quantitative DNA fragmentation
assay [37,39,40] which measures DNA fragments that can
be eluted from the nuclei of drug-treated cells, and
correctly quantitates not only oligonucleosomal fragments
but also large fragments. In this assay, the background
levels of apoptosis were themselves suppressed by Bcl-2
overexpression. Control levels of DNA fragmentation were
typically 13.2+0.7 and 16.3+0.6% (SEM, 24 hr,
N = 34-46) for Bcl-2 OFF and Bcl-2 ON, respectively.

Under Bcl-2 OFF conditions, irofulven induced high
levels of apoptotic DNA fragmentation in BH2 cells
(Fig. 4). Fragmented DNA was detected at drug concentra-
tions as low as 0.5 pM after treatment times of 12 hr or more
(Fig. 4A). Under Bcl-2 ON conditions, DNA fragmentation
was reduced significantly after 12 and 24 hr of drug treat-
ment. However, the Bcl-2-independent component of DNA
fragmentation remained profound (21.8 £ 2.6% (SEM) at
2.5 uM, 12 hr, N = 5). Moreover, the partial dependence of
irofulven-induced DNA fragmentation on Bcl-2 status
became insignificant after a prolonged (48-hr) incubation
(Fig. 4C). Given that the Bcl-2 ON conditions in the BH2
system result in supra-physiologically high Bcl-2 protein
levels, DNA fragmentation data provided further evidence
that irofulven-induced apoptosis has at least two compo-
nents, one of which is profoundly insensitive to Bcl-2
inhibition. Both components seem to be mediated by the
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Fig. 4. Apoptotic DNA fragmentation in BH2 cells incubated with
irofulven with forced overexpression of Bcl-2 OFF or ON. (A-C) DNA
fragmentation after the indicated times of drug treatment. The values of the
percentage of fragmented DNA are means (+SEM) from 3-12
independent experiments carried out in triplicate and are corrected for
respective values in control cells. Significant differences in sample means
at individual times and drug concentrations are indicated by (x) and (xx)
for P < 0.05 and 0.005, respectively. (D) Inhibition of irofulven-induced
DNA fragmentation by the pan-caspase inhibitor Z-VAD-fmk (200 pM)
assayed after 24 hr of treatment with 2.5 uM drug. Data are expressed as
the percentage of DNA fragmentation in the absence of caspase inhibitor
(mean values £ range from duplicate cultures).

no inhibitor

caspase cascade, since a broad-spectrum caspase inhibitor
Z-VAD-fmk completely abrogated irofulven-induced DNA
fragmentation, regardless of Bcl-2 status (Fig. 4D).
Additional DNA fragmentation experiments compared
the effects of Bcl-2 overexpression on apoptotic responses
to irofulven and to the model single-action drugs etoposide,
which essentially produces only DNA lesions (mediated by
topoisomerase II [42]), and helenalin A, a sesquiterpenoid
like irofulven, which binds to proteins but not to DNA [67].
The results demonstrated profound differences in the effects
of Bcl-2 on apoptosis by these three drugs (Fig. 5). Whereas
etoposide produced rather high levels of DNA fragmenta-
tion with Bcl-2 OFF, Bcl-2 ON conditions severely atte-
nuated these effects (Fig. SA). This Bcl-2 dependency is
consistent with previous findings for etoposide [42,68]. In
contrast, helenalin A produced less DNA fragmentation, but
the effects of this drug were essentially independent of the
Bcl-2 status (Fig. 5A). Bcl-2-independent DNA fragmenta-
tion was also produced by diamide, another protein-reactive
agent (data not shown). Irofulven responses resembled
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using drug concentrations that produced DNA fragmentation ranging from 20 to 55%. Significant differences in means between irofulven and etoposide and
helenalin and etoposide are indicated by diamonds and asterisks, respectively (for both, P < 0.05, z-test).

etoposide in terms of the magnitude of DNA fragmentation
with Bcl-2 OFF, but were significantly less attenuated by
Bcl-2 ON (Fig. 5A and B).

3.4. Irofulven cytotoxicity in the presence of high levels
of Bcl-2

To address the question of whether the apoptotic effect
of reduced DNA fragmentation can be relevant to the
overall antiproliferative effects of irofulven, we compared
drug cytotoxicity in Bcl-2 ON and OFF cultures of BH2
cells. The results demonstrated that drug-induced cell
growth inhibition after 72 hr of continuous exposure was
virtually identical regardless of Bcl-2 status, with Gisq values
of 0.16 and 0.15 uM for Bcl-2 ON and OFF, respectively
(Fig. 6). Like irofulven, helenalin A also showed similar
cytotoxicity with Bcl-2 ON and OFF with the cGis, values of
0.52 and 0.38 uM, respectively, while etoposide produced
somewhat more disparate GIso values of 0.87 and 0.56 pM,
respectively.

To extend the findings with irofulven, we used NCI
databases to plot Bcl-2 RNA levels (http://dtp.nci.nih.gov/
mtargets/mt_index.html) versus irofulven cytotoxicity in
the NCI panel of various cancer cell lines (http:/
dtpsearch.ncifcrf.gov/htbin/nsc_search.exe). No obvious
correlation existed between the Giso values and the Bcl-2
RNA levels (Fig. 7A). Furthermore, a number of cell lines

were identified that are highly susceptible to irofulven, with
Glso values below 0.5 uM despite clearly elevated Bcl-2
message. Like growth inhibition, the ability of irofulven to
induce apoptosis in several cell lines was also not correlated
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Fig. 6. Cytotoxicity of irofulven in BH2 cells incubated with irofulven
with forced overexpression of Bcl-2 OFF or ON. BH2 cells grown in the
presence ([]) or absence (@) of 2 pg/mL of tetracycline (Bcl-2 OFF and
ON, respectively) were incubated with irofulven for 72 hr before
measuring cell growth by the MTT assay. Average values from three
separate experiments are plotted, reflecting ciso values of 0.15 and
0.16 uM for Bcl-2 OFF and ON, respectively. Similar results were
obtained by cell counts, with Giso values of 0.19 and 0.20 pM drug for Bcl-
2 ON and OFF, respectively (profiles not shown).
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Therapeutics Program databases on Drug Cancer Screening (http://
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(http://dtp.nci.nih.gov/mtargets/mt_index.html), respectively. Several cell
lines that are highly responsive to irofulven despite their reported high
Bcl-2 levels are encircled with a dotted line. The lack of correlation is
indicated by r*> = 0.06. (B) Irofulven-induced apoptotic DNA fragmentation
(24-hr incubation, 5 pM drug) in several cell lines plotted against Bcl-2 RNA
levels. Bcl-2 data are from the Molecular Targets database (see panel A).
Fragmentation data for MOLT4 cells are means (SEM) from triplicate
determinations. Fragmentation data for CEM, HT29, and PC-3 cells are from
[40]. For MCF-7 and MDA-MB-231, the plotted values for 5 uM drug are
interpolated from the previously published [58] data for 2 and 10 pM drug.

with the levels of Bcl-2 expression (Fig. 7B). For example,
irofulven produced markedly more potent apoptotic
responses in breast cancer MCF-7 and MDA-MB-231 cells,
which exhibit high levels of Bcl-2 expression, than in Bcl-
2-poor HT29 cells (Fig. 7B).

4. Discussion
Apoptosis induction by the promising anti-cancer drug

irofulven is likely to reflect a combination of drug effects
on multiple cellular targets [56]. Irofulven alkylates cellular

DNA, which should induce damage signaling, a well-
known initiator of the death pathway. Independently, iro-
fulven binds covalently and irreversibly to cellular pro-
teins, which include key regulators of apoptosis execution
[38,40]. By affecting multiple intracellular targets that may
potentially have different effects on the apoptotic process,
irofulven may overcome various specific cellular anti-
apoptotic defenses. Indeed, irofulven has been shown
recently to bypass apoptosis resistance due to caspase-3
deficiency [58]. This study demonstrates that overexpres-
sion of the anti-apoptotic protein Bcl-2 is also unable to
abrogate irofulven-induced cell death.

Irofulven remains strongly pro-apoptotic under supra-
physiological levels of Bcl-2, as documented by several
endpoints. Bcl-2 overexpression seems largely inconse-
quential to the potent early depolarization of the mitochon-
drial membrane after drug treatment (Fig. 2). Apoptotic
phosphatidylserine externalization was essentially unaf-
fected at 12 hr of treatment and only marginally reduced
upon Bcl-2 overexpression at 24 hr (Fig. 3). Furthermore,
the massive irofulven-induced apoptotic DNA fragmenta-
tion, while attenuated, was still profound in Bcl-2 over-
expressing cells (Fig. 4).

These results are consistent with the notion that the
earliest effects in the apoptosis induced by irofulven, includ-
ing mitochondrial dysfunction, are Bcl-2-independent. Bcl-
2, in general, blocks changes in the PTPC, preventing
mitochondrial membrane depolarization and a subsequent
release of cytochrome ¢ and other pro-apoptotic factors
[27,69-71]. However, overexpressed levels of Bcl-2 failed
to prevent the mitochondrial permeability transition (MPT)
induced by irofulven at 12 hr (Fig. 2). One explanation for
this failure could be a distorted interplay among Bcl-2
family members within the mitochondrial membrane
[6,10,11]. The Bcl-2-independent effects of some pro-apop-
totic anticancer drugs were suggested to originate from the
cleavage of pro-apoptotic Bax to a form that no longer
interacts with Bcl-2 but still promotes permeability transi-
tion [72]. In the case of irofulven, however, this possibility
seems unlikely. Irofulven does cause Bax translocation to
mitochondria, which is followed by cytochrome c release,
but without any detectable Bax cleavage [56,73]. Alterna-
tively, a caspase-3-dependent cleavage of Bcl-2 can promote
mitochondrial release of cytochrome ¢ [74-76]. However,
no indications of Bcl-2 cleavage accompanied irofulven-
induced apoptosis in leukemic CEM (Herzig et al., unpub-
lished data). In addition, irofulven remains pro-apoptotic in
caspase-3-deficient cells [58]. Further studies of the com-
plex interrelationships among AY,, dissipation, mitochon-
drial pore opening [5,6,12,13], and other members of the
Bcl-2 family [77] are needed to uncover the molecular
events underlying the Bcl-2-independent component in
irofulven-induced mitochondrial dysfunction.

One specific possibility worth consideration is direct
interference with mitochondrial membrane proteins. Purely
protein-reactive agents, such 1,1’-azobis(N,N-dimethylfor-
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mamide) (diamide) and helenalin, are also known to induce
apoptosis in a Bcl-2-independent manner [48,51,52].
Although diamide and related protein cross-linking agents
bind to numerous cellular proteins, the covalent modifica-
tion of a PTPC protein, adenine nucleotide transporter
(ANT), was proposed to lead to Bcl-2-independent mito-
chondrial membrane permeability transition [52]. It is
tempting to speculate that, analogous to purely protein-
reactive agents, irofulven reactivity with sulfhydryl-contain-
ing proteins may play a broader role in overcoming the anti-
apoptotic action of Bcl-2. An intriguing analogy is offered
by the recent findings with helenalin [55], a sesquiterpene
lactone that belongs to the same broader class of compounds
as irofulven. Like irofulven, helenalin is capable of reacting
with protein sulthydryls [78] but, unlike irofulven, helenalin
probably does not react with DNA [67]. The protein reac-
tivity is apparently sufficient for potent caspase-dependent
but Bcl-2-independent apoptosis by helenalin ([55] and
Fig. 5), similar to apoptosis by irofulven. The broad reac-
tivity with multiple cellular proteins of both helenalin
[55,67,78] and irofulven ([38] and Herzig et al., data not
shown) may help to derail the known function of Bcl-2 as an
antioxidant [7,47,79-81]. Similar to the protein-reactive
diamide, unrepaired irofulven—protein adducts are asso-
ciated with a pro-oxidative distortion of the redox home-
ostasis [56,59]. Pro-oxidative changes, in general, are
known to facilitate apoptosis execution [49]. In particular,
a key role in the repair of protein damage and in redox-
mediated anti-apoptotic responses to various anticancer
agents is played by the thioredoxin system [82—84]. In that
context, the demonstrated ability of irofulven to bind to
thioredoxin and thioredoxin reductase ([38,56] and Herzig
et al., unpublished data) might contribute to counteracting
the antioxidative effects of Bcl-2 at the cellular level.
Although excessive Bcl-2 cannot halt irofulven-induced
apoptosis, it may slow its progression somewhat. This
component of irofulven-induced apoptosis that is slowed
by Bcl-2 might reflect a canonical Bcl-2-mediated inhibi-
tion of cellular responses to drug—-DNA adducts. For a
variety of drugs, including etoposide, whose mechanism
implicates DNA damage as the apoptotic stimulus, Bcl-2
overexpression conferred a significant resistance to drug-
induced apoptosis ([74,85,86] and Fig. 5). In addition to
drug-specific responses caused by the primary DNA lesions,
mitotic catastrophe in cells with unrepaired DNA damage
could give rise to “generic,” secondary apoptotic responses
that can be expected to be inhibitable by the canonical Bcl-2
mechanism. This scenario is consistent with the anti-apop-
totic effect of Bcl-2 being most evident at 24 hr, a time
frame that seems sufficient for some affected cells to have
attempted mitosis. Finally, the Bcl-2-inhibitable component
of irofulven apoptosis may also be related to events down-
stream from mitochondrial dysfunction. Downstream
effects, including the caspase cascade, are known to affect
the kinetics of cell death by providing positive feedback,
secondary routes that enhance the pro-apoptotic mitochon-

drial changes [75]. Distinct from the direct mitochondrial
effects, Bcl-2 can down-regulate events associated with this
positive feedback loop, for example, by sequestering pro-
caspases [69]. Whereas the mitochondrial events seem
central for irofulven-induced apoptosis, a contribution of
positive feedback loops, particularly at later times, has been
implicated in the irofulven-induced apoptosis in LNCaP-
Pro5 cells [56,73]. Collectively, these data suggest that
irofulven-induced apoptosis may have different underlying
molecular characteristics at various times from the begin-
ning of the pro-apoptotic insult.

A comparison of Bcl-2 dependency of irofulven-induced
apoptotic DNA fragmentation with the effects of etoposide,
which produces mainly DNA lesions, and those of hele-
nalin, which causes protein damage only, demonstrates
clearly that irofulven responses share the traits expressed
by both single-action agents. The high magnitude of
apoptotic fragmentation in the absence of Bcl-2, observed
for both irofulven and etoposide, may reflect the ability of
both drugs to damage DNA. On the other hand, the
significantly lower attenuation of irofulven-induced
DNA fragmentation by overexpressed Bcl-2 is consistent
with the contribution of protein damage, as the effects of
helenalin were essentially Bcl-2-independent.

Regardless of the specific molecular details, the Bcl-2-
independent effects of irofulven are likely to determine the
fate of the cell. Bcl-2 overexpression had no effect on cell
growth inhibition by irofulven in the BH2 system (Fig. 6).
Moreover, irofulven remains highly cytotoxic and pro-apop-
totic in several cancer cell lines with naturally elevated levels
of bcl-2 message (Fig. 7). These data again bring up the
analogy to the pure protein damage induced by diamide, for
which the resulting cell death is not prevented by Bcl-2 [52].

Taken together, the reported findings strongly suggest
that irofulven is likely to maintain its apoptotic potential
under elevated Bcl-2 levels in naturally occurring tumors.
Such potent pro-apoptotic properties are generally highly
desirable since they reduce the chances for selecting more
aggressive and/or drug-resistant tumor phenotypes, which
are often responsible for the failure of classical therapies.
Killing Bcl-2-overexpressing cells could be particularly
important, since high Bcl-2 levels were suggested to
increase the metastatic potential of a cancer cell [87].
Thus, irofulven may be useful as a treatment modality
in the case of pharmacologically inauspicious apoptosis-
resistant tumors with elevated Bcl-2. The potential utility
of dual-acting anticancer agents, such as irofulven, war-
rants further mechanistic studies to better understand how
the combination of drug-induced DNA and protein damage
circumvents anti-apoptotic cell defenses, such as Bcl-2.

Acknowledgments

These studies were supported, in part, by grants from the
NCI (CA78706) and MGI Pharma Inc.



M.C.S. Herzig et al./Biochemical Pharmacology 65 (2003) 503-513 511

References

(1]

[2

—

3

—

[4

=

[5

—

[6

[}

[7

—

[8

—_

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Blalock WL, Weinstein-Oppenheimer C, Chang F, Hoyle PE, Wang
XY, Algate PA, Franklin RA, Oberhaus SM, Steelman LS, McCubrey
JA. Signal transduction, cell cycle regulatory, and anti-apoptotic
pathways regulated by IL-3 in hematopoietic cells: possible sites
for intervention with anti-neoplastic drugs. Leukemia 1999;13:
1109-66.

Kaufmann SH, Earnshaw WC. Induction of apoptosis by cancer
chemotherapy. Exp Cell Res 2000;256:42-9.

Glinsky GV, Glinsky VV, Ivanova AB, Hueser CJ. Apoptosis and
metastasis: increased apoptosis resistance of metastatic cancer cells is
associated with the profound deficiency of apoptosis execution me-
chanisms. Cancer Lett 1997;115:185-93.

Susin SA, Zamzami N, Kroemer G. Mitochondria as regulators of
apoptosis: doubt no more. Biochim Biophys Acta 1998;1366:151-65.
Desagher S, Martinou JC. Mitochondria as the central control point of
apoptosis. Trends Cell Biol 2000;10:369-77.

Zamzami N, Brenner C, Marzo I, Susin SA, Kroemer G. Subcellular
and submitochondrial mode of action of Bcl-2-like oncoproteins.
Oncogene 1998;16:2265-82.

Korsmeyer SJ. BCL-2 gene family and the regulation of programmed
cell death. Cancer Res 1999;59:1693s-700s.

Bae J, Hsu SY, Leo CP, Zell K, Hsueh AJ. Underphosphorylated BAD
interacts with diverse anti-apoptotic Bcl-2 family proteins to regulate
apoptosis. Apoptosis 2001;6:319-30.

Hsu SY, Kaipia A, McGee E, Lomeli M, Hsueh AJ. Bok is a pro-
apoptotic Bcl-2 protein with restricted expression in reproductive
tissues and heterodimerizes with selective anti-apoptotic Bcl-2 family
members. Proc Natl Acad Sci USA 1997;94:12401-6.

Tsujimoto Y, Shimizu S. Bcl-2 family: life-or-death switch. FEBS Lett
2000;466:6-10.

Kusenda J. Bcl-2 family proteins and leukemia. Neoplasma 1998;45:
117-22.

Halestrap AP, Doran E, Gillespie JP, O’ Toole A. Mitochondria and cell
death. Biochem Soc Trans 2000;28:170-7.

Loeffler M, Kroemer G. The mitochondrion in cell death control:
certainties and incognita. Exp Cell Res 2000;256:19-26.

Nuessler V, Stotzer O, Gullis E, Pelka-Fleischer R, Pogrebniak A,
Gieseler F, Wilmanns W. Bcl-2, bax and bcl-xL expression in human
sensitive and resistant leukemia cell lines. Leukemia 1999;13:1864—72.
Planchon SM, Wuerzberger-Davis SM, Pink JJ, Robertson KA, Born-
mann WG, Boothman DA. Bcl-2 protects against beta-lapachone-
mediated caspase 3 activation and apoptosis in human myeloid
leukemia (HL-60) cells. Oncol Rep 1999;6:485-92.

Takahashi M, Saito H, Okuyama T, Miyashita T, Kosuga M, Sumisa F,
Yamada M, Ebinuma H, Ishii H. Overexpression of Bcl-2 protects
human hepatoma cells from Fas-antibody-mediated apoptosis. J He-
patol 1999;31:315-22.

Bloem A, Lockhorst H. Bcl-2 antisense therapy in multiple myeloma.
Pathol Biol 1999;47:216-20.

Chaudhary KS, Abel PD, Lalani EN. Role of the Bcl-2 gene family in
prostate cancer progression and its implications for therapeutic inter-
vention. Environ Health Perspect 1999;107(Suppl 1):49-57.
McConkey DJ, Greene G, Pettaway CA. Apoptosis resistance in-
creases with metastatic potential in cells of the human LNCaP prostate
carcinoma line. Cancer Res 1996;56:5594-9.

Krajewska M, Krajewski S, Epstein JI, Shabaik A, Sauvageot J, Song
K, Kitada S, Reed JC. Immunohistochemical analysis of bcl-2, bax,
bcl-X, and mcl-1 expression in prostate cancers. Am J Pathol
1996;148:1567-76.

DiPaola RS, Aisner J. Overcoming bcl-2- and pS3-mediated resistance
in prostate cancer. Semin Oncol 1999;26(Suppl 1):112-6.

Pepper C, Bentley P, Hoy T. Regulation of clinical chemoresistance by
bcl-2 and bax oncoproteins in B-cell chronic lymphocytic leukaemia.
Br J Haematol 1996;95:513-7.

[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Lopes de Menezes DE, Hudon N, McIntosh N, Mayer LD. Molecular
and pharmacokinetic properties associated with the therapeutics of
bcl-2 antisense oligonucleotide G3139 combined with free and lipo-
somal doxorubicin. Clin Cancer Res 2000;6:2891-902.

Huang H, Cheville JC, Pan Y, Roche PC, Schmidt LJ, Tindall DJ.
PTEN induces chemosensitivity in PTEN-mutated prostate cancer
cells by suppression of bcl-2 expression. J Biol Chem 2001;276:
38830-6.

Krajewski S, Krajewska M, Turner BC, Pratt C, Howard B, Zapata JM,
Frenkel V, Robertson S, Ionov Y, Yamamoto H, Perucho M, Takayama
S, Reed JC. Prognostic significance of apoptosis regulators in breast
cancer. Endocr Relat Cancer 1999;6:29-40.

Borner C, Schlagbauer Wadl H, Fellay I, Selzer E, Polterauer P, Jansen
B. Mutated N-ras upregulates Bcl-2 in human melanoma in vitro and in
SCID mice. Melanoma Res 1999;9:347-50.

Reed JC. Bcl-2 family proteins. Oncogene 1998;17:3225-36.
Koukourakis MI, Corti L, Skarlatos J, Giatromanolaki A, Krammer B,
Blandamura S, Piazza M, Verwanger T, Schnitzhofer G, Kostandelos
J, Beroukas K. Clinical and experimental evidence of Bcl-2 involve-
ment in the response to photodynamic therapy. Anticancer Res 2001;
21:663-8.

Huang C-I, Kohno N, Inufusa H, Kodama K, Taki T, Miyake M.
Overexpression of bax associated with mutations in the loop-sheet-
helix motif of p53. Am J Pathol 1999;155:955-65.

Stoetzer OJ, Pogrebniak A, Scholz M, Pelka-Fleischer R, Gullis E,
Darsow M, Nussler V, Wilmanns W. Drug-induced apoptosis in
chronic lymphocytic leukemia. Leukemia 1999;13:1873-80.
Eckhardt SG, Baker SD, Britten CD, Hidalgo M, Siu L, Hammond LA,
Villalona-Calero MA, Felton S, Drengler R, Kuhn JG, Clark GM,
Smith SL, MacDonald JR, Smith C, Moczygemba J, Weitman S, Von
Hoff DD, Rowinsky EK. Phase I and pharmacokinetic study of
irofulven, a novel mushroom-derived cytotoxin, administered for five
consecutive days every four weeks in patients with advanced solid
malignancies. J Clin Oncol 2000;18:4086-97.

Kelner MJ, McMorris TC, Estes L, Wang W, Samson KM, Taetle R.
Efficacy of HMAF (MGI-114) in the MV522 metastatic lung carci-
noma xenograft model non-responsive to traditional anticancer agents.
Invest New Drugs 1996;14:161-7.

MacDonald JR, Muscoplat CC, Dexter DL, Mangold GL, Chen SF,
Kelner MJ, McMorris TC, Von Hoff DD. Preclinical antitumor activity
of 6-hydroxymethylacylfulvene, a semisynthetic derivative of the
mushroom toxin illudin S. Cancer Res 1997;57:279-83.

Hidalgo M, Izbicka E, Eckhardt SG, MacDonald JR, Cerna C, Gomez
L, Rowinsky EK, Weitman SD, Von Hoff DD. Antitumor activity of
MGI 114 (6-hydroxymethylacylfulvene, HMAF), a semisynthetic
derivative of illudin S, against adult and pediatric human tumor
colony-forming units. Anticancer Drugs 1999;10:837-44.

Weitman S, Barrera H, Moore R, Gonzalez C, Marty J, Hilsenbeck S,
MacDonald JR, Waters SJ, Von Hoff D. MGI 114: augmentation of
antitumor activity when combined with topotecan. J Pediatr Hematol
Oncol 2000;22:306-14.

Sato Y, Kashimoto S, MacDonald JR, Nakano K. In vivo antitumour
efficacy of MGI-114 (6-hydroxymethylacylfulvene, HMAF) in var-
ious human tumour xenograft models including several lung and
gastric tumours. Eur J Cancer 2001;37:1419-28.

‘Woynarowski JM, Napier C, Koester SK, Chen SF, Troyer D, Chapman
W, MacDonald JR. Effects on DNA integrity and apoptosis induction by
a novel antitumor sesquiterpene drug, 6-hydroxymethylacylfulvene
(HMAF, MGI 114). Biochem Pharmacol 1997;54:1181-93.

Herzig MCS, Arnett B, MacDonald JR, Woynarowski JM. Drug
uptake and cellular targets of hydroxymethylacylfulvene (HMAF).
Biochem Pharmacol 1999;58:217-25.

Woynarowska BA, Roberts K, Woynarowski JM, MacDonald JR,
Herman TS. Targeting apoptosis by hydroxymethylacylfulvene in
combination with gamma radiation in prostate tumor cells. Radiat
Res 2000;154:429-38.



512

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571

M.C.S. Herzig et al./Biochemical Pharmacology 65 (2003) 503-513

Woynarowska BA, Woynarowski JM, Herzig MCS, Roberts K, Hig-
don AL, MacDonald JR. Differential cytotoxicity and induction of
apoptosis in tumor and normal cells by hydroxymethylacylfulvene
(HMAF). Biochem Pharmacol 2000;59:1217-26.

McMorris TC, Elayadi AN, Yu J, Hu Y, Kelner MJ. Metabolism of
antitumor hydroxymethylacylfulvene by rat liver cytosol. Drug Metab
Dispos 1999;27:983-5.

Kamesaki S, Kamesaki H, Jorgensen TJ, Tanizawa A, Pommier Y,
Cossman J. Bcl-2 protein inhibits etoposide-induced apoptosis
through its effects on events subsequent to topoisomerase II-induced
DNA strand breaks and their repair. Cancer Res 1993;53:4251-6.
Granville DJ, Jiang H, An MT, Levy JG, McManus BM, Hunt DW.
Bcl-2 overexpression blocks caspase activation and downstream
apoptotic events instigated by photodynamic therapy. Br J Cancer
1999;79:95-100.

Ibrado AM, Huang Y, Fang G, Liu L, Bhalla K. Overexpression of Bcl-
2 or Bel-xy inhibits Ara-C-induced CPP32/Yama protease activity and
apoptosis of human acute myelogenous leukemia HL-60 cells. Cancer
Res 1996;56:4743-8.

Walton MI, Whysong D, O’Connor PM, Hockenbery D, Korsmeyer
SJ, Kohn KW. Constitutive expression of human Bcl-2 modulates
nitrogen mustard and camptothecin induced apoptosis. Cancer Res
1993;53:1853-61.

Marchetti P, Decaudin D, Macho A, Zamzami N, Hirsch T, Susin SA,
Kroemer G. Redox regulation of apoptosis: impact of thiol oxidation
status on mitochondrial function. Eur J Immunol 1997;27:289-96.
Mirkovic N, Voehringer DW, Story MD, McConkey DJ, McDonnell
TJ, Meyn RE. Resistance to radiation-induced apoptosis in Bcl-2-
expressing cells is reversed by depleting cellular thiols. Oncogene
1997;15:1461-70.

Zamzami N, Marzo I, Susin SA, Brenner C, Larochette N, Marchetti P,
Reed J, Kofler R, Kroemer G. The thiol crosslinking agent diamide
overcomes the apoptosis-inhibitory effect of Bcl-2 by enforcing
mitochondrial permeability transition. Oncogene 1998;16:1055-63.
Watson RW, Rotstein OD, Nathens AB, Dackiw AP, Marshall JC.
Thiol-mediated redox regulation of neutrophil apoptosis. Surgery
1996;120:150-7; discussion 7-8.

Sato N, Iwata S, Nakamura K, Hori T, Mori K, Yodoi J. Thiol-
mediated redox regulation of apoptosis. Possible roles of cellular
thiols other than glutathione in T cell apoptosis. J Immunol 1995;154:
3194-203.

Coffey RN, Watson RW, Hegarty NJ, O’Neill A, Gibbons N, Brady
HR, Fitzpatrick JM. Thiol-mediated apoptosis in prostate carcinoma
cells. Cancer 2000;88:2092-104.

Costantini P, Belzacq AS, Vieira HL, Larochette N, de Pablo MA,
Zamzami N, Susin SA, Brenner C, Kroemer G. Oxidation of a critical
thiol residue of the adenine nucleotide translocator enforces Bcl-2-
independent permeability transition pore opening and apoptosis.
Oncogene 2000;19:307-14.

Halestrap AP, Woodfield KY, Connern CP. Oxidative stress, thiol
reagents, and membrane potential modulate the mitochondrial perme-
ability transition by affecting nucleotide binding to the adenine
nucleotide translocase. J Biol Chem 1997;272:3346-54.

Ueda S, Nakamura H, Masutani H, Sasada T, Yonehara S, Takabayashi
A, Yamaoka Y, Yodoi J. Redox regulation of caspase-3(-like) protease
activity: regulatory roles of thioredoxin and cytochrome ¢. J Immunol
1998;161:6689-95.

Dirsch VM, Stuppner H, Vollmar AM. Helenalin triggers a CD95
death receptor-independent apoptosis that is not affected by over-
expression of Bcl-x;, or Bcl-2. Cancer Res 2001;61:5817-23.
Woynarowska BA, Woynarowski JM. Preferential targeting of apop-
tosis in tumor versus normal cells. Biochim Biophys Acta 2002;1587:
309-17.

Yin DX, Schimke RT. BCL-2 expression delays drug-induced apop-
tosis but does not increase clonogenic survival after drug treatment in
HeLa cells. Cancer Res 1995;55:4922-8.

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

(771

Herzig MCS, Liang H, Johnson AE, Woynarowska B, Woynarowski
JM. Irofulven induces apoptosis in breast cancer cells regardless of
caspase-3 status. Breast Cancer Res Treat 2002;71:133-43.

Liang H, Herzig MCS, Salinas R, Weintraub S, Moyer MP, Waters SJ,
Woynarowski JM, Woynarowska B. Pro-oxidative distortion of the
cellular redox-homeostasis in irofulven-induced apoptosis. In: Pro-
ceedings of the AACR-NCI-EORTC International Conference on
Molecular Targets and Cancer Therapeutics, October 29—November
2, Miami, FL; 2001. p. 143.

Yin DX, Zhu L, Schimke RT. Tetracycline-controlled gene expression
system achieves high-level and quantitative control of gene expres-
sion. Anal Biochem 1996;235:195-201.

Garner DL, Thomas CA, Joerg HW, DeJarnette JM, Marshall CE.
Fluorometric assessments of mitochondrial function and viability in
cryopreserved bovine spermatozoa. Biol Reprod 1997;57:1401-6.
Salvioli S, Ardizzoni A, Franceschi C, Cossarizza A. JC-1, but not
DiOCg(3) or rhodamine 123, is a reliable fluorescent probe to assess
AY changes in intact cells: implications for studies on mitochondrial
functionality during apoptosis. FEBS Lett 1997;411:77-82.
BednerE, Li X, Gorczyca W, Melamed MR, Darzynkiewicz Z. Analysis
of apoptosis by laser scanning cytometry. Cytometry 1999;35:181-95.
Vermes I, Haanen C, Reutelingsperger C. Flow cytometry of apoptotic
cell death. J Immunol Methods 2000;243:167-90.

Koester SK, Bolton WE. Differentiation and assessment of cell death.
Clin Chem Lab Med 1999;37:311-7.

O’Brien MC, Healy Jr SF, Raney SR, Hurst JM, Avner B, Hanly A,
Mies C, Freeman JW, Snow C, Koester SK, Bolton WE. Discrimina-
tion of late apoptotic/necrotic cells (type III) by flow cytometry in
solid tumors. Cytometry 1997;28:81-9.

Williams Jr WL, Hall IH, Grippo AA, Oswald CB, Lee KH, Holbrook
DJ, Chaney SG. Inhibition of nucleic acid synthesis in P-388 lym-
phocytic leukemia tumor cells by helenalin and bis(helenalinyl)ma-
lonate in vivo. J Pharm Sci 1988;77:178-84.

Lock RB, Stribinskiene L. Dual modes of death induced by etoposide
in human epithelial tumor cells allow Bcl-2 to inhibit apoptosis
without affecting clonogenic survival. Cancer Res 1996;56:4006—-12.
Tsujimoto Y. Role of Bcl-2 family proteins in apoptosis: apoptosomes
or mitochondria? Genes Cells 1998;3:697-707.

Shimizu S, Narita M, Tsujimoto Y. Bcl-2 family proteins regulate the
release of apoptogenic cytochrome ¢ by the mitochondrial channel
VDAC [see comments]. Nature 1999;399:483-7.

Harris MH, Thompson CB. The role of the Bcl-2 family in the
regulation of outer mitochondrial membrane permeability. Cell Death
Differ 2000;7:1182-91.

Gao G, Dou QP. N-terminal cleavage of Bax by calpain generates a
potent pro-apoptotic 18-kDa fragment that promotes Bcl-2-indepen-
dent cytochrome c¢ release and apoptotic cell death. J Cell Biochem
2000;80:53-72.

Liang H, Munoz R, Hidgon AL, Waters SJ, Woynarowska B. Early
events in apoptosis induced by irofulven (hydroxymethylacylfulvene)
in prostate tumor cells. Proc Am Assoc Cancer Res 2001;42:640.
Chen M-C, Hsu T-L, Luh T-Y, Hsieh S-L. Overexpression of Bcl-2
enhances LIGHT- and interferon-y-mediated apoptosis in Hep3BT2
cells. J Biol Chem 2000;275:38794-801.

Chen Q, Gong B, Almasan A. Distinct stages of cytochrome c release
from mitochondria: evidence for a feedback amplification loop linking
caspase activation to mitochondrial dysfunction in genotoxic stress
induced apoptosis. Cell Death Differ 2000;7:227-33.

Kirsch DG, Doseff A, Chau BN, Lim D-S, de Souza-Pinto NC,
Hansford R, Kastan MB, Lazebnik YA, Hardwick JM. Caspase-3-
dependent cleavage of Bcl-2 promotes release of cytochrome c. J Biol
Chem 1999;274:21155-61.

Zamzami N, El Hamel C, Maisse C, Brenner C, Munoz-Pinedo C,
Belzacq A-S, Costantini P, Vieira H, Loeffler M, Molle G, Kroemer G.
Bid acts on the permeability transition pore complex to induce
apoptosis. Oncogene 2000;19:6342-50.



[78]

[79]

[80]

[81]

[82]

[83]

M.C.S. Herzig et al./Biochemical Pharmacology 65 (2003) 503-513 513

Lee K-H, Hall IH, Mar E-C, Starnes CO, ElGebaly SA, Waddell TG,
Hadgraft RI, Ruffner CG, Weidner 1. Sesquiterpene antitumor agents:
inhibitors of cellular metabolism. Science 1977;196:533-6.
Frommel TO, Zarling EJ. Chronic inflammation and cancer: potential
role of Bcl-2 gene family members as regulators of cellular antioxidant
status. Med Hypotheses 1999;52:27-30.

Lee M, Hyun DH, Marshall KA, Ellerby LM, Bredesen DE, Jenner P,
Halliwell B. Effect of overexpression of Bcl-2 on cellular oxidative
damage, nitric oxide production, antioxidant defenses, and the protea-
some. Free Radic Biol Med 2001;31:1550-9.

Voehringer DW, Meyn RE. Redox aspects of Bcl-2 function. Antioxid
Redox Signal 2000;2:537-50.

Holmgren A. Antioxidant function of thioredoxin and glutaredoxin
systems. Antioxid Redox Signal 2000;2:811-20.

Powis G, Mustacich D, Coon A. The role of the redox protein thior-
edoxin in cell growth and cancer. Free Radic Biol Med 2000;29:312-22.

[84]

[85]

[86]

[87]

Nordberg J, Arner ES. Reactive oxygen species, antioxidants, and the
mammalian thioredoxin system. Free Radic Biol Med 2001;31:1287—
312.

Chaudhary KS, Abel PD, Stamp GWH, Lalani E. Differential expres-
sion of cell death regulators in response to thapsigargin and adria-
mycin in Bcl-2 transfected DU145 prostatic cancer cells. J Pathol
2001;193:522-9.

Del Bufalo D, Trisciuoglio D, Biroccio A, Marcocci L, Buglioni S,
Candiloro A, Scarsella M, Leonetti C, Zupi G. Bcl-2 overexpression
decreases BCNU sensitivity of a human glioblastoma line through
enhancement of catalase activity. J Cell Biochem 2001;83:473-83.
Biroccio A, Candiloro A, Mottolese M, Sapora O, Albini A, Zupi G,
Del Bufalo D. Bcl-2 overexpression and hypoxia synergistically
act to modulate vascular endothelial growth factor expression and
in vivo angiogenesis in a breast carcinoma line. FASEB J 2000;14:
652-60.



	Apoptosis induction by the dual-action DNA- and protein-reactive antitumor drug irofulven is largely Bcl-2-independent
	Introduction
	Materials and methods
	Drugs
	Cell culture and drug cytotoxicity
	Detection of Bcl-2 by Western blot analysis
	Flow cytometric determinations of DeltaPsim
	Flow cytometric determinations of phosphatidylserine externalization (annexin V binding)
	Quantitative apoptotic DNA fragmentation

	Results
	Collapse of DeltaPsim in both Bcl-2 OFF and Bcl-2 ON cells
	Possible independence of the earliest apoptotic events of the Bcl-2 status
	Partial dependence of apoptotic DNA fragmentation on Bcl-2 status
	Irofulven cytotoxicity in the presence of high levels of Bcl-2

	Discussion
	Acknowledgements
	References


