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BOOTHMAN, DAVID, A.

A. INTRODUCTION:

Understanding and exploiting cell death processes in various human breast cancer cells
following clinically useful anti-tumor drugs is a major focus in breast cancer research. The
promise is that a better understanding of apoptotic and anti-apoptotic processes will allow
improved anti-breast cancer efficacy of existing chemotherapeutic agents, as well as the
development of additional efficacious drugs which elicit programmed cell suicide during
treatment, without causing complicating inflammation reactions in normal tissue.

Apoptotic processes occurring in human breast cancer cells, particularly noncaspase-
mediated cell death pathways, are poorly understood. Since many human cancers are thought to
form, in part, because of deficient caspase pathway expression or activation, novel pathways of
activating non-caspase-mediated pathways may be important for treating human breast cancers.
We discovered that a previously used drug for anti-trypanosomal therapies, 8-lapachone (B-1ap),
is an active agent for the initiation and execution of apoptosis in a variety of human breast cancer
cells in a p53-independent fashion. In the course of defining the ability of B-lapachone to cause
cell death, we accomplished the following objectives, and defined the following mechanism of
action of the drug: (a) the primary intracellular target for B-lap was NQOI1, a two-electron
reductase that was ionizing radiation (IR)-inducible; NQOI-containing cells were sensitive,
NQO1-deficient cells were resistant; (b) interaction of the drug with NQO1 caused a futile cycling
of the compound in which calcium homeostasis was altered within 9-16 mins, and intracellular
ATP levels decreased to <1% within 30 mins; (c) no evidence of caspase activation was detected
in NQO1-containing breast cancer cells during B-lap-mediated apoptosis; (d) an intracellular
activation of a non-caspase cysteine protease was activated within 4-8 h, concomitant with the
appearance of DNA fragmentation, measured by TUNEL assays; (e) protease activation was
concurrent with atypical cleavage of PARP, and cleavages of lamin B, p53 and degradation of
pRb; (f) administration of dicoumarol (an NQO1 inhibitor) or calcium chelators (intracellular:
EGTA or EDTA and extra-cellular: BAPTA-AM) was (were) able to prevent B-lap-mediated
apoptosis, and in the case of dicoumarol, cell lethality.

The hypothesis being investigated is that B-lap activates calpain, a non-caspase
cysteine protease, or a calpain-like protease. The objective of the grant is to clone this
unknown cyteine protease using a variety of strategies, including (1) substrate (PARP, p53 or
lamin B) affinity chromatography; (2) previously published calpain isolation techniques; and (3)
identification of specific B-lap-mediated PARP and/or p53 cleavage sites, followed by use of
these sites for the isolation of this B-lap-activated, noncaspase cysteine protease. A complete
understanding of the initiation and execution phases of 8-lap-mediated apoptosis should lead to
improved therapy using this compound or more effective derivatives.
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B. GRANT BODY:

Grant QObjective: To test the hypothesis that expression of a novel apoptotic protease in
human breast cancer cells directly correlates with the efficacy of p-lap. The objectives of this
grant are being accomplished as follows:

Specific Aim #1: Clone the unknown apoptotic protease, which is activated by B-lap and whose
activity correlates with toxicity after acute drug exposures (Years 0-2).

B-Lap activates a non-caspase, cysteine protease during apoptotic cell death. In order to

determine the key enzymatic target for B-lap, we first established a number of intracellular
proteolytic reactions that occur in a temporal sense during B-lap-mediated apoptosis in MCF-
7:WS8 breast cancer cells. Since activation of pre-existing zymogens is common-place during
apoptosis and specific apoptotic substrates are known [e.g., poly(ADP-ribosyl) polymerase
(PARP), lamin B, the retinoblastoma protein (pRb)], we examined proteolytic cleavage reactions
occurring in vivo in four human breast cancer cell lines at various times after B-lap (4-8 pM)
treatment (Pink et. al., Exp. Cell Research, Appendix). Typical cleavage of pRb and lamin B
(Fig. 1) were observed at 8 h post-treatment with 4-8 uM B-lap (Pink et. al., Exp. Cell Research,
Appendix). In contrast, an atypical cleavage of PARP (appearance of a ~60 kDa PARP
polypeptide) was observed in B-lap-treated MCF-7 cells (Fig. 2, Pink et. al., Exp. Cell Research,
Appendix), co-incident with lamin B and pRb cleavage (Fig. 1). Furthermore, cleavage of p53 in
T47D human breast cancer cells was also found (Pink et. al., Exp. Cell Research, Appendix).
The cleavage events described above occurred in 8-lap-treated MCF-7 or T47D cells regardless
of cell cycle or p53 status, even when previously suggested targets, such as Topoisomerase II-
alpha (Topo II-alpha), were not expressed. Furthermore, cells deficient in Topo II-alpha were
still killed following B-lap exposures. These data strongly suggesting that DNA Topoisomerase
II-alpha (which is cell cycle regulated, present in G,/M and S-phases and absent in Gy/G; cells)
was not a determinant in B-lap-mediated toxicity. Also, we noted that MDA-MB-468 and MDA-
MB-231 cells were fairly resistant to B-lap treatment found (Pink et. al., Exp. Cell Research,
Appendix).

We next examined the effects of various specific and nonspecific enzyme inhibitors on B-
lap-mediated toxicity using the specific protein cleavage events in vivo described above. We
discovered that iodoacetamide (I) and N-ethylmaleimide (N), global inhibitors of cysteine
proteases, prevented PARP cleavage in 8-lap-treated MCF-7:WS8 cells (see Fig. 7, Pink et. al.,
Exp. Cell Research, Appendix). In contrast, global inhibitors of caspases (i.e., zZVAD-fmk,
zAAD-fmk, and zZFA-fmk) did not block atypical B-lap-mediated PARP cleavage in MCF-7:WS8
cells. In addition, inhibitors of granzyme B, cathepsins D and L, trypsin and chymotrypsin-like
proteases did not prevent B-lap-mediated atypical PARP cleavage. Furthermore, calpeptin,
calpain inhibitor III, and leupeptin (Figs. 2 and 3) also did not block B-lap-mediated apoptosis
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and concomitant proteolyses in vivo. We concluded from these data that B-lap treatment of
certain sensitive human breast cancer cells caused the activation of a non-caspase cysteine
protease during apoptosis; cells were demonstrated to be apoptotic by DNA fragmentation
TUNEL assays (Pink et. al., Exp. Cell Research, Appendix).

NQO1 is the major intracellular determinant of B-lap-mediated apoptosis, cell death and
lethality. We then extended our studies to further define the intracellular determinants of B-lap-

mediated apoptosis and cell death. The structural similarities between B-lap, menadione, and
1,2-naphthoquinones suggested that either one-electron reduction enzymes (p450 or b5R) or two-
electron reductases (e.g., NQO1) may be involved in the toxification or detoxification of B-lap.
Administration of dicoumarol, a fairly specific inhibitor of NQO1, prevented B-lap-mediated
apoptosis, B-lap-mediated proteolysis (e.g., atypical PARP cleavage), and B-lap-induced cell
death (see Figs. 1,2 and 4, Pink et. al., J. Biol. Chem., Appendix). Furthermore, NQO1 levels
appeared to correlate well with overall sensitivity to B-lap: MCF-7:WS8>T47D>>>MDA-MB-
468 cells. MCF-7 cells contained the greatest levels of NQO1, with T47D cells containing
significantly lower levels and NQO1 level absent in MDA-MB-468 cells (see Fig. 3, Pink et. al.,
J. Biol. Chem., Appendix). Furthermore, we noticed that MDA-MB-468 cells were fairly
resistant to B-lap and co-administration of dicoumarol with B-lap did not affect the minimal
toxicity caused by this drug in these cells.

To further demonstrate that MDA-MB-468 cells were resistant to 8-lap due to their lack
of expression of NQO1, we then transfected these cells with CMV-controlled NQO1. Stable
NQO1-expressing human MDA-MB-468 breast cancer transfectants were compared to cells
containing pcDNA vector alone to their sensitivity to B-lap with or without dicoumarol co-
administration. As expected, NQO1-containing MDA-MB-468 transfectants were sensitive to B-
lap and this sensitivity was completely prevented by co-administration of dicoumarol. B-Lap-
mediated apoptosis and it’s associated proteolyses (e.g., p53 and PARP cleavage events) in vivo
in MDA-MB-468 transfectants were also prevent by dicoumarol. Surprisingly, the responses of
NQO1-containing compared to NQO1-deficient MDA-MB-468 cells to menadione exposures
were opposite those of 8-lap. NQO1-expressing MDA-MB-468 cells were extremely resistant to
menadione-induced apoptosis, PARP cleavage and lethality due to the known detoxification of
this drug by NQO1. Dicoumarol co-administration with menadione increased the sensitivity of
NQO1-expressing MDA-MB-468 cells to this drug, in direct opposition to the protective effects
of dicoumarol on B-lap-mediated cell death. These data showed that B-lap targets NQO1 for its
lethal effects in human breast cancer cells. Furthermore, NQO1 detoxifies menadione, but
enhances B-lap toxicity (J. Biol. Chem., Appendix).

B-Lap undergoes NQO1-dependent futile cycling to initiate cell death. The opposing lethality

data using co-administration of dicoumarol with menadione or 8-lap in NQO1-containing MCF-
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7:WS8, T47D or transfected MDA-MB-468 cells strongly suggested that NQO1 detoxified
menadione, but strongly enhanced B-lap-mediated apoptosis and lethality. In NQOI enzyme
assays without the addition of cytochrome C, we noticed the continual cycling of B-lap, as
measured by the loss of NAD(P)H over time. Addition of menadione to S100 cell extracts or in
purified NQO1 enzymatic assays led to one reaction cycling detoxification of menadione with the
utilization of one mole NAD(P)H per one mole of menadione added. In contrast, one mole of 8-
lap stimulated the loss of 5-8 moles of NAD(P)H in enzyme assays without the addition of
cytochrome C. The activities above were completely prevented by administration of dicoumarol.
These data strongly suggest that B-lap undergoes futile cycling depleting cells of NAD(P)H,
causing dramatic loss of energy in B-lap-treated cells (J. Biol. Chem., Appendix).

B-Lap-activated proteolyses in vivo is calcium-dependent. Cleavage of p53 in 8-lap-treated,

NQO1-containing human breast cancer cells strongly suggested that calpain was activated during
apoptosis stimulated by this drug (Figs. Refer to Pink et. al., J. Biol. Chem., Appendix).
Ionomycin treatment, which causes massive influx of calcium from the outside of the cell, of
human breast cancer cells also induced an identical atypical PARP cleavage independent of
NQO1 expression (Fig. 3). These data suggested to us that B-lap-mediated apoptosis was
calcium-dependent. Exposure of B-lap-treated NQO1-expressing MDA-MB-468 or MCF-7 cells
with EGTA or EDTA caused a suppression of 8-lap-mediated atypical PARP cleavage (Figs. 4-
6). In addition EDTA or EGTA co-administration also suppressed B-lap-mediated p53 cleavage
(Fig. 7 and 8) and lamin B (Fig. 8) in MCF-7 cells. In contrast, treatment of MCF-7 cells with
thapsigargin, an inhibitor of the intracellular membrane-bound calcium pump and stimulator of
calcium release from ER and mitochondrial stores, caused typical caspase-mediated apoptosis as
seen by the typical cleavage of PARP to its 89 kDa cleavage fragment from its full-length 113
kDa peptide. Finally, administration of BAPTA, an intracellular calcium chelator also prevented
B-lap-mediated p53 and atypical PARP cleavage events in MCF-7 (Tagliarino et al., J. Biol.
Chem., submitted, Appendix) or NQO1-expressing MDA-MB-468 cells. EDTA or EGTA
treatments of B-lap-exposed NQO1-expressing cells also prevented the generation of B-lap-
mediated apoptosis (measured as TUNEL positive cells) (Pink et. al., Exp Cell Res., Appendix).
Administration of EDTA also prevented ionomycin-induced apoptosis, but not apoptosis induced
by staurosporin (STS) or topotecan (TPT). Thus, the atypical PARP cleavage, as well as p53
cleavage in B-lap-treated NQO1-expressing human breast cancer cells was mediated by a
calcium-dependent noncaspase cysteine protease, which we high suspect is calpain.

Accomplishment of Stated Tasks: Using the above data, we are now in a better position to
complete the stated tasks of our grant. Although we were delayed a bit with the move of our
laboratory to Case Western Reserve from the University of Wisconsin almost 14 months ago, we
have completed a majority of the stated tasks of Specific Aim #1. Furthermore, we now have
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genetic models with which to isolate the calcium-dependent, NQO1-dependent, noncaspase

cysteine protease, which we now strongly suspect is calpain.

Task 1: Generation of PARP cDNA bacterial and mammalian expression vectors, and *°S-
methionine-labeled PARP protein, plus or minus histidine Tags.

We have generated his- as well as flag-tagged PARP ¢cDNA mammalian expression
vectors that can be propagated in bacterial cells. Using either wheat germ or rabbit reticulocyte
in vitro transcription-translation systems, we have demonstrated that calpain treated in vitro
synthesized 35S-methionine PARP protein leads to an identical atypical PARP cleavage
fragment, which is prevented by co-administration of calpastatin, addition of EDTA or EGTA,
or calpain inhibitors.

Task 2: Initiate B-lap-activated apoptotic protease isolation using two simultaneous procedures
and B-lap-treated MCF-7:WS8 human breast cancer cells.

We then established stably transfected MCF-7 cells over-expressing his-tagged PARP.
Treatment of these cells with B-lap caused the expected appearance of a 60 kDa atypical PARP
cleavage fragment from endogenous sources of protein and a slightly larger his-tagged PARP
fragment from exogenous sources. These cells will now be used in Specific Aim #2 as described
below. The following Aims will be completed in Years 2 and 3.:

2A. Standard Protein Purification Procedure
Treat roller bottle-generated MCF-7:WS8 cells with B-lap.
Confirm protease activation via endogenous PARP cleavage
Ammonium Sulfate Cuts Performed, active fractions pooled.
Mono-Q 16/10 FPLC
Mono-S 5/5 FPLC
Hydroxylapatite column chromatography

7. Superdex 200 26/60 gel filtration
*8. Active fractions pooled, analyzed by SDS-PAGE for atypical

5S-PARP cleavage
9. In-gel PARP cleavage assay using cleavage site tetrapeptide fluorescent substrate
generated from “Procedure B”.

A T o
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Progress: We have run pilot experiments to test each of the above listed procedures. We have
been able to identify activity in steps 1-3 using radioactively labeled PARP substrates using in
vitro activity assays.

2B. Affinity Chromatographic Purification Procedure
1. PARP cleavage point determination and tetrapeptide syntheses
1a. Immunoprecipitation of PARP fragments using C-2-10 Antibody.
1b. Invitro *S-PARP cleavage+His tag, immunoprecipitation.
1c. PARP fragment purification and microsequencing.
1d. Cleavage site determined by computer analyses.
le. Fluoromethylketone and fluorescent-tetrapeptide cleavage site-specific peptides made
by CWRU. Several will be made as positive and negative controls for subsequent enzyme
inhibition or activity assays.
1f. Confirmation of tetrapeptide-fmk blockage of atypical PARP cleavage and apoptotic
protease activity using the
tetrapeptide-fluorescent substrate.
| lg. Mutagenization of PARP cDNA at cleavage site, in vitro translate, demonstrate no
atypical PARP cleavage.
2. Construction of biotin-(streptavidin)-[X]-tetrapeptide-aldehyde.
4. DEAE Chromatographic Separation of 8-lap-treated MCF-7 cell
extract, analyses of atypical cleavage activity using **S-methionine PARP.
5. Active fractions from “Task #2B. 3” are incubated with
6. biotin-[X]-tetrapeptide-aldehyde and bound to streptavidin-agarose beads and washed.
6. Apoptotic protease binding proteins are eluted with biotin.
*7. Eluted proteins are analyzed by SDS-PAGE, silver stained
and assayed for **S-PARP cleavage.

The following Tasks may not be needed. =~ The Specific Aims below may not be
required should calpain be implicated. Calpain-negative cells, either deficient in calpain
expression (mouse knock-out) or cells over-expressing dominant-negative calpain, will be used
to explore the specific role of this one protease in B-lap-sensitivity. Furthermore, using the cell
models developed above we will also explore the signaling pafhways between B-la futile cycling
and activation of the activation of calpain.:

Task 3: Production of polyclonal antisera using protein from (2A. *7) or (2B. *6) above.

Task 4: Microsequence purified apoptotic protease polypeptides from (2A. *7) or (2B. *6)
above.
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Task 5: Production of degenerative PCR probes corresponding to apoptotic protease amino acid
sequences.

Task 6: Screen for B-lap-activated apoptotic protease using antibodies from Task #3 and PCR
probes from Task #5 in a sequential expression and cDNA hybridization approach.

Task 7: Screen for full-length 8-lap-activated apoptotic protease cDNA.
Task 8: Sequence and analyze the apoptotic protease DNA sequence.
Task 9: Subclone the apoptotic protease into the Tet-on response vector for Aim #2.

Task 10: Examine human breast cancer cells and patient tissue samples for B-lap-activated
apoptotic protease message, protein, and enzymatic activities.

Progress: Tasks 2B through Task 10 are being explored during this next year. Our focus is
currently on (1) determining p53 and PARP cleavage sites in 8-lap-treated MCF-7 cells. The
cleavage site will then be used to determine a cleavage site inhibitor, for use in affinity site
column chromatography purification of the protease, as well as using the site for activity assays
and standard biochemical purification assays to purify the activated protease.

Specific Aim #2: Transfect sensitive (i.e., MCF-7) and resistant (i.e., MDA-MB-231) human
breast cancer cells with sense and antisense expression vectors encoding the unknown
protease to elucidate the role of this apoptotic death enzyme in drug resistance/sensitivities
to B-lap, or other Topo I poisons and DNA damaging agents (Years 2-3).

Task 1: Transfect MCF-7:WS8 and MDA-MB-231 cells with Tet-on repressor cDNA and
isolate doxycycline-responsive, low basal level subclones.

Task 2: Transfect Tet-on repressor-expressing subclones with doxycycline-responsive, sense-
and antisense-oriented B-lap-activated apoptotic protease expression vectors and double select
(hygromycin and neomycin) clones.

Task 3: Examine cells generated in Tasks #1-3 for apoptotic and survival responses to B-lap,
TPT, and other DNA damaging agents (such as ionizing radiation or Topo II-alpha poisons.
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Task 4: Examine treated cells in Task #3 for apoptotic cell death substrate cleavage and
Caspase activities, as well as for the, now known, B-lap (CPT + PDTC)-activated apoptotic
protease.

Progress: Tasks 1-4, Specific Aim #2, will be completed when the cleavage site has been
determined in Task #1, above.

Evidence for B-lap-activated apoptosis mediated by calpain. We reasoned that if 8-lap
stimulates NQO1-dependent calpain-mediated apoptosis, then the drug must cause significant

alterations in calcium homeostasis. In collaboration with Drs. George Dubyak (Dept.
Biophysics, CWRU) and Clark Distelhorst (Hem//Onc., CWRU) we demonstrated that B-lap
treatment of NQO1-containing MCF-7:WS8 or MDA-MB-468 transfectants caused dramatic
calcium influx within 3 mins as measured by FURA-2 binding. Appropriate controls for the
release of extracellular (ATP treatment) or intracellular (Thapsigargin) calcium were included.
In contrast, calcium release was not evident in NQO1-deficient MDA-MD-468 parental or vector
alone cells. Furthermore, treatment of MCF-7:WS8 or NQO1-expressing MDA-MB-468
transfectants with B-lap caused the cleavage of p53 and atypical cleavage of PARP at the same
time as the cleavage-dependent activation of calcium, as monitored by Western blot analyses of
the appearance of the 18 kDa active subunit of calpain beginning at 8 hours. Furthermore, the
appearance of these cleavage events at 8 hours coincides with the initial appearance of TUNEL-
positive, condensed-nuclei-containing apoptotic cells (not shown) at 8 hours post-8-lap-treatment
of NQO1 contain (MCF-7 or MDA-MB-468 transfectants) as opposed to parental or vector
alone-containing MDA-MB-468 cells. The appearance of all the cleavage fragments described
above in NQO1-containing cells was prevented by co-administration of dicoumarol, the NQO1
inhibitor. Furthermore using confocal microscopy, we noted the dramatic movement of cytosolic
calpain into the nuclei of B-lap-treated NQO1-expressing, but not NQO1-deficient, cells. This
movement of calpain into the nuclei of B-lap-treated NQO1-expressing cells was prevented by
dicoumoral co-administration, it coincided with the appearance at 4-8 hours posttreatment of
atypical PARP cleavage, p53 cleavage and the appearance of the 18 kDa small subunit (active)
form of calpain, and was not a result of massive breakdown of the nuclear membrane since
NQOI (which is entirely cytosolic) remained cytosolic and the Ku70/Ku80 heterodimer (which is
nuclear, not cleaved during apoptosis and was detected by Ab #162) remained nuclear.
Furthermore, the movement of calpain from the cytoplasm to the nucleus was blocked by co-
administration of dicoumarol (not shown).

B-Lap _exposure to 01-containin lIs causes dramatic ATP depletion, which is not

prevented by EDTA or EGTA. The loss of NAD(P)H in enzyme assays using NQOI-
containing S100 cellular extracts or in purified NQO1 reactions, suggested that dramatic and

Page 11




BOOTHMAN, DAVID, A.

rapid energy loss was occurring in NQO1-containing human breast cancer cells. We suspected
that NQO1-mediated B-lap futile cycling would lead to a dramatic loss of ATP within cells.
Furthermore, we anticipated that such loss would be prevented by dicoumarol, but possibly not
by EGTA or EDTA, since these would prevent calpain and apoptosis induction downstream but
not affect the NQO1 enzyme. Using a luciferase assay, we demonstrated that NQO1-containing
human breast cancer cells exhibited a dramatic loss in ATP within 30 mins post-treatment. We
estimate that less than 1% of the total ATP in control cells remain within 30 mins after a 4 hour
pulse of 4-8 uM B-lap. Administration of EDTA or EGTA had little affect of ATP loss mediated
by B-lap in MCF-7 cells. Interestingly, neither ionomycin or staurosporin (STS) caused ATP
loss. These data are consistent with an NQO1-dependent futile cycling of 8-lap in that treated
cells run out of energy. We are interested in the relationship between this futile cycling of the
drug and release of calcium (Tagliarino et al., J. Biol. Chem., submitted)

C. KEY RESEARCH ACCOMPLISHMENTS:

-NQO1 determined as key intracellular determinant of B-lap-mediated apoptosis and cell
death. (J. Biol. Chem., Appendix)

-Cell death by B-lap-exposure was found to be due to futile cycling of the compound. (J.
Biol. Chem., Appendix)

-Atypical PARP cleavage, as well as p53 cleavage, in B-lap-treated MCF-7 cells
determined. (Exp. Cell Res., Appendix)

-Calpain translocation in 8-lap-treated MCF-7 cells found at a time concomitant with
atypical PARP and p53 cleavage events. (Tagliarino et. al., J. Biol. Chem.,
Appendix)

-His-tagged PARP made and transfected into cells; HA-tagged p53 vector obtained.

-Calcium alterations detected following B-lap-treated MCF-7 cells, wherein BAPTA-AM,
EGTA, and EDTA all prevented atypical PARP and p53 cleavage events, as well as
B-lap-mediated apoptosis. (Exp. Cell Res., Appendix).

-Calpain and radioactively-labeled PARP in vitro assays perfected.

-Pilot biochemical purification procedures performed.

-Bcl-2 protects NQO1-deficient HL60 cells from high dose B-lap exposures (Planchon et.
al., Oncology Reports, Appendix).

-NF-«B activation following camptothecin exposures, NF-xB inhibition after B-lap
exposures. (Miyamoto et al., NY Natl. Acad. Scs., and Huang et al., J. Biol. Chem.)

Page 12




BOOTHMAN, DAVID, A.

D. REPORTABLE OUTCOMES (Manuscripts, Abstracts, presentations,and patents and
licenses applied for and/or used).:
1. Manuscripts and Papers Published, In Press, and Submitted (See Appendix):

Planchon, S., Wuerzberger, S., Pink, J.J., Robertson, K., Bornmann, W. and Boothman,
D.A. bcl-2 protects against caspase 3-mediated apoptosis induced by $-lapachone.
1999; Oncology Reports 6: 485-492.

Pink, J.J., Planchon, S.M., Tagliarino, C., Wuerzberger-Davis, S.M., Varnes, M.E.,
Siegel, D., and Boothman, D.A. NAD(P)H:quinone oxidoreductase (NQOI)
activity is the principal determinant of B-lapachone cytotoxicity. 2000; J. Biol.
Chem., 275 (8): 5416-5422.

Pink, J.J., Wuerzberger-Davis, S.M., Tagliarino C., Planchon, S.M,, Yang, X-H.,
Froelich, C.J., and Boothman, D.A. A novel non-caspase-mediated proteolytic
pathway activated in breast cancer cells during 8-lapachone-mediated apoptosis.
2000; Exp. Cell. Res., 255 (2): 144-155.

Huang, T.T., Wuerzberger-Davis, S.M., Seufer, B.J,, Shumway, S.D., Kurama, T.,
Boothman, D.A., and Miyamoto, S. NF-xB activation by camptothecin: A
linkage between nuclear DNA damage and cytoplasmic signaling events. 2000; J.
Biol. Chem., 275 (13): 9501-9509.

Miyamoto, S., Huang, T., Wuerzberger-Davis, S., Pink, J.J., Tagliarino, C., Kinsella, T.J.,
and Boothman, D.A. Cellular and Molecular Responses to Topoisomerase I
Poisons: Exploiting Synergy For Improved Radiotherapy. 2000; Annals of the
New York Academy of Sciences, In Press.

Planchon, S.M., Pink, J.J., Tagliarino,, C., Bornmann, W.G., Varnes, M.E., and
Boothman, D.A. B-Lapachone-induced apoptosis in human prostate cancer cells:
involvement of NQO1/xip3. 2000; Exp. Cell Res., submitted.

2. Abstracts:

-DOD Breast Cancer Initiative Symposium, Atlanta, GA "NQO1 is the principal
determinant of B-lap-mediated lethality". June, 2000.

-DOD Breast Cancer Initiative Symposium, Atlanta, GA "Calcium alterations following
B-lap exposures”. June 2000.

-Keystone Symposium Meeting, Keystone, CO. "Involvement of calpain in 8-lap-
mediated apoptosis” March. 2000.

-Gordon Research Conference on Apoptosis and Cell Cycle Regulation, New Hampshire
"NQOL1 is the key determinant of 8-lap-mediate lethality”, June, 2000.

3. Patents:
None.
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4. Presentations:

Invited Speaker, “Exploiting X-ray-inducible responses for improved therapy”
Northern Illinois University, Dr. John Mitchell, host; Student’s Choice Lecturer.
Feb. 4-6, 1999.

Invited Speaker, Exploiting IR-inducible Proteins For Therapy Against Breast Cancer,
Midwest DNA Repair Conference, Ann Arbor, Michigan, June 13, 1999.

Invited Speaker, “Exploiting X-ray-inducible proteins for apoptotic chemotherapy”
Essen, Germany (C. Streffer, host) July 14-17, 1999.

Invited Speaker, “A novel noncaspase-mediated apoptotic pathway induced by B-
lapachone: involvement of NQO1”, Department of Radiation Oncology,
University of Maryland, (W.F. Morgan, host) October 23, 1999.

Invited Speaker, "Exploiting novel apoptotic pathways", Cleveland Clinic Lerner
Research Institute. (A. Almasan, host) November, 1999.

Invited Speaker, New York Academy of Sciences Symposium, entitled “The
camptothecins: unfolding their anticancer potential”, Arlington, Virginia, March
17-20, 2000.

5. Degrees:
Ph.D.: Sarah Planchon, "B-Lap stimulates apoptosis via NAD(P)H:oxidoreductase, an x-
ray-inducible transcript, xip3" December, 1999, University of Wisconsin-Madison.

6. Cell Lines Developed:

-NQO1 expressing MDA-MB-231 and MDA-MB-468 cell lines, with corresponding vector
alone, neo® cell lines.

7. Funding Applied for (and received) based, in part, on the support for this award:

-Department of Defense (DOD), Breast Cancer Research Initiative, Pre-doctoral Fellowship,
Student: Colleen Tagliarino, $60,000 for 3 years, started 04/01/00 to 03/31/03. Funded

-DOD Prostate Cancer Initiative, “Exploiting NQO1, a radiation-inducible enzyme, using B-
lapachone for improved radiotherapy of prostate cancer”. $103,000/yr for 3 years.
Submitted May 1, 2000. Additional information requested, funding pending.

NCI, NIH R01, “Exploiting NQO1 for enhanced radiotherapy using 8-lapachone” PI: D. A.
Boothman. $200,000/yr for 5 years. Submitted October 1, 2000. Funding pending.
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E. Conclusions:

The research ongoing and proposed in this proposal addresses a novel apoptotic agent, 8-
lapachone, shown to be active against human breast and prostate cancer cells. Determination of
the compound's intracellular target now makes the use of this compound for in vivo pre-clinical
trials possible. B-Lapachone's activity has been shown to be independent of p53 and pRb status
and involves an exclusive apoptotic mechanism of cell death. Cell death mediated by this
compound appears also to be independent of caspase activation, making the compound and a
series of related derivatives, potentially important for treatment of numerous cancers of the
breast and prostate. Since many cancers form due to the result of alterations in pS3 or caspases,
development of this compound for breast cancer therapy alone or in combination with ionizing
radiation (IR) (Miyamoto et. al., In press) could grately improve therapy of these diseases.
Cloning of the unknown protease that appears to be stimulated by B8-lap exposures should reveal
a novel non-caspase-mediated apoptotic pathway.
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p-Lapachone activates a novel apoptotic response in a
number of cell lines. We demonstrate that the enzyme
NAD(P)H:quinone oxidoreductase (NQO1) substantially
enhances the toxicity of p-lapachone. NQO1 expression
directly correlated with sensitivity to a 4-h pulse of g-la-
pachone in a panel of breast cancer cell lines, and the
NQO1 inhibitor, dicoumarol, significantly protected
NQOLl-expressing cells from all aspects of p-lapachone
toxicity. Stable transfection of the NQO1-deficient cell
line, MDA-MB-468, with an NQO1 expression plasmid
increased apoptotic responses and lethality after B-la-
pachone exposure. Dicoumarol blocked both the apop-
totic responses and lethality. Biochemical studies sug-
gest that reduction of p-lapachone by NQO1 leads to a
futile cycling between the quinone and hydroquinone
forms, with a concomitant loss of reduced NAD(P)H. In
addition, the activation of a cysteine protease, which
has characteristics consistent with the neutral calcium-
dependent protease, calpain, is observed after f-lapa-
chone treatment. This is the first definitive elucidation
of an intracellular target for g-lapachone in tumor cells.
NQOL1 could be exploited for gene therapy, radiother-
apy, and/or chemopreventive interventions, since the
enzyme is elevated in a number of tumor types (i.e.
breast and lung) and during neoplastic transformation.

p-lap,' a novel 1,2-naphthoquinone, is a potent cytotoxic
agent that demonstrates activity against various ecancer cell
lines (1-3). At lower doses, it is a radiosensitizer of a number of
human cancer cell lines (4). We previously demonstrated that
the primary mode of g-lap cytotoxicity is through the induction
of apoptosis (1, 2). However, the clinical efficacy of this drug
remains to be explored, and such studies await elucidation of

- its mechanism of action.

While a number of in vitro effects of B-lap have been de-
scribed, the key intracellular target of B-lap remains unknown.
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xip-3 (EC 1.6.99.2); PARP, poly(ADP)-ribose polymerase; MMC, mito-
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B-lap has many diverse effects in vitro, including (a) inhibition
of DNA polymerase a (5), (b) enhanced lipid peroxidation and
free radical accumulation (6), (¢) inhibition of DNA replication
and thymidylate synthase activity (7), (d) inhibition of DNA
repair (4, 8), (e) inhibition or activation of DNA topoisomerase
1(1, 3), (/) oxidation of dihydrolipoamide (9), (g) induction of
topoisomerase [Ia-mediated DNA breaks (10), (h) inhibition of
poly(ADP-ribose) polymerase (11), and (i) inhibition of NF-xB
activity (12). While these effects could be hypothetically linked
to the cytotoxicity caused by B-lap administration, most have
not been demonstrated in vivo, and none have led to elucidation
of the drug’s intracellular target. .

Structural similarities between B-lap and other members of
the naphthoquinone family, such as menadione (vitamin Kj;
2-methyl-1,4 naphthoquinone), suggested that the enzyme, DT-
diaphorase, quinone oxidoreductase, EC 1.6.99.2 (NQO1), may
be involved in the activation or detoxification of g-lap (13-17).
The x-ray-inducible nature of NQO1 (i.e. it was cloned by our
laboratory as x-ray inducible transcript-3 (xip-3)) was also con-
sistent with this compound’s ability to sensitize irradiated cells
(18).

NQO1 is a ubiquitous flavoprotein found in most eukaryotes.
The human NQO1 gene encodes a 30-kDa protein that is ex-
pressed in most tissues but does show variable tissue-depend-
ent expression. NQO1 is abundant in the liver of most mam-
mals, except humans, where it is less abundant than in most
other tissues (16, 19, 20). NQO1 knock-out mice show no de-
tectable phenotype other than an enhanced sensitivity to men-
adione, suggesting that the principal function of NQO1 is the
detoxification of quinone xenobiotics (21). Importantly, NQO1
is overexpressed in a number of tumors, including breast, co-
lon, and lung cancers, compared with surrounding normal tis-
sue (22-25). This observation, more than any other, suggests
that drugs that are activated by NQO1 (e.g. MMC, streptoni-
grin, and EO9; see below) should show significant tumor-spe-
cific activity.

NQO1 catalyzes a two-electron reduction of various quinones
(e.g. menadione), utilizing either NADH or NADPH as electron
donors. Unlike most other cellular reductases, NQO1 reduces
quinones directly to the hydroquinone, bypassing the unstable
and highly reactive semiquinone intermediate. Semiquinones
are excellent frée radical generators, initiating a redox cycle
that results in the generation of superoxide. Superoxide can
dismutate to hydrogen peroxide, and hydroxyl radicals can
then be formed by the iron-catalyzed reduction of peroxide via
the Fenton reaction (26). All of these highly reactive species
may directly react with DNA or other cellular macromolecules,
such as lipids and proteins, causing damage. NQO1-mediated
production of the hydroquinone, which can be readily conju-
gated and excreted from the cell, constitutes a protective mech-
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anism against these types of damage (27). It is thought that the
reducing activity of NQO1 protects cells from the toxicity of
naturally occurring xenobiotics containing quinone moieties
14). .

In addition to its protective effects, NQO1 can also reduce
certain quinones to more reactive forms. The most well de-
scribed of these compounds is MMC. It is through a two-elec-
tron reduction by NQO1 or through two separate one electron
reductions by other reductases (such as NADH:cytochrome b5
reductase and NADPH:cytochrome P-450 reductase) that the
alkylating activity of MMC is revealed (28—30). A correlation
was observed between MMC sensitivity and NQO1 activity in a
study using 69 cell lines from the NCI, National Institutes of
Health, human tumor cell panel. These data suggested that
NQO1 was a critical activator of MMC and probably other
quinone-containing antitumor agents (31). Similarly, strepton-
igrin and EO9 can be activated by NQO1-catalyzed reduction
(32).

Dicoumarol (3-3'-methylene-bis(4-hydroxycoumarin)) is a
commonly used inhibitor of NQO1, which competes with NADH
or NADPH for binding to the oxidized form of NQO1. Dicou-
marol thereby prevents. reduction of various target quinones
(33, 34). Co-administration of dicoumarol significantly en-
hances the toxicity of a number of quinones, including mena-
dione, presumably by increasing oxidative stress in the cell
(35-37).

We demonstrate that NQO1 is an important activating en-
zyme for pB-lap in breast cancer cells. B-lap cytotoxicity was
significantly enhanced in breast cancer cells expressing NQO1.
Conversely, cells that lacked this enzyme were more resistant
to a short term exposure to the drug. Co-administration of
dicoumarol protected NQO1l-expressing cells from all down-
stream apoptotic responses and greatly enhanced survival. Sta-
ble transfection of NQO1-deficient, MDA-MB-468 cells, ho-
mozygous for a proline to serine substitution at amino acid 187,
which leads to the synthesis of unstable protein (38), with
human NQO1 ¢cDNA sensitized these otherwise resistant cells
and re-established apoptotic responses. As seen in other cells
expressing endogenous NQO1, cytotoxicity was significantly
inhibited by dicoumarol. Our data establish that NQO1 activity
is an important determinant of B-lap cytotoxicity in breast
cancer cells. A novel downstream apoptotic pathway induced by
B-lapachone is also discussed.

EXPERIMENTAYL PROCEDURES

Cell Culture—MCF-7:-WS8 and T47D:A18 cells were obtained from
V. Craig Jordan (Northwestern University, Chicago, IL). MDA-MB-468
cells were obtained from the American Type Culture Collection. All
tissue culture components were purchased from Life Technologies, Inc.
unless otherwise stated. Cells were grown in RPMI 1640 supplemented
with 10% calf serum, 2 mM L-glutamine, 100 units/ml penicillin, and 100
mg/ml streptomyein. Cells were routinely passed at 1:5-1:20 dilutions
once per week using 0.1% trypsin. All cells were grown in a 387 °C
humidified incubator with 5% CO,, 95% air atmosphere. Tests for
mycoplasma, using the Gen-Probe™ Rapid Detection Kit (Fisher), were
performed quarterly, and all cell lines were found to be negative.

Stable Transfection—Cells were seeded into six-well dishes at 2 X
10° cells/well and allowed to attach overnight. The following day, 1.0 ug
of BE8 plasmid DNA containing the human NQO1 c¢DNA in the
pCDNA3 constitutive expression vector (39) was transfected into each
of three wells using standard calcium phosphate methodology (40).
After 2 days, cells were selected for growth in 350 pg/ml Geneticin®
(G418, Life Technologies, Inc.). A stable, pooled population was estab-
lished after approximately 3 weeks, and subsequently clones were iso-
lated by limiting dilution cloning, as described (41).

Cell Growth Assays—Cells were seeded into each well of a 96-well
plate (1500 cells/well) in 0.2 m! of media on day 0. The following day
(day 1), media were removed, and 0.2 ml of medium containing the
appropriate compound(s) was added for 4 h. Drugs were then removed,
control growth medium was added, and cells were allowed to grow for
an additicnal 7 days. Stock solutions of S-lap (a generous gift from

William Bornmann, Sloan-Kettering Cancer Center, New York, NY)
and menadione (Sigma) were dissolved in Me,SO and stored at —80 °C.
Drugs were added to medium at a 1:1000 dilution immediately before
administration to cells. Dicoumarol (Sigma) was suspended in water
and solubilized using a minimal amount of NaOH. Dicoumarol was
added at a 1:100 dilution to the appropriate medium. DNA content (a
measure of cell growth) was determined by fluorescence of the DNA dye
Hoescht 33258 (Sigma), using an adaptation of the method of Labarca
and Paigen (42), and read in a Cytofluor fluorescence plate reader. Data
were expressed as relative growth, 7/C (ireated/control) from three or
more wells per treatment. Each experiment was repeated at least three
times, and data were expressed as mean * S.E. Comparisons were
performed using a two-tailed Student’s ¢ test for paired samples.

Colony-forming Assays—LDg, survival determinations were calcu-
lated by clonogenic assays (4). Briefly, cells were seeded at various
densities on 35-cm? tissue culture dishes and allowed 48 h to attach and
initiate log phase growth. Drugs were added for 4 h at various concen-
trations and removed, as described above. Colonies from control or
treated conditions were allowed to grow for 10 days. Colonies with 50 or
more normal appearing cells were counted, and data were graphed as
mean *+ S.E. Shown is a compilation of two independent experiments.
Comparisons were performed using a two-tailed Student’s ¢ test for
paired samples.

Western Blot Analyses—Whole cell extracts were prepared by direct
lysis of scraped, PBS-washed cells (both floating and attached cells were
pooled) in buffer composed of 6 M urea, 2% SDS, 10% glycerol, 62.5 mm

Tyis-HC), pH 6.8, 5% B-mercaptoethanol, and 5 pg/ml bromphenol blue

followed by sonication. Equal amounts of protein were heated at 65 °C
for 10 min and loaded into each lane of a 10% polyacrylamide gel with
a 5% stacking gel. Following electrophoresis, proteins were transferred
to Immobilon-P (Millipore Corp., Bedford, MA) using Multiphor II semi-
dry electroblotting (Amersham Pharmacia Biotech) according to the
manufacturer’s directions. Loading equivalence and transfer efficiency
were monitored by Ponceau S staining of the membrane. Standard
Western blotting techniques were used, and the proteins of interest
were visualized by incubation with Super Signal (Pierce) at 20 °C for 5
min. Membranes were then exposed to x-ray film for an appropriate
time and developed. The C-2-10 anti-PARP antibody was purchased
from Enzyme Systems Products (Dublin, CA). The anti-p53 antibody
(DO-1) was purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). NQO1 antibody was contained in medium from a mouse
hybridoma clone A180 (43) and was used at a 1:4 dilution in 10% serum,
1X PBS, 0.2% Tween 20 for Western blot analysis.

Preparation of S9 Supernatants—Cellular extracts for enzyme as-
says were prepared from cells in mid-log to late log phase growth. Cells
were harvested by trypsinization (0.25% trypsin and 1 mm EDTA),
washed twice in ice-cold, phenol red-free Hank’s balanced salt solution,
and then resuspended in a small volume of PBS, pH 7.2, containing 10
pg/pl aprotinin. The cell suspensions were sonicated on ice four times,
using 10-s pulses, and then centrifuged at 14,000 X g for 20 min. The 59
supernatants were aliquoted into microcentrifuge tubes and stored at
—80 °C until used.

Enzyme Assays—Three enzymes were assayed as described by
Fitzsimmons et al. (31) and Gustafson et al. (39). Reaction medium
contained 77 uM cytochrome ¢ (practical grade; Sigma) and 0.14% bo-
vine serum albumin in Tris-HC! buffer (50 mM, pH 7.5). NQO1 activity
was measured using NADH (200 pum) as the immediate electron donor
and menadione (10 uM) as the intermediate electron acceptor. Each
assay was repeated in the presence of 10 uM dicoumarol, and activity
attributed to NQO1 was that inhibited by dicoumarol (44). NADH:
cytochrome by reductase was measured using NADH (200 um) as the
electron donor, and NADH:cytochrome P-450 reductase was measured
using NADPH (200 uMm) as electron donor (45) in a Beckman DU 640
spectrophotometer (Beckman Coulter, Fullerton, CA). Reactions were
carried out at 37 °C and were initiated by the addition of S9 superna-
tants. Varying amounts of supernatants, from 10 to 40 ul, were used to
ensure linearity of rates with protein concentration. Enzyme activities
were calculated as nmol of cytochrome ¢ reduced/min/mg of protein,
based on the initial rate of change in OD at 550 nm and an extinction
coefficient for cytochrome ¢ of 21.1 mM/cm. Results shown are the
average enzyme activity for three separate cell extractions = S.D. or
both values from duplicate experiments.

NADH Recycling Assays—Assays were performed with either puri-
fied NQO1 (46) or S9 extracts from MCF-7:WS8 cells. For the assay
using purified NQO1, 1.5 ug of recombinant human NQO1 was mixed
with 200-500 uM NADH in 50 mM potassium phosphate buffer, pH 7.0.
Reactions were initiated by the addition of 2-20 um B-lap or menadione,
and the change in absorbance at 340 nM was measured over time. For




5418 NQO1 Activity: Principal Determinant of -lap Cytotoxicity

DA-MB-468

Q..

MCF-7:WS8

*
0,

0.100 0.100

0.010 0.010

0.001 |

l'] ; 10 15 1] 5 10 15
B-Lap Conc. (uM)

Fic. 1. Co-administration of dicoumarol protects MCF-7:WSS8,
but not MDA-MB-468, cells from f-lap-mediated cytotoxicity.
Cells were seeded into 60-mm dishes (10,000 and 1000 cells/dish, in
triplicate) and allowed to attach overnight. Cells were then exposed to
a 4-h pulse of B-lap either alone (M) or with 50 uM dicoumarol (O).
Media were removed, fresh drug-free media were added, and cells were
allowed to grow for 10 days. Plates were then washed and stained with
crystal :violet in 50% methanol. Colonies of greater than 50 normal-
appearing cells were then counted and plotted versus g-lap concentra-
tion. Shown is the mean * S.E. of triplicate plates from two independ-
ent experiments .

RELATIVE SURVIVAL

assays using MCF-7:WS8 89 extracts, 5 pl of extracts containing ap-
proximately 2000 units of NQO1/mg of protein were mixed with 200—
500 pM NADH in 50 mM Tris-HCI, pH 7.5, containing 0.14% bovine
serum albumin. Reactions were initiated by the addition of 5-200 um
B-lap or menadione, and change in absorbance at 340 nM was measured
for 10 min. All reactions were also performed in the presence of 10 uM
dicoumarol, which inhibited all measurable NQO1 activity.

Flow Cytometry and Apoptotic Measurements—Flow cytometric anal-
yses were performed as described (1, 2). TUNEL assays, to measure
DNA fragmentation during apoptosis, were performed using APO-DI-
RECT™ as described by the manufacturer (Phoenix Flow Systems,
Inc., San Diego, CA). Samples were read in an EPICS Elite ESP flow
cytometer using an air-cooled argon laser at 488 nm, 15 milliwatts
(Beckman Coulter Electronics, Miami, FL). Propidium iodide was read
at 640 nm using a long pass optical filter, and fluorescein isothiocyanate
was read at 525 nm using a band pass filter. Analysis was performed
using the Elite acquisition software provided with the instrument. All
experiments were performed a minimum of three times.

RESULTS

We previously showed that the naturally occurring 1,2-naph-
thoquinone, B-lap, induced apoptosis in a number of breast
cancer cell lines (1, 2). We hypothesized that g-lap, as a mem-
ber of the naphthoquinone family, may be a substrate for
NQOL1 and that its toxicity may be influenced by NQO1 expres-
sion. We therefore tested the effects of dicoumarol on B-lap-
mediated cytotoxicity in MCF-7:WS8 or MDA-MB-468 breast
cancer cell lines after a 4-h pulse of drug. Co-administration of
50 pM dicoumarol during a 4-h pulse of B-lap caused a signifi-
cant survival enhancement in MCF-7:WS8 cells (Fig. 1). While
this protection was dramatic at B-lap doses of 4-12 um, the
protective effects of dicoumarol were overcome by >14 um
B-lap. In contrast, MDA-MB-468 cells were relatively resistant
(LDgo ~ 8 um, compared with MCF-7:WS8, LD, ~ 4 um) to
B-lap glone and were not significantly protected by dicoumarol
(Fig. 1). Since MDA-MB-468 cells do not express NQO1 (Table
I and Fig. 3) and dicoumarol significantly protected NQO1-
expressing MCF-7:WS8 cells (Table I and Fig. 3), these data
suggested that NQO1 expression was a critical determining
factor in B-lap-mediated cytotoxicity.

We then extended these studies to compare the relative
toxicity of menadione (2-methyl-1,4-naphthoquinone) to S-lap,
either alone or in the presence of dicoumarol. Three breast

TaBLE 1
Endogenous reductase levels in breast cancer cell lines

Values represent averages for three or more separate S9 prepara-
tions = S.D. except as noted in Footnote c.

Enzyme activities®

Cell line 3
NADH: h b; NADPH: )}
NQo1 roductase ® 450 raductase
nmol/min/mg
MCF-7:WS8 2641 = 555 81 + 18 2750
T47D:A18 82 + 17 131 £ 35 31+1.0
MDA-MB-468 <10.0* 93/108° 26/36°

@ Units are nanomoles of cytochrome ¢ reduced per min per mg of
protein.

b <10.0**, NQOI1 activity not detected. The difference in the rate of
cytochrome ¢ reduction with and without dicoumarol was not statisti-
cally significant, based on Student’s ¢ test.

¢ Both values from separate S9 preparations are shown.
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Fi. 2. Relative growth inhibition of various breast cancer cell
lines by g-lap or menadione. Cells (MCF-7:WS8 (A and B), T47D:
A18 (C and D) and MDA-MB-468 (E and F) were seeded into 96-well
plates (1500 cells/well) and allowed to attach overnight. Media contain-
ing drugs (B-lap in A, C, and E; menadione in B, D, and F), either alone
(B-lap (®) or menadione (M)) or in the presence of 50 uM dicoumarol
(B-lap (O) or menadione ((J)), were then added for 4 h. Media were then
removed, fresh drug-free media were added, and the cells were allowed
to grow for an additional 7 days. Relative DNA per well was then
determined by Hoescht 33258 fluorescence, and relative growth (treat-
ed/control DNA) was plotted. Each point represents the mean of four
independent wells + S.E. -

cancer cell lines (T47D:A18, MDA-MB-468, and MCF-7:WS8)
were treated with a 4-h pulse of drugs, and relative growth was
measured 7 days later (Fig. 2). Dicoumarol significantly inhib-
ited B-lap toxicity in MCF-7:WS8 and T47D:A18 cells. In con-
trast, dicoumarol showed little or no protective effect in MDA-
MB-468 cells (compare graphs A, C, and E in Fig. 2).

In a parallel experiment using menadione, alone or with
dicoumarol, the relative sensitivities of the cell lines to mena-
dione were opposite those found with g-lap; MCF-7:WS8 cells
were the most resistant to menadione, and MDA-MB-468 cells
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Fic. 3. NQO1 expression in various breast cancer cell lines.
Whole cell extracts were prepared from exponentially growing cell lines.
Equal protein was loaded into each lane and confirmed by Ponceau S
staining. Proteins were separated by standard 10% SDS-polyacryl-
amide gel electrophoresis, transferred to Immobilon P, and probed with
medium from an anti-NQO1 hybridoma followed by horseradish perox-
idase-conjugated anti-mouse secondary antibody. Signals were visual-
ized using Super Signal reagent as described under “Experimental
Procedures.” Shown is a representative blot from experiments per-
formed at least three times. :

were the most sensitive. Co-administration of dicoumarol
caused a significant sensitization of MCF-7:WS8 cells to men-
adione toxicity, with a decrease in the relative ICg, from 12 to
3 pum. MDA-MB-468 cells, which were inherently more sensitive
to menadione, were unaffected by dicoumarol co-administra-
tion. T47D:A18 cells were only minimally sensitized to mena-
dione exposure when dicoumarol was co-administered (com-
pare graphs B, D, and F; Fig. 2). These data were consistent
with NQO1 expression (Fig. 3), where NQO1 protein levels
were high in MCF-7:WS8 cells, moderate in T47D:A18 cells,
and undetectable in MDA-MB-468 cells. NQO1 enzyme activi-
ties were consistent with protein levels (compare Fig. 3 and
Table I). Using these cell extracts, we showed that g-lap could
substitute for menadione in this in vitro assay, demonstrating
that the compound was a suitable NQO1 substrate in intact
cells (Fig. 9 and data not shown). These data demonstrated
that both menadione and g-lap could serve as substrates for
NQO1-mediated reduction and suggested that the end results
of these reductions were opposite (i.e. menadione was inacti-
vated by reduction, and B-lap was activated by reduction).
We previously showed that apoptosis in various human
breast cancer cell lines induced by B-lap administration was
unique, in that it caused a pattern of PARP and p53 cleavages
distinct from that induced by other caspase-activating agents.
After B-lap treatment, we observed a 60-kDa PARP fragment,
which was probably due to the activation of a neutral, calcium-
dependent protease with similar properties as calpain.? To
investigate the effect of dicoumarol on this cleavage pattern in
MCF-7:WS8 cells, we treated cells with a 4-h pulse of 8 um
p-lap alone or in the presence of 50 um dicoumarol. Cells were
lysed 20 h later, and PARP cleavage was monitored. We also
investigated the effects of 1 pM staurosporine treatment, in
order to determine if dicoumarol could block classic apoptotic
proteolysis or if it was specific for B-lap-induced apoptosis. As
seen in Fig. 4, dicoumarol completely abrogated atypical PARP
cleavage after B-lap exposure but had no effect on staurospo-
rine-induced classic PARP cleavage (i.e. formation of an 89-kDa
PARP fragment (47)) in MCF-7:WS8 cells. The fact that dicou-
marol significantly protected NQO1I1-expressing cells from
B-lap-mediated apoptosis strongly suggested a role for NQO1 in
B-lap toxicity. However, previous studies indicated that dicou-

2J. J. Pink, S. Wuerzberger-Davis, C. Tagliarino, S. M. Planchon, X.
Yang, C. J. Froelich, and D. A. Boothman (2000) Exp. Cell Res., in press.
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FiG. 4. Dicoumarol inhibition of p-lap-induced atypical PARP
cleavage. MCF-7:WS8 cells were treated with a 4-h pulse of 8 um B-lap
(B, lanes 3 and 4) or a 24-h pulse of 1 uM staurosporine (S, lanes 5 and
6) either alone or with 50 uM dicoumarol during the time of drug
exposure. Untreated cells (C, lane 1) or cells treated only with 50 um
dicoumarol (C + Dic, lane 2) were included as controls. Whole cell
extracts were prepared at 24 h and analyzed using standard Western
blot techniques as described for Fig. 3. The blot was probed with the
(-2-10 anti-PARP monoclonal antibody followed by horseradish perox-
idase-conjugated anti-mouse secondary antibody and visualized with
Super Signal reagent. Shown is a representative blot from experiments
performed at least three times.

NQO01 —
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Fic. 5. NQO1 protein expression in MDA-MB-468 transfec-
tants. Whole cell extracts were prepared from exponentially growing
parental MCF-7:WS8 and MDA-MB-468 cells, two control vector alone
MDA-MB-468 transfectants, and 10 NQO1 expression vector MDA-MB-
468 transfectants. Equal amounts of protein were analyzed by standard
Western blot techniques as. described above using anti-NQO1 as de-
scribed for Fig. 4. Shown is a representative blot from experiments
performed at least three times.

marol may also inhibit other cellular enzymes (48).

In order to definitively demonstrate the role of NQO1 in
B-lap toxicity, we utilized the NQO1-negative, B-lap-resistant,
MDA-MB-468 cell line to determine if exogenous expression of
NQO1 could sensitize these cells to -lap. We stably transfected
MDA-MB-468 cells with a constitutive NQO1 expression vector
under the control of a cytomegalovirus promoter. We also per-
formed a parallel transfection using the empty vector, pcDNAS3.
Following selection of a pooled population of G418-resistant
cells, we isolated a number of clones by limiting dilution sub-
cloning, as described under “Experimental Procedures.” NQO1
expression in isolated clones was then determined by Western
blot analyses (Fig. 5) and enzyme assays (Table II). In all cases,
enzyme activity correlated with protein expression. As shown
in Fig. 5 and Table II, the empty vector-containing clones did
not demonstrate measurable NQO1 expression, as observed
with parental, nontransfected cells (see lanes 2, 3, and 4). of
the 10 clones isolated from the NQO1 transfections, nine ex-
hibited NQO1 expression. Clone NQ-2 (lane 6) showed no meas-
urable NQO1 expression.

We tested a number of the clones for 8-lap and menadione
sensitivity. Growth inhibition was measured after a 4-h pulse
of drugs, either alone or in the presence of 50 uM dicoumarol.
Relative growth of B-lap-treated compared with control cells
(T/C) was determined 7 days after drug exposures, using DNA
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TasLe II
NQO1 expression in MDA-MB-468 transfectants

Clone NQOL1 activity®

nmol/min/mg
Vec-3 <10°
NQ-1 6555/8264°
NQ-2 <10°
NQ-3 9276 * 491¢
NQ-6 14,684/18,511°
NQ-7 11,341/12,332°

@ Units are nmol of cytochrome ¢ reduced per min per mg of protein.

b <10,, NQO1 not detected. The difference in the rate of cytochrome
¢ reduction with and without dicoumarol was not statistically signifi-
cant, based on Student’s ¢ test.

¢ Both values from two separate S9 preparations.

¢ Average for three separate S9 preparations *+ S.D.
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Fic. 6. NQO1 expression sensitizes cells to acute g-lap cytotox-
icity. A, acute B-lap toxicity was determined using the control vector
MDA-MB-468 transfectant (clone Vec-3) and five NQO1 vector-contain-
ing MDA-MB-468 transfectants, as described in Fig. 2. Note that clone
NQ-2 showed no measurable NQO1 expression (Fig. 5 and Table II).
Cells were exposed to a 4-h pulse of a range of B-lap doses either alone
(®) or with 50 uM dicoumarol (O) and then allowed to grow for an
additional 7 days, at which time DNA content for treated (79 cells was
measured and plotted relative to control (C) cells. B, Vec-3 (W, [J), NQ-1
(A, A), and NQ-3 (@, O) cells were treated with a 4-h pulse of a range of
B-lap doses alone (M, A, ®) or with 50 uM dicoumarol ((J, A, O). Overall
gurvival, as assessed by colony-forming ability, was measured after 10
days growth in control media. Shown is a representative graph from
experiments performed at least three times with each group consisting
of at least triplicate determinations. Differences between treatments
were compared using a two-tailed Student’s ¢ test for paired samples
and groups having p < 0.01 compared with B-lap or dicoumarol alone
are indicated by an asterisk.
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Fic. 7. Acute p-lap-mediated apoptosis requires NQO1 activ-
ity. DNA fragmentation was assessed using the TUNEL assay, as
described under “Experimental Procedures.” Cells were exposed to a 4-h
pulse of B-lap alone or in combination with 50 pM dicoumarol, and
TUNEL assays were performed to monitor apoptosis 44 h later using
the APO-DIRECT™ kit. Data were analyzed using an EPICS Elite ESP
flow cytometer. Shown are the results of one experiment representative
of at least three independent assays.

amount per well as an indicator of cell growth. In all cases,
expression of NQO1 led to a marked increase in sensitivity to
B-lap (see Fig. 64). Co-administration of 50 um dicoumarol
selectively inhibited B-lap toxicity in all clones that expressed
NQO1. Dicoumarol did not affect the relatively more g-lap-
resistant Vec-3 or NQ-2 clones, which did not express NQO1.

Opposite results were observed after menadione treatments.
Cells expressing NQO1 were more resistant to menadione than
NQO1-negative clones, and resistance could be ameliorated by
dicoumarol co-administration (data not shown). To demeon-
strate that this effect was not due simply to transient growth
inhibition, we also measured clonogenic survival of the Vec-3,
NQ-3, and NQ-7 clones after a 4-h treatment with B-lap alone
or in the presence of 50 pum dicoumaro! (Fig. 6B). Relative
survival closely mimicked growth inhibition, demonstrating
the sensitizing effect of NQO1 expression on p-lap cytotoxicity.
These data clearly established that NQO1 activity was critical
for the acute toxicity of g-lap. '

To confirm that cell death occurred due to the induction of
apoptosis in the NQO1 transfectants, we used TUNEL assays
to measure DNA fragmentation due to apoptosis after p-lap
treatment. Cells were treated with a 4-h pulse of 8 um g-lap
alone or in combination with 50 uM dicoumarol, harvested 48 h
later, and monitored for apoptosis using TUNEL assays, where
terminal deoxynucleotide transferase-mediated FITC-dUTP
incorporation was measured. As shown in Fig. 7, Vec-3 cells
showed less than 2% TUNEL-positive (apoptotic) cells after
B-lap treatment. All NQO1-expressing clones showed between
30 and 70% TUNEL-positive cells. Dicoumarol co-administra-
tion completely blocked apoptosis-related DNA fragmentation
in all of the NQO1-expressing MDA-MB-468 clones. These find-
ings further demonstrated that while certain aspects of B-lap
cytotoxicity were unique (e.g. atypical PARP cleavage), other
aspects conform to the classic apoptotic pathway (e.g. DNA
fragmentation, as measured by TUNEL assays and the pres-
ence of a sub-Gy/G, cell population (2)).

We next utilized a number of the NQO1-expressing MDA-
MB-468 clones to determine if cytotoxicity equated with corre-
sponding increases in atypical apoptotic proteolysis, as meas-
ured by PARP and p53 cleavage. NQO1-expressing clones were
exposed to 8 um B-lap for 4 h, and cell lysates were prepared
48 h later. As observed in Fig. 84, clones with NQO1 expression
(i.e. NQ-1, NQ-3, NQ-6, and NQ-7) demonstrated a prevalent
60-kDa PARP cleavage fragment after exposure to 8 um B-lap.

- The NQO1-negative clone, Vec-3, exhibited no PARP cleavage
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Fic. 8. NQO1 expression sensitizes cells to g-lap-mediated ap-
optotic proteolysis and inhibits menadione-mediated apoptotic
proteolysis. Apoptotic proteolysis was measured in cells exposed to a
4-h pulse of 8 um B-lap alone (B) or 8 pM menadione alone (M) or in
combination with 50 pM dicoumarol (8 + D and M -+ D, respectively).
Whole cell extracts were prepared 44 h after drug treatment and ana-
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at this p-lap dose. We noted cleavage of p53 (resulting in an
~40-kDa fragment) at the same B-lap dose that gave rise to the
60-kDa PARP fragment. Cells exposed to 10 pm menadione
with or without dicoumarol showed an opposite pattern, as
monitored by p53 and PARP cleavage (Fig. 8B and data not
shown). Dicoumarol enhanced p53 cleavage after menadione
exposure. Importantly, NQO1 expression also led to resistance
to menadione-induced p53 cleavage, which could be reversed by
co-administration of dicoumarol. Previous studies from our lab-
oratory suggested that both the PARP and pb3 cleavage events
were the result of activation of the calcium-dependent protease,
calpain.?

To further characterize the nature by which B-lap could
serve as a substrate for NQO1, we measured NADH oxidation
using a modified in vitro assay. Using purified recombinant
human NQO1 or cell extracts containing NQO1, we measured
the oxidation of NADH in the presence of either menadione or
B-lap. This assay was different from that used to measure
NQO1 activity in cell lysates (described in Tables I and II), in
that a terminal electron acceptor (i.e. cytochrome c) was not
included in the reaction. If the substrates (menadione or 8-lap)
were utilized once in the enzyme reaction, the compounds could
not reduce a terminal electron acceptor and would thereby
presumably accumulate in their respective hydroquinone
forms. This would result in oxidation of 1 mol of NADH/mol of
quinone reduced. As expected, menadione reduction resulted in
the oxidation of 1-8 mol of NADH/mol of menadione in 2 min
and 3-4 mol of NADH/mol of menadione in 3 min using S9
extracts from MCF-7:WS8 or NQ-3 cells (Fig. 9 and data not
shown). B-lap resulted in the oxidation of 10—20 mol of NADH/
mol of B-lap in 2 min and 50—-60 mol of NADH/mol of g-lap in
3 min (Fig. 9). The relative NADH oxidation with p-lap may be
an underestimate of B-lap-mediated NADH oxidation, due to
exhaustion of reduced NADH at later time points. Using puri-
fied NQO1, this effect was even more pronounced, giving rise to
oxidation of 10 mol of NADH/mol of g-lap in 10 s and 100 mol
of NADH/mol of B-lap in 10 min (data not shown). These results
strongly suggest that the hydroquinone form of B-lap is unsta-
ble and rapidly undergoes autoxidation to the parent quinone,
which can again serve as substrate for reduction by NQO1.

DISCUSSION

We demonstrated that p-lap cytotoxicity is dependent upon
the expression of the obligate two-electron reductase, NQO1.
Dicoumarol, an NQO1 inhibitor, significantly protected NQO1-
expressing breast cancer cell lines against all tested aspects of
B-lap toxicity, including cell death. Overall, NQO1 expression
correlated well with sensitivity of various breast cancer cell
lines to the effects of B-lap. Use of the redox cycling compound
menadione, which is detoxified by NQO1, demonstrated that
the protection offered by dicoumarol is not the result of a global
apoptotic inhibition, since dicoumarol significantly enhanced
the cytotoxicity of menadione, in cells that expressed NQO1
(Fig. 2). Dicoumarol also did not protect against staurosporine-
induced apoptosis, instead demonstrating a very modest en-
hancement of PARP cleavage. The nature of this response is
unknown but may involve signaling through the MEKK1 path-
way, as recently described by Cross et al. (49). In addition, the
relative sensitivities of the cell lines to menadione were oppo-

lyzed using standard Western blot techniques. 4, PARP cleavage was
assessed using the C-2-10 monoclonal antibody, the blots were then
stripped and reprobed with the anti-NQO1 antibody. B, cells were
treated with either B-lap or menadione for 4 h and then probed with a
p53 antibody (DO-1). Equal protein loading was assessed by Ponceau S
staining as described under “Experimental Procedures.” Shown 1s 2
representative blot from experiments performed at least three times.
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Fic. 9. p-lap-mediated NADH oxidation and futile cycling by NQO1-containing cell extracts. S9 extracts prepared from MCF-7:WS8
cells served as a source for NQO1 and were mixed with 500 uM NADH in 50 mM Tris-HCl, pH 7.5, as described under “Experimental Procedures.”
Reactions were initiated by adding B-lap or menadione, and changes in absorbance at 340 nm (NADH absorbs at 340; NAD+ does not) were
measured over time for 3 min. Total loss of NADH was then calculated and divided by the concentration of 8-lap or menadione used. This ratio
was then plotted as a function of -lap or menadione concentration after 1 (light bars), 2 (darker bars), and 3 (darkest bars) min. Shown is a

representative graph from experiments repeated at least two times.

site those of B-lap, demonstrating that the g-lap-sensitive cells
were not merely sensitive to unrelated cytotoxic compounds.
Exogenous expression of NQO1, in NQO1-deficient MDA-MB-
468 cells, shifted the LDgg from >10 um to less than 4 um. While
this shift may appear modest, the dose-response curves for both
growth inhibition and survival after -lap treatment were ex-
tremely steep. At 4 um B-lap, 60% of the NQO1-negative cells
survived, whereas less than 0.05% survival was noted in cells
transfected with NQO1. A similarly steep curve was noted with
growth inhibition, where treatment with 4 um B-lap led to
greater than 90% growth in the NQO1-negative cells and un-
detectable growth in the NQO1-expressing cells. In both sur-
vival and growth measurements, addition of 50 uM dicoumarol
protected NQO1-expressing cells completely and resulted in
values nearly equal to that observed in untreated cells. While
these findings suggest that B-lap should show considerable
activity against NQO1 expressing tumors, the dose-response
curves indicate that the overall drug exposure will undoubtedly
need to be closely monitored if this drug is to prove clinically
useful.

B-lap may be activated by NQO1 in a manner analogous to
that of MMC or EO9 (50, 51). However, unlike MMC (52), there
is no indication of direct DNA damage by B-lap as assessed by
p53 induction, alkaline or neutral filter elution, or covalent
complex protein-DNA formation (2, 53, 54). Most specific dem-
onstrations of B-lap activity have come from in vitro assays. For
example, topoisomerase Ila-mediated DNA damage has been
observed in vitro after treatment with either 8-lap or menadi-
one (10). However, the expected downstream effects of this
damage (e.g. p53 induction, DNA-topoisomerase ITa complexes,
etc.) have not been observed (1, 2). In addition, we previously
showed that topoisomerase I could be inhibited or activated in
vitro in a manner distinct from that of the classic topoisomer-
ase I inhibitor, camptothecin (1). Neither “cleavable complex”
formation (8) nor increases in the steady state levels of wild-
type p53 were observed following -lap treatment. In contrast,
camptothecin or topoisomerase Ila inhibitors caused a dra-
matic increase in p53, as previously reported (1, 55). The ob-
servations reported here suggest that B-lap must either be
activated (reduced) to inhibit topoisomerases I or Ilx or that
topoisomerase inhibition is not a necessary component of g-lap-
mediated cytotoxicity.

One particularly unique aspect of g-lap toxicity is the appar-
ent activation of a novel protease, which we first discerned by
observation of an atypical cleavage pattern of the DNA repair
protein and apoptotic substrate, PARP.? This pattern (giving
rise to an ~60-kDa fragment instead of the classic 89-kDa
fragment) was unique to B-lap-mediated apoptosis and corre-
lated well with lethality. In addition, investigation of p53 pro-
teolysis after B-lap treatment showed a fragment of ~40 kDa
(Fig. 7B), which was similar to that previously attributed to
calpain activation (56). Calpain has been implicated in apopto-
sis in a number of systems (57-59), and we hypothesize that
calpain is the primary protease activated in 8-lap-mediated cell
death.? The data regarding the role of calpain as an inducer of
apoptosis or simply a component of the execution phase of
apoptosis appear to depend upon the cell type and method of
apoptosis induction. The demonstration of menadione-induced
p53 cleavage (Fig. 8) suggests that this proteolytic pathway is
not unique to B-lap. Enhancement of menadione-mediated pro-
teolysis by dicoumarol suggests that the hydroquinone form of
menadione is a nontoxic species or is rapidly conjugated and
excreted from the cell and does not activate this cell death
pathway (60). However, when menadione is reduced to the
semiquinone, in the absence of NQO1 activity, it can also
undergo a futile cycle, leading to the loss of reduced NAD(P)H
(61). This futile cycle is less potent than the B-lap futile cycling
but can be activated by high concentrations of menadione in
NQO1 expressing cells and lower menadione concentrations in
cells lacking NQO1 activity.

While reduction of g-lap appears to be important for its
cytotoxic effects against breast cancer cells, the mechanism by
which reduction of B-lap leads to toxicity is still unresolved.
Our findings regarding the futile cycling of B-lap suggest a
possible component of the cytotoxic mechanism. B-lap-medi-
ated exhaustion of NADH in the in vitro studies (Fig. 8) sug-
gests that the hydroquinone form of g-lap is unstable and
autoxidizes back to the parent compound. In an intact cell, this
futile cycle would be expected to continue until one of the
critical components of the reaction is exhausted (Fig. 10). Since
NQO1 can utilize either NADH or NADPH as electron donors,
this futile cycle could lead to a substantial loss of NADH and
NADPH with a concomitant rise in NAD+ and NADP+ levels.

This would have a dramatic effect on any cellular process




NQO1 Activity: Principal Determinant of B-lap Cytotoxicity

fOxidat:ve Stress
B-Lap(SQ®)
B3-Lap(Q) FEutile Cycle B-Lap(HQ)

NQO1
NAD(P)H ——>NAD(P)*

1
1
t
] :
: Y A p53 Cleavage
4Calpain
! N PARP Cleavage

v
APOPTOSIS

Fic. 10. Proposed model for g-lapachone-mediated cytotoxic-
ity in cells expressing NQOL. In cells that express NQO1, the 1,2-
naphthoquinone B-lap(Q) is reduced to the hydroquinone form (B-
lap(HQ)) using one molecule of NADH per reaction. The hydroquinone
form of B-lap is presumably unstable and spontaneously autoxidizes to
its original parent form, probably through a semiquinone intermediate
(B-lap (SQ), which can cause redox cycling and oxidative stress. The
regenerated parent compound can then serve as substrate for another
round of reduction. This futile cycle causes a rapid and severe loss in
reduced NAD(P)H, which ultimately activates calpain by mechanisms
that are not completely understood at present.

requiring NADH or NADPH. It is likely that this exhaustion of
reduced enzyme co-factors may be a critical factor for the acti-
vation of the apoptotic pathway after p-lap treatment. The
downstream consequences of this futile cycle are currently
under investigation in our laboratory.

At higher doses of -lap (>10 pum), NQO1-negative cells and
NQO1-expressing cells treated with dicoumarol were killed by
p-lap. This may be due to the production of oxidative stress, as
a result of one electron reduction of B-lap by other enzymes,
such as cytochrome b, reductase and/or cytochrome P-450 re-
ductase (62). One electron reduction of -lap to the semiqui-
none would be expected to cause extensive redox cycling with
the formation of various reactive oxygen species, and previous
studies showed that B-lap caused oxygen radical formation in
trypanosomes (63, 64). We speculate that g-lap-mediated free
radical formation can be lethal to NQO1-deficient cells, as we
previously reported with HL60 cells. The result in these studies
was stimulation of a caspase-mediated death pathway (1). This
hypothesis is supported by a recent study that showed that
p-lap can induce apoptosis in HL-60 cells through peroxide
production (65). Alternatively, other members of the NQO1
family that are insensitive to dicoumarol, such as NQO2 (66,
67), may be present and reduce (i.e. activate) g-lap when ad-
ministered at high doses. However, we hypothesize that the
production of cytosolic free radicals is not a primary mode of
cell death in NQO1-expressing cells, since free radical scaven-
gers (e.g. a-tocopherol, N-acetyl-L-cysteine, or pyrrolidinedi-
thiocarbamate) did not significantly affect lethality caused by
B-lap exposure (data not shown). The free radical-driven path-
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ways may predominate in NQO1-negative cells or in cells with
inactivated NQO1. We propose that when active NQO1 is pres-
ent, the pathway described in Fig. 10 is primarily responsible
for cell death.

Our data identifying the intracellular target of p-lap as
NQO1 may explain the myriad of in vitro and in vivo responses
reported for this compound. p-lap exposure synergizes with
MMS, ionizing radiation, and ultraviolet light jrradiation dam-
age (68). We speculate that the synergy between this compound
and these DNA damaging agents is related to the induction of
NQO1 (cloned as xip-3, an x-ray-inducible protein by our lab-
oratory (18) and that of Fornace et al. (69)). This is further
supported by the fact that only posttreatments of 4-5 h, and
not pretreatments, with p-lap caused synergistic cell killing.
Induction of -lap’s target may have been required for synergy,
and the induction kinetics of NQO1/XIP3 after ultraviolet light
or ionizing radiation exposures (i.e. ~2 h) appear to fit this
mechanism (18). B-lap exposure also prevented the formation of
ionizing radiation-inducible secondary neoplastic transfor-
mants in Chinese hamster embryo fibroblasts (53). Since
NQO1 expression is thought to increase during early stages of
neoplastic initiation (possibly due to the permanent induction
of a normal stress response, i.e. induction of NQO1) (70, 7 1),it
is possible that B-lap administration selectively eliminates ge-
netically damaged cells that constitutively overexpress this
preneoplasic marker (i.e. NQO1). These data suggest that it
may be possible to exploit this IR-inducible NQO1 target pro-
tein for improved radiochemotherapy, which would also result
in a significantly lower level of IR-induced secondary carcino-
genesis, as previously reported (53).

Thus, our data strongly suggest that NQO1 expression is an
important determinant of B-lap-mediated apoptosis and lethal-
ity. The connection between the futile cycle of oxidation and
reduction of B-lap by NQO1 and the activation of calpain-
mediated apoptosis (Fig. 10) is currently under investigation in
our laboratory. Investigation of this drug should shed light on
calpain-mediated cell death processes and yield clinical regi-
mens using B-lap or more efficient drugs in combination with
DNA-damaging agents (e.g. radiotherapy). Use of this drug
against tumors that overexpress NQO1, such as breast, colon,
or lung cancers, is indicated. Identification of NQO1 as the
intracellular target of -lap also suggests the use of this com-
pound for chemoprevention, since NQO1 is commonly elevated
during neoplastic progression (43).
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B-Lapachone (B-lap) effectively killed MCF-7 and
T47D cell lines via apoptosis in a cell-cycle-indepen-
dent manner. However, the mechanism by which this
compound activated downstream proteolytic execu-
tion processes were studied. At low concentrations,
p-lap activated the caspase-mediated pathway, similar
to the topoisomerase I poison, topotecan; apoptotic
reactions caused by both agents at these doses were
inhibited by zVAD-fmk. However at higher doses of
B-lap, a novel non-caspase-mediated “atypical” cleav-
age of PARP (i.e., an ~60-kDa cleavage fragment) was
observed. Atypical PARP cleavage directly correlated
with apoptosis in MCF-7 cells and was inhibited by the
global cysteine protease inhibitors iodoacetamide and
N-ethylmaleimide. This cleavage was insensitive to in-
hibitors of caspases, granzyme B, cathepsins B and L,
trypsin, and chymotrypsin-like proteases. The pro-
tease responsible appears to be calcium-dependent
and the concomitant cleavage of PARP and p53 was
consistent with a g-lap-mediated activation of calpain.
B-Lap exposure also stimulated the cleavage of lamin
B, a putative caspase 6 substrate. Reexpression of pro-
caspase-3 into caspase-8-null MCF-7 cells did not affect
this atypical PARP proteolytic pathway. These find-
ings demonstrate that g-lap kills cells through the cell-
cycle-independent activation of a noncaspase proteo-
lytic pathway. © 2000 Academic Press ,
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The execution phase of apo'ptosis culminates in the
activation of a cascade of specific cysteine proteases
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which cleave following aspartate residues in target
proteins. These proteases, named caspases [1], com-
prise a family of zymogens that are converted to acti-
vated proteases by specific cleavage reactions. Sub-
strate cleavage products include the 89-kDa fragment
of poly(ADP-ribose) polymerase (PARP), the 46-kDa
polypeptide of lamin B, the ~100-kDa C-terminaily or
~68-kDa internally cleaved polypeptides of retinoblas-
toma protein (pRb), and the ~68-kDa fragment derived
from Spl [2-5]. The cleavage sites within some apop-
totic death substrates have been precisely mapped and
used to design inhibitors of the caspases, such as
zVAD-fmk and DEVD-fmk, which were developed us-
ing the recognition sites for caspases-1 and -3, respec-
tively [6]. In contrast, the global cysteine protease in-
hibitors iodoacetamide and N-ethylmaleimide react
directly with active site cysteines and thereby inhibit
all cysteine proteases, as well as other enzymes that
contain accessible ~SH groups [7, 8].

While a great deal of information regarding the ac-
tion of caspases during apoptosis has been generated,
less is known about alternate apoptotic proteolysic
pathways that are activated after treatment with var-
ious cytotoxic agents. A number of reports have shown
that the neutral calcium-dependent protease calpain
can be activated during apoptosis [9—11]; a key in vivo
target of calpain appears to be p53. Other reports have
demonstrated the activation of noncaspase proteases,
such as the nuclear scaffold protease [12, 13] and un-
known serine proteases during apoptosis [14, 15]. The
serine protease(s) described in these studies appeared
to be distinct from granzyme B, which induces apopto-
sis through caspase activation [16].

B-Lapachone (B-lap) is a naturally: occurring 1,2-
naphthoquinone initially isolated from the bark of the
lapacho tree, native to South America. We previously
demonstrated that this drug is a radiosensitizing agent
against human laryngeal carcinoma and melanoma
cell lines [17]. Using cell-free assays, B-lap inhibited
topoisomerase I (Topo I) by a mechanism quite differ-
ent from that of camptothecin (CPT) or the related
compounds topotecan (TPT), 9-aminocamptothecin, or
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irinotecan [18]. For example, B-lap administration did
not stabilize Topo I-DNA cleavable complexes in vivo
[19] or in vitro [20]. In contrast, the CPT family mem-
bers stabilized cleavable complexes [19], resulting in
the formation of DNA single-strand nicks [21] and in-
duction of wild-type p53 [22]. The fact that B-lap did
not produce DNA single-strand nicks in human or
hamster cancer cells [21, 23] was indirectly confirmed
by the absence of wild-type p53 induction in breast or
prostate cancer cells [18, 24]. While in vitro assays
indirectly suggested that Topo I may be an intracellu-
lar target of B-lap, it seemed likely that it was not the
only mechanism through which this compound acted
[24, 25]. We recently reported that the cytotoxicity
caused by B-lap in MCF-7 breast cancer cells could be
solely accounted for by apoptotic responses [24].

‘Recent results have suggested that B-lap can lead to
Topo Ila-mediated DNA breaks [25]. In contrast to Topo
I, topoisomerase Ila causes ATP-dependent, double-
strand DNA unwinding [26]. Topo Ila also shares an-
other important distinction from Topo I, in its cell cycle
regulation. Topo I is consistently expressed throughout
the cell cycle while Topo I« is poorly expressed during
G/G; and expression increases during S phase, reaching
a peak during late S and G, [27]. Drugs which primarily
target Topo Ila are, therefore, cell cycle specific [28],
while Topo I-specific drugs can kill cells in all phases of
the cell cycle [29]. Variation in sensitivity to either g-lap
or TPT during different cell-cycle stages was measured to
address the relative importance of Topo I and Topo I«
activity for the cytotoxicity of these drugs.

Interestingly, B-lap-mediated apoptosis in MCF-7
cells was accompanied by a dramatic decrease in p53
steady-state levels, prior to the appearance of apoptotic
morphologic changes [24]. We were, therefore, inter-
ested to see if this relationship between loss of survival
and apoptosis held true for other breast cancer cells,
We describe the activation of a noncaspase, cysteine
protease, which shares some characteristics with the
neutral calcium-dependent protease, calpain, during
B-lap-mediated apoptosis. B-Lap-mediated cell death
and proteolysis are induced in all phases of the cell
cycle, suggesting that topoisomerase ITa was not the
critical target for this death pathway.

MATERIALS AND METHODS

Chemicals and tissue culture reagents. Estradiol (E,), 4-hy-
droxytamoxifen (4-OHT) (Sigma Chemical Co., St. Louis, MO), or ICI
182,780 (a generous gift from Dr. V. Craig Jordan, Northwestern
University) were dissolved in 100% ethanol as 1000x stocks and
maintained at —20°C. B-Lap (MW 242, ¢ = 25790), generously sup-
plied by Dr. William G. Bornmann (Memorial Sloan Kettering, New
York, NY), and TPT (Smith Kline Beecham, Philadelphia, PA) were
dissolved in DMSO and concentrations confirmed by spectrophoto-
metric analyses [24, 30]. Nocodazole was purchased from Sigma
Chemical Co., and a 2 mg/ml stock solution was made in DMSO
immediately before use. All tissue culture reagents were purchased
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TABLE 1
Characteristics of Breast Cancer Cell Lines
Cell line ER p53 pRb
MCF-7:WS8 ++++ WwT +
T47D:A18 ++ Mutant +

from GIBCO Laboratories (Grand Island, NY), unless otherwise
stated. Charcoal-stripped serum was prepared by treating fetal bo-
vine serum (FBS) three times with dextran-coated charcoal as de-
scribed [31].

Antibodies and protease inhibitors. The C-2-10 PARP monoclonal
antibody was purchased from Enzyme Systems Products (Dublin,
CA). An N-terminal PARP (clone N-20), an Sp1 polyclonal, a p53
monoclonal (clone DO-1), and all horseradish peroxidase-conjugated
secondary antibodies were obtained from Santa Cruz Biotechnolo-
gies (Santa Cruz, CA). Monoclonal antibodies to PRD (clone G3-245)
and underphosphorylated pRb (clone G99-549) were obtained from
PharMingen (San Diego, CA). A polyclonal antibody specific to phos-
phorylated serine 780 of the pRb protein was obtained from Medical
and Biological Laboratories Co. Ltd. (Boston, MA). Antibody to
caspase-3 was obtained from Transduction Laboratories (Lexington,
KY). Antibody to lamin B was obtained from Matritech, Inc. (Cam-
bridge, MA). zZVAD-fmk, DEVD-fnk, zFA-fmk, and zZAAD-fmk were
obtained from Enzyme Systems Products (Dublin, CA), diluted in
DMSO, and used at 25 1M unless otherwise stated. TPCK, TLCK,
iodoacetamide, and N-ethylmaleimide were purchased from Sigma
Chemical Co. and diluted in DMSO (TPCK and TLCK), ethanol
(N-ethylmaleimide), or water (iodoacetamide). The pBabe/puro vec-
tor was a generous gift from Dr. Todd Sladek.

Tissue culture and growth conditions. MCF-7:WS8, T47D:A18
(clones of the standard MCF-7 and T47D cell lines, selected by
limiting dilution cloning of the parental cell lines in whole serum
[31-33], referred to as MCF-7 and T47D in the text) were obtained
from Dr. V. Craig Jordan (Northwestern University, Chicago, IL).
The ER, p53, and pRb statuses of these cell lines are outlined in
Table 1. Cells were grown in RPMI 1640 medium supplemented with
10% FBS, 6 ng/ml bovine insulin, 2 mM L-glutamine, 100 U/ml
penicillin, and 100 mg/ml streptomycin. For estrogen-free tisSue
culture medium, phenol red-free RPMI and charcoal-stripped FBS
were used as previously described [31]. Cells were routinely passed
at 1:5 to 1:20 dilutions once per week using 0.1% trypsin. All cells
were mycoplasma free and grown at 37°C in a humidified incubator
with 5% C0,-95% air atmosphere.

Growth assays and estrogen-deprivation studies. Forty-eight-
hour or 6-day growth assays were used to assess the relative sensi-
tivities of breast cancer cells to various drug treatments as previ-
ously described [31-33]. For estrogen-deprivation studies, cells were
grown in estrogen-free medium for at least 4 days prior to the start
of experiments. Cells were seeded into 96-well plates (1.5 X 10% or
1 X 10* celis/well) in 0.2 ml of medium on day 0 and allowed to attach
for 24 h. On day 1, fresh medium containing the indicated drugi(s)
was added to the appropriate wells. E,, 4-OHT, or ICI 182,780 (ICD)
were added to cells at 1:1000 dilutions from appropriate stock solu-
tions. Estrogen-deprivation significantly retarded cell growth and
dramatically increased the proportion of MCF-7 and T47D cells in
Gi. For MCF-7, 83% G, cells were observed after 6 days of growth in
estrogen-free medium compared to 53% in log-phase cultures.
Changes in cell number, measured as DNA content, were then de-
termined in untreated or drug-treated cells by an adaptation of the
method of Labarca and Paigen [34] and analyzed using a Molecular
Dynamics Biolumin 960 plate reader with an excitation wavelength
of 360 and emission wavelength of 450 nm. Data were expressed as
relative growth (T/C) by dividing the DNA content of treated cells
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(T) by that of untreated cells (C) at identical times. Data points
represent the means * SEM of at least four replicate wells. All
experiments were performed at least three times.

Western immunoblot analyses. Whole-cell extracts were prepared
by direct lysis of PBS-washed cells (both floating and attached cells
were pooled) in PARP extraction buffer {6 M urea, 2% SDS, 10%
glycerol, 62.5 mM Tris-HCl (pH 6.8), 5% B-mercaptoethanol, and 5
mg/m! bromphenol blue]. Samples were then sonicated with a 15-s
burst using a Fisher 550 sonic dismembrator. Equal amounts of
protein were heated at 65°C for 10 min and separated by 10%
SDS-PAGE. Separated proteins were transferred to Immobilon-P
(Millipore Corp., Bedford, MA) membranes using a Multiphor II
semidry electroblotting device (Pharmacia Biotech Inc., Piscataway,
NJ) according to the manufacturer’s instructions. Loading equiva-
lence and transfer efficiency were monitored by Ponceau S staining
of transferred membranes. Standard Western immunoblotting tech-
niques were used to probe for various steady-state protein levels as
indicated and previously described [18, 24]. Proteins of interest were
visualized with ECL using the Super Signal chemiluminescence
reagent (Pierce Chemical Co., Rockford, IL) at 20°C for 5 min. Mem-
branes were exposed to X-ray film and developed. Gels shown rep-
resent results of experiments repeated at least three times.

Flow cytometry. Flow cytometric analyses of breast cancer cell
lines before and after p-lap or TPT treatments were performed as
previously described [18, 24]. TUNEL assays were performed using
the APO-DIRECT kit (Phoenix Flow Systems, Inc., San Diego, CA).
The samples were read in a EPICS Elite ESP flow cytometer using
an air-cooled argon laser at 488 nm, 15 mW (Beckman Coulter
Electronics, Miami, FL). Propidium iodide was read at 640 nm using
a long-pass optical filter and FITC was read at 525 nm using a
band-pass filter. Analyses were performed using the Elite acquisition
software provided with the instrument.

Retroviral-mediated stable expression of caspase 3 in MCF-7 cells.
The pBabe/puro/cpp32 plasmid was constructed by treating the
BaemH]1/Pstl cpp32 cDNA insert from the pBS/cpp32 plasmid (a gen-
erous gift from Dr. Vishva Dixit, Genentech, Inc.) with T4 DNA
polymerase and then subcloning into the blunt-ended pBabe/puro
vector.

MCF-7 cells (3 X 10° cells/plate) were seeded and allowed to grow
overnight. The pBabe/puro retroviral vector (a generous gift from Dr.
T. Sladek, Chicago Medical School) (2 pg/plate) encoding cpp32
(caspase-3) ¢cDNA or empty vector was mixed with 10 ul of Lipo-
fect AMINE (Life Technologies, Gaithersburg, MD) and transfected
into cells according to the manufacturer’s instructions. After trans-
fection (24 h), cells were split, diluted, and inoculated into 96-well
plates. Transfected cells were selected with 2 pg/ml puromyecin.
Individual clones were screened by immunoblot analysis of caspase-3
expression and positive clones (5 of 12) were pooled for further
characterization. A single caspase-3-expressing clone was selected
for investigation.

RESULTS

Relative drug sensitivities. Log-phase MCF-7 and
T47D breast cancer cells were exposed to a range of
B-lap or TPT doses for 48 h and cell numbers were
compared (using DNA content measurements) to un-
treated, log-phase growing control cells as described
under Materials and Methods (Fig. 1). At higher doses,
MCF-7 cells were more sensitive to g-lap (IC;; = 3.5
uM) than were T47D cells (IC,; = 7.0 uM); however,
the IC;, dose was very similar in both cell lines. In
contrast, T47D cells were more sensitive to TPT at all
doses tested, with ICy, and IC,; values of 20 and 500
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FIG. 1. Sensitivities of breast cancer cells to g-lap or TPT. Cells
were seeded into 96-well tissue culture plates (1.5 X 10° cells/well)
and allowed to attach overnight. Drugs were then added and cells
were allowed to grow for an additional 48 h, as described under
Materials and Methods. Cell number was assessed using Hoechst
33258 fluorescence, and relative growth inhibition (Relative DNA
Content T/C) was calculated. Shown are toxicities for MCF-7 (B) and
T47D (O) cell lines exposed to various concentrations of g-lap or TPT.
Data shown are representative of at least two experiments expressed
as means = SEM of at least four replicate wells.

nM, respectively, compared with MCF-7 cells IC4, and
IC.; values of 350 nM and 4.0 uM, respectively. Differ-
ences in relative sensitivities to TPT compared to g-lap
suggested a disparate mechanism(s) of growth inhibi-
tion or cell death (possibly due to apoptosis).

Cell cycle-independent cytotoxicity. Since Topo I
poisons are thought to kill cycling, but not arrested,
cells (presumably due to DNA synthesis past Topo
I-DNA “cleavable complexes”), we assessed the influ-
ence of cell cycle progression on B-lap compared to TPT
cytotoxicity using DNA content assays. In addition,
these studies would address the relative role of topo-
isomerase Ile inhibition in B-lap-mediated cytotoxic-
ity, due to the cell-cycle-dependent expression of this
protein. These studies utilized the estrogen-dependent
MCF-7 and T47D breast cancer cell lines, since their
growth in estrogen-deprived, phenol red-free culture
medium has been well defined [33]. Cells were de-
prived of estrogen for 6 days, which caused a signifi-
cant G, delay at a predetermined point in the cell cycle
[33, 35, 36], prior to addition of either B-lap or TPT.
Cells were then exposed to various concentrations of
B-lap or TPT in estrogen-deprived (control) medium,
control medium containing E, (10 nM), or medium
containing whole serum alone or in the presence of
inhibitory concentrations of the anti-estrogens 4-OHT
or ICI for 48 h (Fig. 2). Both cell lines were stimulated
to enter the cell e¢ycle and begin log-phase growth after
addition of medium containing 17B-estradiol or whole
serum. Addition of anti-estrogens specifically inhibited
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FIG. 2. B-Lap- or TPT-mediated cytotoxicity of G,-arrested cells.
MCF-7 and T47D estrogen-dependent cell lines were grown for 6
days in estrogen-depleted, phenol red-free medium and exposed to
varying concentrations of B-lap or TPT for 6 days, as indicated.
Drugs were included in RPMI 1640 medium containing estrogen-
deprived calf serum (control, M), estrogen-replenished, stripped calf
serum (10 nM E,, #), whole serum alone (V), or whole serum treated
with the anti-estrogens 4-hydroxytamoxifen (100 nM, ©) or ICI
182,780 (100 nM, O). Cell number was then assessed after 6 days
using DNA content as in Fig. 1. Relative cell growth of treatment was
determined using the DNA content of cells grown in comparable
medium without g-lap or TPT. Data shown are representative of at
least two experiments expressed as means + SEM of at least four
replicate wells.

estrogen-mediated cell growth. Estrogen deprivation
and/or anti-estrogen administration led to a cytostatic
growth inhibition of 75-85% compared with cells
grown in medium containing E, or whole serum (data
not shown and [32, 37]). Additional B-lap or TPT treat-
ments led to a complete loss of cells, demonstrating a
similar cytotoxic response in both log-phase (+E,) and
arrested (—E, or plus antiestrogens) cells (Fig. 2).
Apoptotic protease activation after B-lap or TPT
treatment. To investigate caspase activation in
MCF-7 and T47D breast cancer cells following TPT or
B-lap exposures, we examined PARP cleavage using
Western immunoblot analyses as described under Ma-
terials and Methods. Cells were treated continuously
with 5 to 10 uM B-lap and PARP cleavage was assessed
48 h later. Treatment with 5 uM B-lap induced classic
PARP cleavage, resulting in the appearance of an 89-
kDa fragment in both cell lines (Fig. 3). In MCF-7 cells,
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a cross-reacting protein of ~80 kDa (indicated by an
asterisk in Figs. 3, 4, and 5) was present even in
untreated cells. The identity of this protein is un-
known; however, it does appear to be degraded during
apoptosis.

At higher doses of B-lap we observed an atypical
~60-kDa PARP fragment. This atypical cleavage of
PARP was most apparent in MCF-7 cells (Fig. 3, lanes
4-6), which were more sensitive to g-lap (Figs. 1 and
2). In general, PARP cleavage reflected the relative
sensitivity of each cell line to 8-lap, by which MCF-7
cells demonstrated primarily the atypical cleavage pat-
tern and T47D predominantly showed typical caspase-
mediated PARP cleavage at lower doses and atypical
PARP cleavage following treatment with 10 uM B-lap
(see lane 12, Fig. 3). A minor PARP cleavage fragment
of ~40 kDa was also observed in MCF-7 cells, which
display maximal amounts of the 60-kDa PARP frag-
ment (Fig. 3). It is currently unclear whether this is a
unique fragment or the result of further cleavage of the
original 60-kDa fragment. Interestingly, the apparent
amount of the 60-kDa fragment was much greater than
that of full-length PARP protein. Loading equivalence,
as assessed by Ponceau S staining, showed that all
lanes contained equal amounts of protein. This appar-
ent incongruity may be the result of either more effi-
cient extraction of the fragment from the nuclear ma-
trix or increased accessibility of the epitope to the
antibody, after B-lap-induced cleavage (Fig. 3).

MCF-7 and T47D cells were treated with a range of
TPT doses (10 nM to 10 pM) for 48 h. We coadminis-
tered 25 uM zVAD-fmk, a caspase inhibitor, to deter-
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FIG.8. Atypical and classic PARP cleavage in breast cancer cells
following B-lap exposure. Breast cancer cell lines were treated with
pB-lap (5-10 uM) for 48 h and whole-cell lysates prepared at various
times posttreatment from pooled (attached and floating) cells and
assessed for cleavage of PARP using standard Western immunoblot
procedures and the C-2-10 monoclonal PARP antibody, described
under Materials and Methods. An unknown ~80-kDa cross-reacting
protein was present in MCF-7 lysates as indicated by an asterisk.
The Western blot shown is representative of at least three separate
experiments.
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FIG. 4. Caspase-mediated, classical PARP cleavage in breast
cancer cells following TPT treatment. Log-phase MCF-7 and T47D
cells were treated with 10 nM to 10 uM TPT for 48 h. Three doses of
TPT (50, 500, and 5000 nM, lanes 10-12 and 22-24, top and bottom)
also included the caspase inhibitor ZVAD-fmk (25 uM). An unknown
~80-kDa cross-reacting protein is present in MCF-7 lysates as indi-
cated by an asterisk. Cells were then harvested and analyzed by
Western immunoblotting using the C-2-10 monoclonal PARP anti-
body as described for Fig. 3.

mine if PARP cleavage was caused by caspase activa-
tion after three doses of TPT (50, 500, and 5000 nM)
(Fig. 4). As observed following B-lap exposures, the
relative sensitivity of MCF-7 and T47D cells to the
growth inhibitory effects of TPT was reflected to some
degree in PARP cleavage (Fig. 4). However, the doses of
TPT required to elicit PARP cleavage in vivo were
significantly above the apparent IC,, values for each
cell line (see Fig. 1); this was not the case for cells
exposed to B-lap. These data are consistent with pre-
vious data demonstrating that g-lap is a much more
effective inducer of apoptosis than CPT or its deriva-
tives [20]. Coadministration of zVAD-fmk inhibited
TPT-mediated PARP cleavage in both MCF-7 (lanes
10-12) and T47D cells (lanes 22 and 23 with 50 and
500 nM, but not 5000 nM, TPT). These data suggested
that TPT exposure led to the activation of the classic
caspase pathway. Importantly, no dose of TPT gave
rise to the atypical PARP cleavage fragment, even
when 10 pM TPT was used (lanes 9 and 21, Fig. 4).
Evidence for two apoptotic proteolytic pathways acti-
vated by B-lap. In order to determine whether atypi-
cal PARP cleavage observed after S-lap treatment was
the result of an activated caspase family member, or
another class of cysteine proteases, cells were exposed
for 48 h to 8 uM B-lap in the presence of a battery of
known protease inhibitors (Fig. 5). Included were gen-
eral chemical inhibitors and more specific cleavage site
inhibitors [38]. Exposure of MCF-7 cells to 8 uM B-lap
caused apoptotic responses (measured by PARP, pRb,
and Spl cleavage) that were insensitive to any of the
inhibitors, simultaneously administered at previously
determined efficacious doses [38]. The modest level of
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89-kDa PARP cleavage fragment observed in un-
treated MCF-7 cells was due to slight overgrowth of
control cells, which activated a basal level of apoptosis
and classic PARP cleavage. This basal, caspase-medi-
ated PARP cleavage was completely inhibited by
zZzVAD-fmk in both cell lines (compare the minor 89-
kDa PARP cleavage fragment in lane 1 to the absence
of this fragment in lane 2 for MCF-7 in Fig. 5).

As shown in Fig. 3, T47D cells exposed to 8 uM B-lap
for 48 h showed classic PARP cleavage. As expected,
this apoptotic cleavage reaction was completely
blocked by coadministration of zZVAD-fmk at 25 uM.
B-Lap-treated T47D cells also showed cleavage of Sp1,
giving rise to the previously described 68-kDa frag-
ment [2]. In addition, T47D cells treated with B-lap
showed a loss of phosphorylated pRb and appearance of
an ~100-kDa cleavage fragment, previously described
by Janicke et al. [4] (compare lanes 13 and 19, Fig. 5).
All cleavage reactions observed in T47D cells after
B-lap treatment were completely prevented by 25 uM
zVAD-fmk. However, accumulation of hypophosphory-
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FIG. 5. Effect of global or specific cleavage site protease inhibi-
tors on B-lap-mediated atypical PARP cleavage. Log-phase MCF-7
and T47D cells were grown for 48 h in RPMI medium alone or in
medium containing 8 uM B-lap. Protease inhibitors were coadmin-
istered with B-lap. The protease inhibitors used were 25 pM zVAD-
fink (a caspase family inhibitor), 25 uM zAAD-fmk (an inhibitor of
granzyme B), 25 uM zFA-fmk (an inhibitor of cathepsins B and L),
1.0 uM TPCK (a trypsin inhibitor), or 10 uM TLCK (a chymotrypsin
inhibitor). Control cells received RPMI medium alone (lanes 1 and
13) or RPMI medium containing 8 uM p-lap (lanes 7 and 19). Whole-
cell extracts were then analyzed by Western immunoblotting as
described under Materials and Methods for PARP cleavage, pRb
dephosphorylation and cleavage, and cleavage of the Spl transcrip-
tion factor by repeated probing of the same blots. The Western blot
shown is representative of at least three separate experiments.



APOPTOSIS AND ATYPICAL PARP CLEAVAGE IN BREAST CANCER 149

lated pRb in T47D cells following B-lap treatment was
unaffected by the administration of 25 uM zVAD (lanes
19 to 20, Fig. 5). These data are consistent with the
activation of a caspase-mediated apoptotic pathway in
T47D cells after B-lap treatment, which may be down-
stream of changes in pRb phosphorylation state.

MCF-7 cells, which showed only atypical PARP
cleavage after 8 uM B-lap exposure, also demonstrated
an overall decline in Sp1 steady-state levels. However,
apoptotic cleavage fragments (as observed in T47D
cells) were not observed after extended exposures of
the Western blots in Fig. 5 (not shown). MCF-7 cells
treated with B-lap showed an overall loss of pRb, with
the presence of a modest amount of a 60-kDa pRb
fragment (visible after extended exposure, data not
shown), similar to that described by An and Dou [5].
PRb cleavage in MCF-7 cells caused by B-lap exposure
was not affected by coadministered protease inhibitors
(Fig. 5, lanes 8-12).

To confirm that B-lap cytotoxicity was primarily me-
diated by the induction of apoptosis and not necrosis,
we utilized the TUNEL assay, which measures DNA
breaks created by apoptotic endonucleases [39]. MCF-7
cells were exposed to a 4-h pulse of 8 uM B-lap and
analyzed for terminal deoxynucleotide transferase-me-
diated incorporation of FITC-labeled dUTP, 20 h later.
Greater than 90% of the B-lap-treated MCF-7 cells
were TUNEL positive (Fig. 6). This finding, in addition
to the dramatic nuclear condensation reported previ-
ously [24], confirms that cytotoxicity caused by B-lap is
primarily apoptotic and not due to necrosis.

The global cysteine protease inhibitors iodoacet-
amide and N-ethylmaleimide {7, 40, 41] were used to
determine if a cysteine protease was responsible for the
formation of atypical PARP cleavage fragments in
MCF-7 cells (Figs. 3 and 5). MCF-7 cells were treated
with 5 uM B-lap in medium with or without 10 mM
iodoacetamide or 10 mM N-ethylmaleimide (data not
shown). Cleavage of PARP was prevented by both in-
hibitors, but was not inhibited by the caspase inhibi-
tors zVAD-fmk or DEVD-fmk (Fig. 5 and data not
shown), suggesting that a noncaspase, cysteine pro-
tease was primarily responsible for the atypical PARP
cleavage observed after B-lap treatment. Administra-
tion of N-ethylmaleimide caused a mobility shift of the
full-length PARP band, possibly due to methylation of
cysteine and methionine groups in the protein [40].
Neither iodoacetamide nor N-ethylmaleimide pre-
vented B-lap-mediated apoptosis in MCF-7 cells.

Simultaneous cleavage of PARP and p53. The inhi-
bition of PARP cleavage by cysteine-alkylating agents
suggested that a noncaspase cysteine protease may be
responsible for the atypical PARP cleavage observed in
cells after treatment with B-lap. One protease which
may fit these data would be the neutral calcium-depen-
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FIG. 6. pB-Lapachone induced DNA fragmentation. MCF-7 cells
were treated with 8 uM B-lap for 4 h and harvested 20 h later. Cells
were analyzed for DNA fragmentation using the TUNEL assay. Cells
which have significant DNA fragmentation incorporate FITC-dUTP
and are shown above the line in both graphs. Shown are represen-
tative examples of experiments repeated at least three times.

dent protease calpain [9]. Calpain has a wide substrate
specificity and has been shown to specifically cleave
P53 during apoptosis [42, 43]. We treated MCF-7 cells
with a 4-h pulse of 5 uM B-lap and isolated whole-cell
extracts at various times, up to 28 h after drug expo-
sure. Extracts were probed for PARP and subsequently
stripped and reprobed for p53 steady-state expression
(Fig. TA). As expected, PARP cleavage was observed by
8 h after drug administration. Importantly, cleavage of
p53, giving rise to an ~40-kDa fragment, accompanied
this PARP cleavage. The p53 cleavage pattern resem-
bled that observed by Pariat et al. [43] and Kubbutat et
al. [42], which was the result of calpain activation.
Since calpain activity is dependent upon changes in
Ca* homeostasis, we utilized the calcium chelators
EDTA and EGTA to determine if removal of extracel-
lular calcium influenced the appearance of atypical
PARP cleavage in MCF-7 cells after p-lap treatment.
MCF-7 cells were pretreated with 0.25, 1.0, or 3.0 mM
EGTA or EDTA in complete medium for 30 min. After
treatment, medium containing 5 pM B-lap or DMSO
(control medium), including the corresponding concen-
tration of EDTA or EGTA used in the pretreatment,
was added for an additional 4 h. All cells were then
treated with medium alone containing EGTA or EDTA
for an additional 20 h. Whole-cell extracts were then
prepared and analyzed for PARP and p53 cleavage
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FIG. 7. Implication of calpain in atypical PARP cleavage. (A)
MCF-7 cells were treated with 5 pM g-lap for 4 h and whole-cell
extracts were prepared 20 h later. Western blots were probed with
anti-PARP antibody, then stripped and reprobed with anti-p53 an-
tibody. (B) MCF-7 cells were pretreated for 30 min with the desig-
nated concentrations of EDTA or EGTA in complete medium. Me-
dium containing 5 pM B-lap was then added for 4 h in the continued
presence of EDTA or EGTA. After g-lap exposure cells were treated
with medium containing only the designated concentrations of EDTA
or EGTA for an additional 20 h. Whole-cell extracts were prepared
and probed for PARP as described above. The blots shown are rep-
resentative of at least two independent experiments.

fragments. Both EDTA and EGTA showed a dose-de-
pendent inhibition of B-lap-mediated atypical PARP
cleavage and p53 cleavage in MCF-7 cells (Fig. 7B and
data not shown). These data suggest that extracellular
calcium is a necessary component for g-lap-mediated
atypical PARP and p53 cleavage, an attribute consis-
tent with activation of a calcium-dependent, non-
caspase cysteine protease, such as calpain.

Loss of hypophosphorylated pRb and apoptosis in-
duced by B-lap is independent of cell cycle status. To
investigate the effects of cell cycle position on B-lap-
induced accumulation of hypophosphorylated pRb and
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apoptosis, estrogen-dependent MCF-7 cells were cul-
tured in estrogen-free medium for 6 days as described
under Materials and Methods. To ensure a complete
estrogen block, the pure anti-estrogen ICI 182,780 (1
nM) [44, 45] was added to cells growing in estrogen-
free medium 2 days prior to the beginning of each
experiment. Increases in G, cells (up to 85%) were
noted, as described [46]. Arrested cells were compared
to MCF-7 cells that were subsequently restimulated to
enter the cell cycle by addition of 10 nM E, at the time
of B-lap or TPT exposure (i.e., a 4-h pulse of either 8 uM
B-lap or 5 uM TPT). Drugs were administered as short
pulse treatments in order to determine if the rapid
accumulation of hypophosphorylated pRb could be re-
versed after removal of B-lap or TPT. When used, ICI
or E; was maintained in the medium.

MCF-7 cells treated with B-lap showed a dramatic
loss of phosphorylated pRb within 6 h (compare lanes 3
and 4, Fig. 8), followed by general loss of the protein by
18 h after treatment (see lanes 10 and 13, Fig. 8); these
data are consistent with earlier findings [24]. A similar
loss of phosphorylated pRb was noted in MCF-7 cells
after 5 uM TPT; however, significant accumulation of
hypophosphorylated pRb was not observed until 12 h
after treatment (not shown), and complete loss was not
noted until more than 18 h posttreatment (Fig. 8 and
data not shown). In control cells, stimulation of ar-
rested cells with estradiol led to an increase in the
relative level of hyperphosphorylated pRb (by 6 to 18 h)
compared to estrogen-deprived and/or ICI-treated cells
(compare hypophosphorylated retinoblastoma protein
(pRb) to hyperphosphorylated retinoblastoma protein
(pRb-pp) levels in lanes 6, 9, and 12 to lane 3, Fig. 8).
The change in phosphorylation status of pRb was ac-
companied by a dramatic increase in the proportion of
cells in S phase by 18 h after E, stimulation (43% S
phase with E,, 10% S phase without E,, compare lanes
12 and 9, Fig. 8). In both the E,- and the ICI-treated
groups, B-lap exposure led to a complete loss of hyper-
phosphorylated pRb followed by an overall loss of all
forms of pRb. Since estrogen-deprivation can cause an
arrest in the cell cycle ~6 h from the restriction point
in MCF-7 cells [47-49], possibly past the first cyclin
D1-cdk2-dependent phosphorylation of pRb, the levels
of hyperphosphorylated pRb in estrogen-deprived, an-
ti-estrogen-treated MCF-7 cells were rather high (Fig.
8). In MCF-7 cells treated with either g-lap or TPT,
PARP cleavage (atypical for p-lap, classic for TPT) was
not apparent until 12-18 h after treatment (Fig. 8 for
18 h, and data not shown). Addition of E,, or mainte-
nance of MCF-7 cells in estrogen-deprived medium
(including ICI), had no effect on the appearance of
PARP cleavage (see lanes 10 and 13, Fig. 8).

We performed a similar series of experiments using
nocodazole to arrest cells during M phase. All MCF-7
groups examined showed a similar pattern of PARP
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FIG. 8. Effect of 8-lap or TPT on logarithmically growing or anti-estrogen-arrested MCF-7 cells. MCF-

6 days prior to seeding in estrogen-deprived medium containing 1
growth. Cells were then treated with no drug (C), 5 uM B-lap (), o
100 nM ICI (I} or 10 nM E, (E,). Whole-cell extracts were prepared
monitored by flow cytometry, as described under Materials and
C-2-10 anti-PARP monoclonal antibody,

7 cells were estrogen-deprived for

0 nM ICI 182,780 to ensure complete blockage of estrogen-stimulated
r 5 uM TPT (T), in estrogen-free RPMI media supplemented with either
at 6 and 18 h after treatment and changes in cell cycle distribution were
Methods. For Western analyses,
then stripped and reprobed with an anti-pRb monoclonal antibody which detected all forms of pRb.

immunoblots were first probed with the

For controls, log-phase MCF-7 cells were grown continuously in medium containing whole serum (WS) or in medium containing estrogen-
deprived serum (SS, for stripped serum) as described under Materials and Methods, Shown are three separate forms of the pRb protein: (a)

pRb-pp,
of the C

caspase-mediated 89-kDa PARP fragment, and (c) an

PRb). PARP protein forms included (a) the full-length PARP polypeptide of 118 kDa,

cleavage polypeptide, which sometimes appears as a doublet

at ~60 kDa. The Western blot shown is representative of at least three separate experiments.

cleavage after B-lap treatment (data not
porting a cell-cycl
sis.

We [16], as well as others [50], showed that MCF-7
cells were devoid of caspase-3, due to a deletion in exon
3. To determine whether caspase-3 deficiency was re-
sponsible for atypical PARP cleavage, we isolated an
MCF-7 clone that stably expressed full-length proform
caspase-3 (Casp 3) (see Materials and Methods). A
puromycin-resistant clone expressing empty vector
(pBabe) was also analyzed. PARP, lamin B, and
caspase-3 expression was monitored before or 24 h
after B-lap treatment (2-10 uM). Cells were treated for
4 h with 2-10 uM B-lap and harvested 20 h later. As
expected, Casp 3 cells expressed the 32-kDa proform of
caspase-3, unlike MCF-7 cells transfected with the vec-
tor alone (Fig. 9, compare lanes 1 and 7). Atypical
PARP cleavage was noted following B-lap treatment at
similar levels in both transfected cell lines. Classic
lamin B cleavage, presumably the result of caspase-6
activation [51, 52], was also observed. These data sug-

shown), sup-
e-independent activation of apopto-

gest that expression of caspase-3 had no effect on apo-
ptotic cleavage events in MCF-7 cells following various
doses of B-lap. Interestingly, loss of procaspase-3 pro-
tein, in Casp 3 cells, mirrored cleavage of both PARP
and lamin B. Importantly, the active p12 and p20 frag-
ments of caspase-3 were not observed due to the lower
affinity of this antibody to the processed forms of
caspase-3. In contrast to g-lap treatments, Casp 3 cells
showed an increased rate of apoptosis after exposure to
TNF-a or granzyme B compared to MCF-7 cells trans-
fected with pBabe/puro alone [16]. :

DISCUSSION

We previously showed that B-lap killed a variety of
cells by apoptosis. However, the mechanisms of specific
proteolytic execution cascades that were activated by
this compound remained unexplored. B-Lap induced
apoptosis independent of p53 status and cell cycle dis-
tribution [18, 24]. In MCF-7 cells, the lethal effects of
B-lap were accounted for solely by apoptosis. In this
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FIG. 9. Effect of caspase-3 expression on B-lap-mediated prote-
olysis. Caspase-3-negative MCF-7 cells were infected with a retrovi-
ral construct expressing full-length procaspase-3 (Casp 3) or vector
alone (pbabe). Caspase 3 (full length is 32 kDa) expression is shown
at the bottom. Cells were then treated with the designated concen-
trations of B-lap for 4 h, fresh medium was added, and whole-cell
extracts were prepared 20 h later. Western immunoblots were then
probed with the C-2-10 anti-PARP antibody, stripped, and reprobed
with lamin B and later with caspase-3 antibodies. The Western blot
shown is representative of at least three separate experiments.

study, we expanded our investigations to include the
T47D cell line which has significant phenotypic and
genotypic differences (Table 1). Using these cell lines
(and others not shown here), we demonstrated that
B-lap-mediated apoptosis did not require active ER and
we confirmed that cell death was not dependent on
wild-type p53 or cell-cycle status.

Our previous studies could not discern a cell cycle
phase-specific apoptotic mechanism following B-lap ex-
posure. In these studies, we utilized the estrogen-de-
pendent G, arrest characteristics of MCF-7 and T47D
cells (~80% growth inhibition in E,-deprived, com-
pared to log-phase cells) to show that both cell lines
were equally sensitive to p-lap or TPT, irrespective of
their progression through the cell cycle (Fig. 2). When
arrested cells were treated with either B-lap or TPT,
the relative cytotoxicity was identical to that of log-
phase cells. This result is in apparent conflict with the
current paradigm for the mechanism of action of Topo
I poisons, which suggested that the primary lethal
event was the creation of DNA double-strand breaks
following movement of the replication fork through the
“cleavable complex.” This mechanism has been used to
describe the S-phase-specific killing of cancer cells by
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TPT. Morris and Geller [53] also showed that CPT
could induce apoptosis in postmitotic rat cortical neu-
rons. Our data indicate that DNA synthesis may not be
required for lethality or the stimulation of apoptosis in
G,-arrested breast cancer cells by B-lap or TPT. These
data suggest that DNA-Topo I lesions caused by treat-
ment may activate a nuclear signal (possibly originat-
ing from inhibited transcription) that triggers pRb de-
phosphorylation (see below) and downstream apoptotic
reactions. Taken together, these results demonstrate
that while actively growing cells may be killed more
efficiently in some systems, arrested cells may also be
sensitive to the toxic (i.e., apoptotic) effects of Topo I
poisons. In comparison with g-lap, TPT was a less
effective inducer of apoptosis, stimulating apoptotic
reactions only at concentrations 20- to 100-fold over its
ICs,. B-Lap killed cells by apoptosis at concentrations
near its ICj, as previously reported [24].

Using two methods of cell cycle arrest, estrogen de-
privation (Figs. 2 and 9) and nocodazole administration
(data not shown), we demonstrated that B-lap kills
MCF-7 cells equally in all phases of the cell cycle. This
would suggest that Topo ITa does not play a central role
in B-lap toxicity. Unlike Topo I, the expression of Topo
Ile is clearly cell cycle dependent ([26] and data not
shown), and stages of the cell ¢ycle in which Topo Ila
was not expressed (i.e., Go/G,) would be expected to be
protected from g-lap toxicity, if Topo Ila was a critical
target. Conversely, stages of the cell cycle with highest
Topo 11« expression (i.e., G,/M) would be expected to be
more sensitive to p-lap. It is important to note that the
B-lap/Topo Ila-mediated cleavage has been observed
using only in vitro assays, and g-lap/Topo Ile-mediated
DNA breaks have not been demonstrated in intact
cells. Importantly, downstream consequences of DNA
damage, such as p53 induction, have not been observed
after B-lap treatment [24]. These data are in apparent
conflict with the suggested role of Topo Ilx in B-lap-
mediated toxicity as proposed by Frydman et al. [25].

B-Lap induces a novel apoptotic protease. Exposure
to B-lap gave rise to a unique pattern of proteolysis. At
lower doses, B-lap treatment caused classic PARP cleav-
age. At higher doses, an ~60-kDa atypical PARP frag-
ment was observed. The dose range over which this novel
fragment appeared was quite sharp and correlated well
with the notably sharp growth inhibition responses noted
in Figs. 1 and 2 and previously described cytotoxicity [24].
Atypical PARP fragmentation was not simply the result
of supralethal drug exposure, since cells treated with
TPT at doses 200-fold greater than the ICs, of the drug
did not show the same atypical cleavage pattern. Doses of
B-lap necessary to induce atypical PARP cleavage were
generally less than 5-fold over the ICs, for B-lap, depend-
ing upon the cell line examined and the method of treat-
ment (i.e., continuous exposure or 4-h pulse). The lack of
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observable atypical PARP cleavage at the IC;, dose was
likely due to a relatively modest, but constant, loss of cells
through apoptosis that does not result in the accumula-
tion of enough cells containing cleaved PARP to be ob-
served in Western analyses.

Previous reports have shown cleavage of PARP during
necrosis, giving rise to a 50-kDa fragment [54]. However,
the atypical PARP fragment observed in B-lap treated
cells was ~60 kDa (Fig. 4). The demonstration of nuclear
condensation, appearance of sub-G,/G, cells [24], >90%
TUNEL-positive cells (Fig. 6), and inhibition of apoptosis
by EDTA and EGTA (Fig. 7B) leave little doubt that this
response was apoptotic. Interestingly, in B-lap-treated
cells, we have noted some unique characteristics that do
not fit the “classic” definition of apoptosis. Further study
of the action of this novel apoptosis-inducing agent may
allow for elucidation of cell death processes which contain
characteristics of apoptotic as well as necrotic proteolytic
cascades. This agent may induce a heretofore uncharac-
terized apoptotic pathway that may be exploited for im-
proved treatment of breast cancer. For example, this
agent may be useful for treatment of breast cancer which
has lost classic caspase-mediated apoptotic responses.

Atypical PARP cleavage observed in MCF-7 cells was
not likely the result of caspase, granzyme B, cathepsins B
or L, trypsin, or chymotrypsin-like proteases (see Fig. 5)
[38]. However, the classic cleavage pattern observed in

‘T47D cells after low-level B-lap exposures was prevented

by 25 uM zVAD-fimk, a general caspase inhibitor. Classic
PARP cleavage induced by low-dose B-lap exposure was
unaffected by other protease inhibitors, suggesting that a
different member of the caspase family was responsible
for apoptotic proteolysis in T47D cells. At higher doses of
B-lap, T47D cells responded like MCF-7 cells, undergoing
apoptosis and atypical PARP cleavage. Lack of inhibition
of atypical PARP cleavage by zVAD-fmk in MCF-7 cells
treated with B-lap strongly suggests that activation of the
caspase pathway was not necessary for atypical PARP
cleavage. '

In B-lap-treated MCF-7 cells, atypical PARP fragmen-
tation was blocked by iodoacetamide or N-ethylmaleim-
ide, both cysteine-alkylating agents (data not shown).
Additionally, atypical PARP cleavage was not inhibited
by a battery of inhibitors (Fig. 5), each used at previously
determined effective doses. These data suggest that atyp-
ical fragmentation of PARP in vivo was due to the acti-
vation of a cysteine protease which is apparently not a
member of the caspase family of proteases. However, the
nonspecific reactivity of iodoacetamide and N-ethylmale-
imide does allow the possibility that the unknown pro-
tease may be indirectly activated after B-lap treatment
by a factor which contains critical -SH groups. One pro-
tease which fits the available data could be the neutral
calcium-dependent protease calpain. This possibility is
further supported by the fact that p53 was cleaved in
B-lap-treated MCF-7 cells, giving rise to fragments (Fig.

7A) which match those previously described as being the
result of calpain activity [42, 43]. Furthermore, the time
course of p53 cleavage was concomitant with the appear-
ance of atypically cleaved PARP. Additionally, we provide
evidence showing that the cysteine protease is Ca*? de-
pendent, since its activity (as measured by atypical PARP
or p53 cleavage) was prevented by coadministration of
EDTA or EGTA (Fig. 8B and data not shown). While
these findings do not conclusively prove that calpain is
responsible for this cleavage, they are suggestive. Our
laboratory is currently in the process of definitively iden-
tifying the protease responsible for this cleavage of
PARP. The use of caspase-3-expressing MCF-7 cells dem-
onstrated that reexpression of caspase-3 did not lead to
enhanced apoptosis or appearance of the caspase-medi-
ated 89-kDa PARP fragmentation after B-lap exposure.
In contrast, other studies have demonstrated enhanced
apoptotic reactions in caspase-3-expressing MCF-7 cells
after granzyme B or TNF-« treatments, compared to cells
infected with the empty vector [16].

While B-lap treatment of MCF-7 cells appeared to ac-
tivate a novel apoptotic pathway, classic lamin B cleav-
age (primarily due to the activation of caspase-6) was also
observed ([24, 51] and Fig. 9). While caspase-6 is thought
to be activated directly by caspase-3 [55, 56], our data
suggest that either a distinct upstream protease can ac-
tivate caspase-6 after B-lap treatment or an unknown,
B-lap-activated protease can directly cleave lamin B, giv-
ing rise to fragments of size similar to those observed
after caspase-6 cleavage. Qur data suggest that once the
apoptotic protease is activated, it dominates proteolysis
in B-lap-treated MCF-7 cells, since visible classic PARP
cleavage fragments were not observed. Interestingly,
overexpression of caspase-3 in MCF-7 cells did not affect
B-lap cytotoxicity, while increasing sensitivity to gran-
zyme B or TNF-a [16]. ‘

Our studies demonstrate that B-lap can induce at
least two independent apoptotic pathways in breast
cancer cells. The apoptotic response seems to be inde-
pendent of the in vitro observed p-lap/Topo ITa-medi-
ated DNA cleavage [25], since G,-arrested cells (which
contain very low Topo Ila enzyme activity) were as
effectively killed by B-lap as log-phase or Go/M-ar-
rested cells (which express high levels of Topo Ila
enzyme activity). Furthermore, the in vivo pathway
activated by B-lap leading to apoptosis may also be
independent of the Topo I inhibition observed in vitro.
In some cells, B-lap mediates typical caspase activa-
tion, leading to the formation of the classic 89 kDa
PARP cleavage fragment in vivo [57]. In other cells
(specifically, MCF-7), B-lap activates a calcium-depen-
dent, noncaspase cysteine protease. Interestingly, ac-
tivation of this pathway of apoptosis (which may also
result in midprotein cleavage of pRb) eventually oc-
curred in MCF-7 and T47D breast cancer cells. An
interesting profile of sensitivity of breast cancer cells to
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B-lap was observed. Sensitivity to this agent was very
different from the cytotoxic responses observed follow-
ing TPT treatment. In MCF-7 cells, the primary pro-
teolytic events, which correlate directly with apoptosis
induction and loss of survival, appear to be the result of
this novel calcium-dependent noncaspase protease. Ac-
tivation of this protease was not affected by inhibitors
of a variety of proteases, most importantly the caspase
inhibitors zZVAD-fmk and DEVD-fmk. We hypothesize
that this calcium-dependent, noncaspase cysteine pro-
tease is calpain. When this protease is activated, its
novel apoptotic pathway may be a specific target for
manipulation in the clinical treatment of breast cancer.
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Bcl-2 protects against B-lapachone-mediated caspase 3 activation
and apoptosis in human myeloid leukemia (HL-60) cells

SARAH M. PLANCHON!, SHELLY M. WUERZBERGER-DAVIS!, JOHN I. PINK!,
KENT A. ROBERTSON?, WILLIAM G. BORNMANN? and DAVID A. BOOTHMAN!

!Department of Radiation Oncology, Laboratory of Molecular Stress Responses, Case Western Reserve University, Cleveland,
OH 44106; 2Herman B. Wells Center for Pediatric Research, Indiana University Medical Center, Indianapolis, IN 46202;
3Preparative Synthesis Core Facility, Memorial Sloan-Kettering Cancer Center, New York, NY 10021, USA

Received February 5, 1999; Accepted February 10, 1999

Abstract. We previously demonstrated that B-lapachone
(B-1ap) killed cancer cells solely by apoptosis. B-Lap induced
apoptosis in HL-60 cells in a dose-dependent manner as
measured by flow cytometry and DNA ladder formation. Cell
cycle changes, such as accumulations in S and G,-phases,
were not observed. Apoptosis was accompanied by activation
of caspase 3 and concomitant cleavage of poly(ADP-ribose)
polymerase (PARP) to an 89 kDa polypeptide. PARP cleavage
was blocked by zDEVD-fimk or zVAD-fmk, caspase-specific
cleavage site inhibitors. Retrovirally introduced bcl-2 prevented
B-lap-mediated caspase 3 activation and PARP cleavage
and increased the viability of Bcl-2-expressing HL-60 cells
compared to cells with vector alone. Various 8-lap-related
analogs (e.g., dunnione and naphthoquinone derivatives)
induced equivalent apoptosis in HL-60 cells, but no compound
was more effective than B8-lap. These data provide further
evidence that the primary mode of cell killing by B-lap is by the
initiation and execution of apoptosis in human cancer cells.

Introduction

Myeloid leukemia (HL-60) cells, as well as a variety of other
human cancer cells, undergo dramatic apoptotic responses
after B-lapachone (8-lap, 3,4-dihydro-2,2-dimethyl-2H-naphtho
[1,2-b]pyran-5,6-dione) exposure (1,2). B-Lap is an o-naphtho-

‘quinone, originally derived from the bark of the South

American Lapacho tree. It can be synthesized directly from
1,2-naphthoquinone (3). While B-lap is reported to be an
inhibitor of topoisomerases I and ITa (Topo I and Topo Ila,
respectively) in vitro (1,2,4,5), its exact intracellular mechanism
of action remains unknown. Recent data have indicated that,
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unlike known Topo I (6,7) or Ila poisons (7,8), the main
mode of cytotoxicity by this compound is by the induction of
apoptosis without significant cell cycle checkpoint delays in
S or G,/M (9). B-Lap holds promise as a potential chemo-
therapeutic agent since its mechanism of action does not
require functional p53 (1,9).

Apoptosis is a tightly regulated form of cell death (10).
It is characteriz