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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, ß-lapachone (ß-lap), 

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 ß-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 ß-lap was NQ01, a two-electron 

reductase that was ionizing radiation (IR)-inducible; NQ01-containing cells were sensitive, 

NQ01 -deficient cells were resistant; (b) interaction of the drug with NQ01 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 NQ01-containing breast cancer cells during ß-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 NQ01 inhibitor) or calcium chelators (intracellular: 

EGTA or EDTA and extra-cellular: BAPTA-AM) was (were) able to prevent ß-lap-mediated 

apoptosis, and in the case of dicoumarol, cell lethality. 
The hypothesis being investigated is that ß-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 ß-lap-mediated PARP and/or p53 cleavage sites, followed by use of 

these sites for the isolation of this ß-lap-activated, noncaspase cysteine protease. A complete 

understanding of the initiation and execution phases of ß-lap-mediated apoptosis should lead to 

improved therapy using this compound or more effective derivatives. 
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B.       GRANT BODY: 
Grant Objective: To test the hypothesis that expression of a novel apoptotic protease in 

human breast cancer cells directly correlates with the efficacy ofß-lap. The objectives of this 

grant are being accomplished as follows: 

Specific Aim #1: Clone the unknown apoptotic protease, which is activated by ß-lap and whose 

activity correlates with toxicity after acute drug exposures (Years 0-2). 

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

determine the key enzymatic target for ß-lap, we first established a number of intracellular 

proteolytic reactions that occur in a temporal sense during ß-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 ß-lap (4-8 uM) 

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 ß-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 ß-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 ß-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 ß-lap exposures. These data strongly suggesting that DNA Topoisomerase 
II-alpha (which is cell cycle regulated, present in G2/M and S-phases and absent in G^G, cells) 

was not a determinant in ß-lap-mediated toxicity. Also, we noted that MDA-MB-468 and MDA- 

MB-231 cells were fairly resistant to ß-lap treatment found (Pink et. al., Exp. Cell Research, 

Appendix). 
We next examined the effects of various specific and nonspecific enzyme inhibitors on ß- 

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 ß-lap-treated MCF-7:WS8 cells (see Fig. 7, Pink et. al., 

Exp. Cell Research, Appendix). In contrast, global inhibitors of caspases (i.e., zVAD-fmk, 
zAAD-fmk, and zFA-fmk) did not block atypical ß-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 ß-lap-mediated atypical PARP cleavage. Furthermore, calpeptin, 

calpain inhibitor III, and leupeptin (Figs. 2 and 3) also did not block ß-lap-mediated apoptosis 
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and concomitant proteolyses in vivo. We concluded from these data that ß-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). 

NO01 is the major intracellular determinant of ß-lap-mediated apoptosis. cell death and 
lethality. We then extended our studies to further define the intracellular determinants of ß-lap- 

mediated apoptosis and cell death. The structural similarities between ß-lap, menadione, and 
1,2-naphthoquinones suggested that either one-electron reduction enzymes (p450 or b5R) or two- 

electron reductases (e.g., NQ01) may be involved in the toxification or detoxification of ß-lap. 

Administration of dicoumarol, a fairly specific inhibitor of NQ01, prevented ß-lap-mediated 

apoptosis, ß-lap-mediated proteolysis (e.g., atypical PARP cleavage), and ß-lap-induced cell 

death (see Figs. 1,2 and 4, Pink et. al., J. Biol. Chem., Appendix). Furthermore, NQ01 levels 

appeared to correlate well with overall sensitivity to ß-lap: MCF-7:WS8>T47D>»MDA-MB- 

468 cells. MCF-7 cells contained the greatest levels of NQ01, with T47D cells containing 

significantly lower levels and NQ01 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 ß-lap and co-administration of dicoumarol with ß-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 ß-lap due to their lack 

of expression of NQ01, we then transfected these cells with CMV-controlled NQ01. Stable 

NQ01-expressing human MDA-MB-468 breast cancer transfectants were compared to cells 

containing pcDNA vector alone to their sensitivity to ß-lap with or without dicoumarol co- 

administration. As expected, NQ01-containing MDA-MB-468 transfectants were sensitive to ß- 

lap and this sensitivity was completely prevented by co-administration of dicoumarol. ß-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 

NQ01-containing compared to NQ01 -deficient MDA-MB-468 cells to menadione exposures 

were opposite those of ß-lap. NQ01-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 NQ01. Dicoumarol co-administration with menadione increased the sensitivity of 
NQ01-expressing MDA-MB-468 cells to this drug, in direct opposition to the protective effects 

of dicoumarol on ß-lap-mediated cell death. These data showed that ß-lap targets NQ01 for its 

lethal effects in human breast cancer cells. Furthermore, NQ01 detoxifies menadione, but 

enhances ß-lap toxicity (/. Biol. Chem., Appendix). 

ß-Lap undergoes NO01-dependent futile cycling to initiate cell death. The opposing lethality 

data using co-administration of dicoumarol with menadione or ß-lap in NQ01-containing MCF- 
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7:WS8, T47D or transfected MDA-MB-468 cells strongly suggested that NQ01 detoxified 

menadione, but strongly enhanced ß-lap-mediated apoptosis and lethality. In NQ01 enzyme 

assays without the addition of cytochrome C, we noticed the continual cycling of ß-lap, as 

measured by the loss of NAD(P)H over time. Addition of menadione to S100 cell extracts or in 

purified NQ01 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 ß- 

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 ß-lap undergoes futile cycling depleting cells of NAD(P)H, 

causing dramatic loss of energy in ß-lap-treated cells (J. Biol. Chem., Appendix). 

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

NQ01-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 

NQ01 expression (Fig. 3). These data suggested to us that ß-lap-mediated apoptosis was 

calcium-dependent. Exposure of ß-lap-treated NQ01-expressing MDA-MB-468 or MCF-7 cells 

with EGTA or EDTA caused a suppression of ß-lap-mediated atypical PARP cleavage (Figs. 4- 

6). In addition EDTA or EGTA co-administration also suppressed ß-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 

ß-lap-mediated p53 and atypical PARP cleavage events in MCF-7 (Tagliarino et al., J. Biol. 

Chem., submitted, Appendix) or NQ01-expressing MDA-MB-468 cells. EDTA or EGTA 

treatments of ß-lap-exposed NQ01-expressing cells also prevented the generation of ß-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 ß-lap-treated NQ01-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, NQ01-dependent, noncaspase 

cysteine protease, which we now strongly suspect is calpain. 

Task 1:   Generation of PARP cDNA bacterial and mammalian expression vectors, and 35S- 

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 ß-lap-activated apoptotic protease isolation using two simultaneous procedures 

and ß-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 ß-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 
1. Treat roller bottle-generated MCF-7:WS8 cells with ß-lap. 

2. Confirm protease activation via endogenous PARP cleavage 

3. Ammonium Sulfate Cuts Performed, active fractions pooled. 

4. Mono-Q 16/10 FPLC 

5. Mono-S 5/5 FPLC 
6. Hydroxylapatite column chromatography 

7. Superdex 200 26/60 gel filtration 

*8. Active fractions pooled, analyzed by SDS-PAGE for atypical 
35S-PARP cleavage 

9.   In-gel PARP cleavage assay using cleavage site tetrapeptide fluorescent substrate 

generated from "Procedure B". 
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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 Chromatographie Purification Procedure 
1. PARP cleavage point determination and tetrapeptide syntheses 

la. Immunoprecipitation of PARP fragments using C-2-10 Antibody. 

lb. In vitro 35S-PARP cleavage+His tag, immunoprecipitation. 

lc. PARP fragment purification and microsequencing. 

Id. 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. 
If. 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 Chromatographie Separation of ß-lap-treated MCF-7 cell 
extract, analyses of atypical cleavage activity using 35S-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 35S-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 ß-lap-sensitivity. Furthermore, using the cell 

models developed above we will also explore the signaling pathways between ß-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 ß-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 ß-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 ß-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 ß-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 ß-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 ß-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 ß-lap, 

TPT, and other DNA damaging agents (such as ionizing radiation or Topo II-alpha poisons. 

Page 10 



BOOTHMAN, DAVID, A. 

Task 4: Examine treated cells in Task #3 for apoptotic cell death substrate cleavage and 

Caspase activities, as well as for the, now known, ß-lap (CPT + PDTQ-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 ß-lap-activated apoptosis mediated by calpain. We reasoned that if ß-lap 

stimulates NQ01-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 ß-lap 

treatment of NQ01-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 NQ01 -deficient MDA-MD-468 parental or vector 

alone cells. Furthermore, treatment of MCF-7:WS8 or NQ01-expressing MDA-MB-468 

transfectants with ß-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-ß-lap-treatment 

of NQ01 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 NQ01-containing cells was prevented by co-administration of dicoumarol, the NQ01 

inhibitor. Furthermore using confocal microscopy, we noted the dramatic movement of cytosolic 

calpain into the nuclei of ß-lap-treated NQ01-expressing, but not NQ01-deficient, cells. This 

movement of calpain into the nuclei of ß-lap-treated NQ01 -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 

NQ01 (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). 

ft-Lap exposure to NO01-containing cells causes dramatic ATP depletion, which is not 
prevented hv EDTA or EGTA. The loss of NAD(P)H in enzyme assays using NQ01- 
containing S100 cellular extracts or in purified NQ01 reactions, suggested that dramatic and 
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rapid energy loss was occurring in NQ01-containing human breast cancer cells. We suspected 

that NQ01-mediated ß-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 NQ01 enzyme. Using a luciferase assay, we demonstrated that NQ01 -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 ß-lap. Administration of EDTA or EGTA had little affect of ATP loss mediated 

by ß-lap in MCF-7 cells. Interestingly, neither ionomycin or staurosporin (STS) caused ATP 

loss. These data are consistent with an NQ01-dependent futile cycling of ß-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: 
-NQOl determined as key intracellular determinant of ß-lap-mediated apoptosis and cell 

death. (J. Biol. Chem., Appendix) 
-Cell death by ß-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 ß-lap-treated MCF-7 cells 

determined. (Exp. Cell Res., Appendix) 
-Calpain translocation in ß-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 ß-lap-treated MCF-7 cells, wherein BAPTA-AM, 

EGTA, and EDTA all prevented atypical PARP and p53 cleavage events, as well as 

ß-lap-mediated apoptosis. (Exp. Cell Res., Appendix). 

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

-Pilot biochemical purification procedures performed. 
-Bcl-2 protects NQOl-deficient HL60 cells from high dose ß-lap exposures (Planchon et. 

al., Oncology Reports, Appendix). 
-NF-KB activation following camptothecin exposures, NF-KB inhibition after ß-lap 

exposures. (Miyamoto et al., NYNatl. Acad. Scs., and Huang et al., J. Biol. Chem.) 
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D.        REPORT ABLE 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 ß-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 (NQOl) 

activity is the principal determinant of ß-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., 
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E.       Conclusions: 
The research ongoing and proposed in this proposal addresses a novel apoptotic agent, ß- 

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. ß-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 p53 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 ß-lap exposures should reveal 

a novel non-caspase-mediated apoptotic pathway. 
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ß-Lapachone activates a novel apoptotic response in a 
number of cell lines. We demonstrate that the enzyme 
NAD(P)H:quinone oxidoreductase (NQOl) substantially 
enhances the toxicity of ß-lapachone. NQOl expression 
directly correlated with sensitivity to a 4-h pulse of ß-la- 
pachone in a panel of breast cancer cell lines, and the 
NQOl inhibitor, dicoumarol, significantly protected 
NQOl-expressing cells from all aspects of ß-lapachone 
toxicity. Stable transfection of the NQOl-deficient cell 
line, MDA-MB-468, with an NQOl expression plasmid 
increased apoptotic responses and lethality after ß-la- 
pachone exposure. Dicoumarol blocked both the apop- 
totic responses and lethality. Biochemical studies sug- 
gest that reduction of ß-lapachone by NQOl 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 ß-lapa- 
chone treatment. This is the first definitive elucidation 
of an intracellular target for ß-lapachone in tumor cells. 
NQOl 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. 

ß-lap,1 a novel 1,2-naphthoquinone, is a potent cytotoxic 
agent that demonstrates activity against various cancer 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 ß-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 ß-lap have been de- 
scribed, the key intracellular target of ß-lap remains unknown. 
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'The abbreviations used are: /3-lap, /3-lapachone (3,4-dihydro-2,2- 
dimethyl-2H-naphtho[l,2-6]pyran-5,6-dione); xip-3, x-ray-inducible 
transcript-3; NQOl, NAD(P)H:quinone oxidoreductase, DT-diaphorase 
xip-3 (EC 1.6.99.2); PARP, poly(ADP)-ribose polymerase; MMC, mito- 
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dUTP nick end labeling. 

ß-lap has many diverse effects in vitro, including (a) inhibition 
of DNA polymerase a (5), (b) enhanced lipid peroxidation and 
free radical accumulation (6), (c) inhibition of DNA replication 
and thymidylate synthase activity (7), (d) inhibition of DNA 
repair (4, 8), (e) inhibition or activation of DNA topoisomerase 
I (1, 3), (f) oxidation of dihydrolipoamide (9), (g) induction of 
topoisomerase Ila-mediated DNA breaks (10), (h) inhibition of 
poly(ADP-ribose) polymerase (11), and (i) inhibition of NF-KB 

activity (12). While these effects could be hypothetically linked 
to the cytotoxicity caused by ß-lap administration, most have 
not been demonstrated in vivo, and none have led to elucidation 
of the drugs intracellular target. 

Structural similarities between ß-lap and other members of 
the naphthoquinone family, such as menadione (vitamin K3; 
2-methyl-l,4 naphthoquinone), suggested that the enzyme, DT- 
diaphorase, quinone oxidoreductase, EC 1.6.99.2 (NQOl), may 
be involved in the activation or detoxification of ß-lap (13-17). 
The x-ray-inducible nature of NQOl (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). 

NQOl is a ubiquitous flavoprotein found in most eukaryotes. 
The human NQOl gene encodes a 30-kDa protein that is ex- 
pressed in most tissues but does show variable tissue-depend- 
ent expression. NQOl is abundant in the liver of most mam- 
mals, except humans, where it is less abundant than in most 
other tissues (16, 19, 20). NQOl knock-out mice show no de- 
tectable phenotype other than an enhanced sensitivity to men- 
adione, suggesting that the principal function of NQOl is the 
detoxification of quinone xenobiotics (21). Importantly, NQOl 
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 NQOl (e.g. MMC, streptoni- 
grin, and E09; see below) should show significant tumor-spe- 
cific activity. 

NQOl catalyzes a two-electron reduction of various quinones 
(e.g. menadione), utilizing either NADH or NADPH as electron 
donors. Unlike most other cellular reductases, NQOl reduces 
quinones directly to the hydroquinone, bypassing the unstable 
and highly reactive semiquinone intermediate. Semiquinones 
are excellent free 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. NQOl-mediated 
production of the hydroquinone, which can be readily conju- 
gated and excreted from the cell, constitutes a protective mech- 

5416 This paper is available on line at http://www.jbc.org 



NQOl Activity: Principal Determinant of ß-lap Cytotoxicity 5417 

anism against these types of damage (27). It is thought that the 
reducing activity of NQOl protects cells from the toxicity of 
naturally occurring xenobiotics containing quinone moieties 
(14). 

In addition to its protective effects, NQOl 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 NQOl or through two separate one electron 
reductions by other reductases (such as NADHxytochrome bs 

reductase and NADPHxytochrome P-450 reductase) that the 
alkylating activity of MMC is revealed (28-30). A correlation 
was observed between MMC sensitivity and NQOl activity in a 
study using 69 cell lines from the NCI, National Institutes of 
Health, human tumor cell panel. These data suggested that 
NQOl was a critical activator of MMC and probably other 
quinone-containing antitumor agents (31). Similarly, strepton- 
igrin and E09 can be activated by NQOl-catalyzed reduction 
(32). 

Dicoumarol (3-3'-methylene-bis(4-hydroxycoumarin)) is a 
commonly used inhibitor of NQOl, which competes with NADH 
or NADPH for binding to the oxidized form of NQOl. 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 NQOl is an important activating en- 
zyme for ß-lap in breast cancer cells. j8-lap cytotoxicity was 
significantly enhanced in breast cancer cells expressing NQOl. 
Conversely, cells that lacked this enzyme were more resistant 
to a short term exposure to the drug. Co-administration of 
dicoumarol protected NQOl-expressing cells from all down- 
stream apoptotic responses and greatly enhanced survival. Sta- 
ble transfection of NQOl-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 NQOl cDNA sensitized these otherwise resistant cells 
and re-established apoptotic responses. As seen in other cells 
expressing endogenous NQOl, cytotoxicity was significantly 
inhibited by dicoumarol. Our data establish that NQOl activity 
is an important determinant of ß-lap cytotoxicity in breast 
cancer cells. A novel downstream apoptotic pathway induced by 
ß-lapachone is also discussed. 

EXPERIMENTAL 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 RPMI1640 supplemented 
with 10% calf serum, 2 mM L-glutamine, 100 units/ml penicillin, and 100 
mg/ml streptomycin. Cells were routinely passed at 1:5-1:20 dilutions 
once per week using 0.1% trypsin. All cells were grown in a 37 °C 
humidified incubator with 5% C02, 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 
105 cells/well and allowed to attach overnight. The following day, 1.0 jug 
of BE8 plasmid DNA containing the human NQOl cDNA 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 /Ag/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 ml 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 additional 7 days. Stock solutions of /3-lap (a generous gift from 

William Bornmann, Sloan-Kettering Cancer Center, New York, NY) 
and menadione (Sigma) were dissolved in Me2S0 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, TIC (treated/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 t test for paired samples. 

Colony-forming Assays—LD60 survival determinations were calcu- 
lated by clonogenic assays (4). Briefly, cells were seeded at various 
densities on 35-cm2 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 t 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 
Tris-HCl, pH 6.8, 5% j3-mercaptoethanol, and 5 fig/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). NQOl antibody was contained in medium from a mouse 
hybridoma clone A180 (43) and was used at a 1:4 dilution in 10% serum, 
lx 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 
fAg//xl 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 S9 
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 AIM cytochrome c (practical grade; Sigma) and 0.14% bo- 
vine serum albumin in Tris-HCl buffer (50 mM, pH 7.5). NQOl activity 
was measured using NADH (200 /AM) as the immediate electron donor 
and menadione (10 JAM) as the intermediate electron acceptor. Each 
assay was repeated in the presence of 10 JAM dicoumarol, and activity 
attributed to NQOl was that inhibited by dicoumarol (44). NADH: 
cytochrome b5 reductase was measured using NADH (200 JAM) as the 
electron donor, and NADHxytochrome P-450 reductase was measured 
using NADPH (200 AIM) 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 til, were used to 
ensure linearity of rates with protein concentration. Enzyme activities 
were calculated as nmol of cytochrome c reduced/min/mg of protein, 
based on the initial rate of change in OD at 550 nm and an extinction 
coefficient for cytochrome c 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 NQOl (46) or S9 extracts from MCF-7:WS8 cells. For the assay 
using purified NQOl, 1.5 /Ag of recombinant human NQOl was mixed 
with 200-500 AIM NADH in 50 mM potassium phosphate buffer, pH 7.0. 
Reactions were initiated by the addition of 2-20 JAM /3-lap or menadione, 
and the change in absorbance at 340 nM was measured over time. For 
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FIG. 1. Co-administration of dicoumarol protects MCF-7:WS8, 
but not MDA-MB-468, cells from ß-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 ß-lap either alone (■) or with 50 /xM dicoumarol (0). 
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 ß-lap concentra- 
tion. Shown is the mean ± S.E. of triplicate plates from two independ- 
ent experiments . 

assays using MCF-7:WS8 S9 extracts, 5 /d of extracts containing ap- 
proximately 2000 units of NQOlAng of protein were mixed with 200- 
500 fM NADH in 50 mM Tris-HCl, pH 7.5, containing 0.14% bovine 
serum albumin. Reactions were initiated by the addition of 5-200 /JLM 
/3-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 >IM 
dicoumarol, which inhibited all measurable NQOl 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, ß-lap, induced apoptosis in a number of breast 
cancer cell lines (1, 2). We hypothesized that ß-lap, as a mem- 
ber of the naphthoquinone family, may be a substrate for 
NQOl and that its toxicity may be influenced by NQOl expres- 
sion. We therefore tested the effects of dicoumarol on ß-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 /UM dicoumarol during a 4-h pulse of /3-lap caused a signifi- 
cant survival enhancement in MCF-7:WS8 cells (Fig. 1). While 
this protection was dramatic at ß-lap doses of 4-12 fiu, the 
protective effects of dicoumarol were overcome by >14 /AM 

ß-lap. In contrast, MDA-MB-468 cells were relatively resistant 
(LD50 ~ 8 fiM, compared with MCF-7:WS8, LD60 ~ 4 /AM) to 
ß-lap atone and were not significantly protected by dicoumarol 
(Fig. 1). Since MDA-MB-468 cells do not express NQOl (Table 
I and Fig. 3) and dicoumarol significantly protected NQOl- 
expressing MCF-7:WS8 cells (Table I and Fig. 3), these data 
suggested that NQOl expression was a critical determining 
factor in ß-lap-mediated cytotoxicity. 

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

TABLE I 
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 

NQOl NADH:cytochrome b5 
reductase 

NADPH:cytochrome 
P-450 reductase 

MCF-7:WS8 
T47D:A18 
MDA-MB-468 

2641 ± 555 
82 ± 17 
<10.06 

nmol/min/mg 

81 + 18 
131 ± 35 
93/108° 

27 ± 5.0 
31 ± 1.0 
26/36c 

° Units are nanomoles of cytochrome c reduced per min per mg of 
protein. 

6 <10.0**, NQOl activity not detected. The difference in the rate of 
cytochrome c reduction with and without dicoumarol was not statisti- 
cally significant, based on Student's t test. 

" Both values from separate S9 preparations are shown. 
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FIG. 2. Relative growth inhibition of various breast Cancer cell 
lines by ß-lap or menadione. Cells (MCF-7.WS8 (A and B), T47D: 
A18 (C and D) and MDA-MB-468 (M and F) were seeded into 96-well 
plates (1500 cells/well) and allowed to attach overnight. Media contain- 
ing drugs (/3-lap in A, C, and E; menadione in B, D, and F), either alone 
(ß-lap (•) or menadione (■)) or in the presence of 50 fiM dicoumarol 
(ß-lap (O) or menadione (D)), 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 ß-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 ß-lap; MCF-7:WS8 cells 
were the most resistant to menadione, and MDA-MB-468 cells 
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FIG. 3. NQOl 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-NQOl 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 IC60 from 12 to 
3 /xM. 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 NQOl expression (Fig. 3), where NQOl protein levels 
were high in MCF-7:WS8 cells, moderate in T47D:A18 cells, 
and undetectable in MDA-MB-468 cells. NQOl enzyme activi- 
ties were consistent with protein levels (compare Fig. 3 and 
Table I). Using these cell extracts, we showed that ß-lap could 
substitute for menadione in this in vitro assay, demonstrating 
that the compound was a suitable NQOl substrate in intact 
cells (Fig. 9 and data not shown). These data demonstrated 
that both menadione and ß-lap could serve as substrates for 
NQOl-mediated reduction and suggested that the end results 
of these reductions were opposite (i.e. menadione was inacti- 
vated by reduction, and ß-lap was activated by reduction). 

We previously showed that apoptosis in various human 
breast cancer cell lines induced by ß-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 ß-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.2 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 JU.M 

ß-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 UM staurosporine treatment, in 
order to determine if dicoumarol could block classic apoptotic 
proteolysis or if it was specific for ß-lap-induced apoptosis. As 
seen in Fig. 4, dicoumarol completely abrogated atypical PARP 
cleavage after ß-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 NQOl-expressing cells from 
ß-lap-mediated apoptosis strongly suggested a role for NQOl in 
ß-lap toxicity. However, previous studies indicated that dicou- 

2 J. 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 ß-lap-induced atypical PARP 

cleavage. MCF-7:WS8 cells were treated with a 4-h pulse of 8 jxM )3-lap 
(ß, lanes 3 and 4) or a 24-h pulse of 1 juM staurosporine (S, lanes 5 and 
6) either alone or with 50 (JM dicoumarol during the time of drug 
exposure. Untreated cells (C, lane 1) or cells treated only with 50 ju,M 
dicoumarol (C + Die, 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 
C-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. 
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FIG. 5. NQOl 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 NQOl expression vector MDA-MB- 
468 transfectants. Equal amounts of protein were analyzed by standard 
Western blot techniques as described above using anti-NQOl 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 NQOl in 

ß-lap toxicity, we utilized the NQOl-negative, ß-lap-resistant, 
MDA-MB-468 cell line to determine if exogenous expression of 
NQOl could sensitize these cells to ß-lap. We stably transfected 
MDA-MB-468 cells with a constitutive NQOl expression vector 
under the control of a cytomegalovirus promoter. We also per- 
formed a parallel transfection using the empty vector, pcDNA3. 
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." NQOl 
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 NQOl expression, as observed 
with parental, nontransfected cells (see lanes 2, 3, and 4). Of 
the 10 clones isolated from the NQOl transfections, nine ex- 
hibited NQOl expression. Clone NQ-2 (lane 6) showed no meas- 

urable NQOl expression. 
We tested a number of the clones for ß-lap and menadione 

sensitivity. Growth inhibition was measured after a 4-h pulse 
of drugs, either alone or in the presence of 50 JLIM dicoumarol. 
Relative growth of ß-lap-treated compared with control cells 
(TIC) was determined 7 days after drug exposures, using DNA 
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TABLE II 
NQOl expression in MDA-MB-468 transfectants 

Clone NQOl activity0 

Vec-3 
NQ-1 
NQ-2 
NQ-3 
NQ-6 
NQ-7 

nmol/minlmg 
<10* 
6555/8264° 
<10* 
9276 ±491d 

14,684/18,511° 
11,341/12,332° 

° Units are nmol of cytochrome c reduced per min per mg of protein. 
b <10i, NQOl not detected. The difference in the rate of cytochrome 

c reduction with and without dicoumarol was not statistically signifi- 
cant, based on Student's t test. 

° Both values from two separate S9 preparations. 
d Average for three separate S9 preparations ± S.D. 
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FIG. 6. NQOl expression sensitizes cells to acute ß-lap cytotox- 
icity. A, acute ß-lap toxicity was determined using the control vector 
MDA-MB-468 transfectant (clone Vec-3) and five NQOl vector-contain- 
ing MDA-MB-468 transfectants, as described in Fig. 2. Note that clone 
NQ-2 showed no measurable NQOl expression (Fig. 5 and Table II). 
Cells were exposed to a 4-h pulse of a range of ß-lap doses either alone 
(•) or with 50 (iM dicoumarol (O) and then allowed to grow for an 
additional 7 days, at which time DNA content for treated (T) cells was 
measured and plotted relative to control (C) cells. B, Vec-3 (■, D), NQ-1 
(A, A), and NQ-3 (•, O) cells were treated with a 4-h pulse of a range of 
ß-lap doses alone (■, A, •) or with 50 /*M dicoumarol (D, A, O). Overall 
survival, 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 ß-lap or dicoumarol alone 
are indicated by an asterisk. 
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FIG. 7. Acute ß-lap-mediated apoptosis requires NQOl activ- 
ity. DNA fragmentation was assessed using the TUNEL assay, as 
described under "Experimental Procedures." Cells were exposed to a 4-h 
pulse of ß-lap alone or in combination with 50 /JLM 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 NQOl led to a marked increase in sensitivity to 
ß-lap (see Fig. 6A). Co-administration of 50 /JM dicoumarol 
selectively inhibited ß-lap toxicity in all clones that expressed 
NQOl. Dicoumarol did not affect the relatively more ß-lap- 
resistant Vec-3 or NQ-2 clones, which did not express NQOl. 

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

To confirm that cell death occurred due to the induction of 
apoptosis in the NQOl transfectants, we used TUNEL assays 
to measure DNA fragmentation due to apoptosis after ß-lap 
treatment. Cells were treated with a 4-h pulse of 8 JAM ß-lap 
alone or in combination with 50 JLIM 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 
ß-lap treatment. All NQOl-expressing clones showed between 
30 and 70% TUNEL-positive cells. Dicoumarol co-administra- 
tion completely blocked apoptosis-related DNA fragmentation 
in all of the NQOl-expressing MDA-MB-468 clones. These find- 
ings further demonstrated that while certain aspects of ß-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-Go/Gj cell population (2)). 

We next utilized a number of the NQOl-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. NQOl-expressing clones were 
exposed to 8 JAM ß-lap for 4 h, and cell lysates were prepared 
48 h later. As observed in Fig. 8A, clones with NQOl expression 
(i.e. NQ-1, NQ-3, NQ-6, and NQ-7) demonstrated a prevalent 
60-kDa PARP cleavage fragment after exposure to 8 /LIM ß-lap. 
The NQOl-negative clone, Vec-3, exhibited no PARP cleavage 
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FIG. 8. NQOl expression sensitizes cells to ß-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 fiM j3-lap alone (ß) or 8 /IM menadione alone (M) or in 
combination with 50 /XM dicoumarol (ß + D and M + D, respectively). 
Whole cell extracts were prepared 44 h after drug treatment and ana- 

at this j3-lap dose. We noted cleavage of p53 (resulting in an 
~40-kDa fragment) at the same ß-lap dose that gave rise to the 
60-kDa PAEP fragment. Cells exposed to 10 /J,M 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, NQOl 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 p53 cleavage events 
were the result of activation of the calcium-dependent protease, 
calpain.2 

To further characterize the nature by which ß-lap could 
serve as a substrate for NQOl, we measured NADH oxidation 
using a modified in vitro assay. Using purified recombinant 
human NQOl or cell extracts containing NQOl, we measured 
the oxidation of NADH in the presence of either menadione or 
ß-lap. This assay was different from that used to measure 
NQOl 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 ß-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 1-3 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), ß-lap resulted in the oxidation of 10-20 mol of NADH/ 
mol of ß-lap in 2 min and 50-60 mol of NADH/mol of ß-lap in 
3 min (Fig. 9). The relative NADH oxidation with ß-lap may be 
an underestimate of ß-lap-mediated NADH oxidation, due to 
exhaustion of reduced NADH at later time points. Using puri- 
fied NQOl, this effect was even more pronounced, giving rise to 
oxidation of 10 mol of NADH/mol of ß-lap in 10 s and 100 mol 
of NADH/mol of ß-lap in 10 min (data not shown). These results 
strongly suggest that the hydroquinone form of ß-lap is unsta- 
ble and rapidly undergoes autoxidation to the parent quinone, 
which can again serve as substrate for reduction by NQOl. 

DISCUSSION 

We demonstrated that ß-lap cytotoxicity is dependent upon 
the expression of the obligate two-electron reductase, NQOl. 
Dicoumarol, an NQOl inhibitor, significantly protected NQOl- 
expressing breast cancer cell lines against all tested aspects of 
ß-lap toxicity, including cell death. Overall, NQOl expression 
correlated well with sensitivity of various breast cancer cell 
lines to the effects of ß-lap. Use of the redox cycling compound 
menadione, which is detoxified by NQOl, 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 NQOl 
(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. A, PARP cleavage was 
assessed using the C-2-10 monoclonal antibody, the blots were then 
stripped and reprobed with the anti-NQOl antibody. B, cells were 
treated with either /3-lap or menadione for 4 h and then probed with a 
p53 antibody (DO-1). Equal protein loading was assessed by Ponceau fc> 
staining as described under "Experimental Procedures." Shown is a 
representative blot from experiments performed at least three times. 
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FIG. 9. ß-lap-mediated NADH oxidation and futile cycling by NQOl-containing cell extracts. S9 extracts prepared from MCF-7WS8 

cells served as a source for NQOl and were mixed with 500 LIM NADH in 50 mM Tris-HCl, pH 7.5, as described under "Experimental Procedures." 
Reactions were initiated by adding ß-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 ß-lap or menadione used. This ratio 
was then plotted as a function of ß-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 ß-lap, demonstrating that the ß-lap-sensitive cells 
were not merely sensitive to unrelated cytotoxic compounds. 
Exogenous expression of NQOl, in NQOl-deficient MDA-MB- 
468 cells, shifted the LD99 from >10 itM to less than 4 /AM. While 
this shift may appear modest, the dose-response curves for both 
growth inhibition and survival after ß-lap treatment were ex- 
tremely steep. At 4 JAM ß-lap, 60% of the NQOl-negative cells 
survived, whereas less than 0.05% survival was noted in cells 
transfected with NQOl. A similarly steep curve was noted with 
growth inhibition, where treatment with 4 /AM ß-lap led to 
greater than 90% growth in the NQOl-negative cells and un- 
detectable growth in the NQOl-expressing cells. In both sur- 
vival and growth measurements, addition of 50 /AM dicoumarol 
protected NQOl-expressing cells completely and resulted in 
values nearly equal to that observed in untreated cells. While 
these findings suggest that ß-lap should show considerable 
activity against NQOl 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. 

ß-lap may be activated by NQOl in a manner analogous to 
that of MMC or E09 (50, 51). However, unlike MMC (52), there 
is no indication of direct DNA damage by ß-lap as assessed by 
p53 induction, alkaline or neutral fdter elution, or covalent 
complex protein-DNA formation (2, 53, 54). Most specific dem- 
onstrations of ß-lap activity have come from in vitro assays. For 
example, topoisomerase Ila-mediated DNA damage has been 
observed in vitro after treatment with either ß-lap or menadi- 
one (10). However, the expected downstream effects of this 
damage (e.g. p53 induction, DNA-topoisomerase Ha 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 ß-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 ß-lap must either be 
activated (reduced) to inhibit topoisomerases I or Ila or that 
topoisomerase inhibition is not a necessary component of ß-lap- 
mediated cytotoxicity. 

One particularly unique aspect of ß-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.2 This pattern (giving 
rise to an ~60-kDa fragment instead of the classic 89-kDa 
fragment) was unique to ß-lap-mediated apoptosis and corre- 
lated well with lethality. In addition, investigation of p53 pro- 
teolysis after ß-lap treatment showed a fragment of —40 kDa 
(Fig. 75), 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 ß-lap-mediated cell 
death.2 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 ß-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 NQOl 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 ß-lap futile cycling 
but can be activated by high concentrations of menadione in 
NQOl expressing cells and lower menadione concentrations in 
cells lacking NQOl activity. 

While reduction of ß-lap appears to be important for its 
cytotoxic effects against breast cancer cells, the mechanism by 
which reduction of ß-lap leads to toxicity is still unresolved. 
Our findings regarding the futile cycling of ß-lap suggest a 
possible component of the cytotoxic mechanism, ß-lap-medi- 
ated exhaustion of NADH in the in vitro studies (Fig. 8) sug- 
gests that the hydroquinone form of ß-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 
NQOl 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 
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FIG. 10. Proposed model for ß-lapachone-mediated cytotoxic- 

ity in cells expressing NQOl. In cells that express NQOl, the 1,2- 
naphthöquinone ß-lap(Q) is reduced to the hydroquinone form (ß- 
lap(HQ)) using one molecule of NADH per reaction. The hydroquinone 
form of/3-lap is presumably unstable and spontaneously autoxidizes to 
its original parent form, probably through a semiquinone intermediate 
(ß-lap (SO/), 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 j3-lap treatment. The 
downstream consequences of this futile cycle are currently 
under investigation in our laboratory. 

At higher doses of ß-lap (>10 \XM), NQOl-negative cells and 
NQOl-expressing cells treated with dicoumarol were killed by 
ß-lap. This may be due to the production of oxidative stress, as 
a result of one electron reduction of ß-lap by other enzymes, 
such as cytochrome 65 reductase and/or cytochrome P-450 re- 
ductase (62). One electron reduction of ß-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 ß-lap caused oxygen radical formation in 
trypanosomes (63, 64). We speculate that ß-lap-mediated free 
radical formation can be lethal to NQOl-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 
ß-lap can induce apoptosis in HL-60 cells through peroxide 
production (65). Alternatively, other members of the NQOl 
family that are insensitive to dicoumarol, such as NQ02 (66, 
67), may be present and reduce (i.e. activate) ß-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 NQOl-expressing cells, since free radical scaven- 
gers (e.g. a-tocopherol, AT-acetyl-L-cysteine, or pyrrolidinedi- 
thiocarbamate) did not significantly affect lethality caused by 
ß-lap exposure (data not shown). The free radical-driven path- 

ways may predominate in NQOl-negative cells or in cells with 
inactivated NQOl. We propose that when active NQOl is pres- 
ent, the pathway described in Fig. 10 is primarily responsible 
for cell death. 

Our data identifying the intracellular target of ß-lap as 
NQOl may explain the myriad of in vitro and in vivo responses 
reported for this compound, ß-lap exposure synergizes with 
MMS, ionizing radiation, and ultraviolet light irradiation dam- 
age (68). We speculate that the synergy between this compound 
and these DNA damaging agents is related to the induction of 
NQOl (cloned as xip-3, an x-ray-inducible protein by our lab- 
oratory (18) and that of Pomace et al. (69)). This is further 
supported by the fact that only posttreatments of 4-5 h, and 
not pretreatments, with ß-lap caused synergistic cell killing. 
Induction of ß-lap's target may have been required for synergy, 
and the induction kinetics of NQ01/XIP3 after ultraviolet light 
or ionizing radiation exposures (i.e. ~2 h) appear to fit this 
mechanism (18). ß-lap exposure also prevented the formation of 
ionizing radiation-inducible secondary neoplastic transfor- 
mants in Chinese hamster embryo fibroblasts (53). Since 
NQOl 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 NQOl) (70, 71), it 
is possible that ß-lap administration selectively eliminates ge- 
netically damaged cells that constitutively overexpress this 
preneoplasic marker (i.e. NQOl). These data suggest that it 
may be possible to exploit this IR-inducible NQOl 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 NQOl expression is an 
important determinant of ß-lap-mediated apoptosis and lethal- 
ity. The connection between the futile cycle of oxidation and 
reduction of ß-lap by NQOl 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 ß-lap or more efficient drugs in combination with 
DNA-damaging agents (e.g. radiotherapy). Use of this drug 
against tumors that overexpress NQOl, such as breast, colon, 
or lung cancers, is indicated. Identification of NQOl as the 
intracellular target of ß-lap also suggests the use of this com- 
pound for chemoprevention, since NQOl is commonly elevated 
during neoplastic progression (43). 
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ß-Lapachone (ß-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, 
ß-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 
ß-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 
iV-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 ß-lap-mediated activation of calpain. 
ß-Lap exposure also stimulated the cleavage of lamin 
B, a putative caspase 6 substrate. Reexpression of pro- 
caspase-3 into caspase-3-null MCF-7 cells did not affect 
this atypical PARP proteolytic pathway. These find- 
ings demonstrate that ß-lap kills cells through the cell- 
cycle-independent activation of a noncaspase proteo- 
lytic pathway.    © 2000 Academic Press 

Key Words: apoptosis; ß-lapachone; caspase; breast 
cancer; poly(ADP)-ribose polymerase; PARP; calpain; 
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INTRODUCTION 

The execution phase of apoptosis 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-terminally 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 JV-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 proteolytic 
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]. 

ß-Lapachone (ß-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, ß-lap inhibited 
topoisomerase I (Topo I) by a mechanism quite differ- 
ent from that of camptothecin (GET) or the related 
compounds topotecan (TPT), 9-aminocamptothecin, or 
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mnotecan [18]. For example, ß-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 ß-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 ß-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 ß-lap in MCF-7 breast cancer cells could be 
solely accounted for by apoptotic responses [24]. 

Recent results have suggested that ß-lap can lead to 
Topo Ila-mediated DNA breaks [25]. In contrast to Topo 
I, topoisomerase II« causes ATP-dependent, double- 
strand DNA unwinding [26]. Topo II« 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 Ila is poorly expressed during 
Go/Gj and expression increases during S phase, reaching 
a peak during late S and G2 [27]. Drugs which primarily 
target Topo II« 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 ß-lap 
or TPT during different cell-cycle stages was measured to 
address the relative importance of Topo I and Topo Ila 
activity for the cytotoxicity of these drugs. 

Interestingly, ß-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 
ß-lap-mediated apoptosis. ß-Lap-mediated cell death 
and proteolysis are induced in all phases of the cell 
cycle, suggesting that topoisomerase Ila was not the 
critical target for this death pathway. 

MATERIALS AND METHODS 

Chemicals and tissue culture reagents. Estradiol (E2) 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 lOOOx stocks and 
maintained at -20°C. /3-Lap (MW 242, e = 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- 
metnc 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 

TABLE 1 

Characteristics of Breast Cancer Cell Lines 

Cell line ER p53 pRb 

MCF-7:WS8 
T47D:A18 

+ + + + 
+ + 

WT 
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 Spl 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 pRb (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). zVAD-fmk, DEVD-fmk, zFA-fmk, and zAAD-fmk were 
obtained from Enzyme Systems Products (Dublin, CA), diluted in 
DMSO, and used at 25 fiM. unless otherwise stated. TPCK, TLCK, 
iodoacetamide, and AT-ethylmaleimide were purchased from Sigma 
Chemical Co. and diluted in DMSO (TPCK and TLCK), ethanol 
(AT-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 RPMI1640 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% COü-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 103 or 
1 x 104 cells/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 drug(s) 
was added to the appropriate wells. E2, 4-OHT, or ICI 182,780 (ICI) 
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 
Gj. For MCF-7, 83% Gt 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 (7VC) 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% ß-mercaptoethanol, and 5 
mg/ml 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. Plow cytometric analyses of breast cancer cell 
lines before and after ß-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 ofcaspase 3 in MCF-7 cells. 
The pBabe/puro/cpp32 plasmid was constructed by treating the 
BamWJPstl 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 105 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 /xg/plate) encoding cpp32 
(caspase-3) cDNA or empty vector was mixed with 10 /xl of Lipo- 
fectAMINE (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 /Ag/ml puromycin. 
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 
ß-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 jß-lap (IC75 = 3.5 
fxM) than were T47D cells (IC75 = 7.0 JUM); however, 
the IC50 dose was very similar in both cell lines. In 
contrast, T47D cells were more sensitive to TPT at all 
doses tested, with IC50 and IC75 values of 20 and 500 

ß-Lap Cone. (uM) 
0.00     0.05     0.10       12    3    4 

TPT Cone. (uM) 
-m- MCF-7:WS8   »o- T47D:A18 

FIG. 1. Sensitivities of breast cancer cells to ß-lap or TPT. Cells 
were seeded into 96-well tissue culture plates (1.5 X 103 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 (■) and 
T47D (O) cell lines exposed to various concentrations of ß-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 ICB0 and 
IC75 values of 350 nM and 4.0 ju.M, respectively. Differ- 
ences in relative sensitivities to TPT compared to ß-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 ß-lap compared to TPT 
cytotoxicity using DNA content assays. In addition, 
these studies would address the relative role of topo- 
isomerase Ila inhibition in ß-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 ß-lap or TPT. 
Cells were then exposed to various concentrations of 
ß-lap or TPT in estrogen-deprived (control) medium, 
control medium containing E2 (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 cycle and begin log-phase growth after 
addition of medium containing 17ß-estradiol or whole 
serum. Addition of anti-estrogens specifically inhibited 
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FIG. 2. ß-Lap- or TPT-mediated cytotoxicity of Grarrested 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 ß-lap or TPT for 6 days, as indicated. 
Drugs were included in RPMI 1640 medium containing estrogen- 
deprived calf serum (control, ■), estrogen-replenished, stripped calf 
serum (10 nM E2, ♦), whole serum alone (V), or whole serum treated 
with the anti-estrogens 4-hydroxytamoxifen (100 nM, O) or ICI 
182,780 (100 nM, G). 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 ß-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 E2 or whole serum (data 
not shown and [32, 37]). Additional ß-lap or TPT treat- 
ments led to a complete loss of cells, demonstrating a 
similar cytotoxic response in both log-phase (+E2) and 
arrested (-E2 or plus antiestrogens) cells (Fig. 2). 

Apoptotic protease activation after ß-lap or TPT 
treatment. To investigate caspase activation in 
MCF-7 and T47D breast cancer cells following TPT or 
ß-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 /u.M j3-lap and PARP cleavage was assessed 
48 h later. Treatment with 5 JUM ß-lap induced classic 
PARP cleavage, resulting in the appearance of an 89- 
kDa fragment in both cell lines (Fig. 3). In MCF-7 cells, 

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 ß-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 ß-lap (Figs. 1 and 
2). In general, PARP cleavage reflected the relative 
sensitivity of each cell line to ß-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 /oM ß-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 ß-lap-induced cleavage (Fig. 3). 

MCF-7 and T47D cells were treated with a range of 
TPT doses (10 nM to 10 JUM) for 48 h. We coadminis- 
tered 25 /xM zVAD-fmk, a caspase inhibitor, to deter- 

MCF-7:WS8 T47D:A1S 
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FIG. 3. Atypical and classic PARP cleavage in breast cancer cells 
following ß-lap exposure. Breast cancer cell lines were treated with 
ß-lap (5-10 fiM) 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 PAEP cleavage in breast 
cancer cells following TPT treatment. Log-phase MCF-7 and T47D 
cells were treated with 10 nM to 10 JAM 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 fiM). 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. 

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 
zVAD-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 /iM ß-lap 
for 48 h showed classic PARP cleavage. As expected, 
this apoptotic cleavage reaction was completely 
blocked by coadministration of zVAD-fmk at 25 /xM. 
ß-Lap-treated T47D cells also showed cleavage of Spl, 
giving rise to the previously described 68-kDa frag- 
ment [2]. In addition, T47D cells treated with ß-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 
/3-lap treatment were completely prevented by 25 ^iM 
zVAD-fmk. However, accumulation of hypophosphory- 

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 ß-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 IC50 values for each 
cell line (see Fig. 1); this was not the case for cells 
exposed to ß-lap. These data are consistent with pre- 
vious data demonstrating that ß-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 /xM TPT was used (lanes 9 and 21, Fig. 4). 

Evidence for two apoptotic proteolytic pathways acti- 
vated by ß-lap. In order to determine whether atypi- 
cal PARP cleavage observed after ß-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 /xM ß-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 /nM ß-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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FIG. 5. Effect of global or specific cleavage site protease inhibi- 
tors on ß-lap-mediated atypical PARP cleavage. Log-phase MCF-7 
and T47D cells were grown for 48 h in EPMI medium alone or in 
medium containing 8 fiM ß-lap. Protease inhibitors were coadmin- 
istered with ß-lap. The protease inhibitors used were 25 pM zVAD- 
fmk (a caspase family inhibitor), 25 /iM zAAD-fmk (an inhibitor of 
granzyme B), 25 /JVI zFA-fmk (an inhibitor of cathepsins B and L), 
1.0 /iM 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 /nM ß-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. 
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lated pRb in T47D cells following /3-lap treatment was 
unaffected by the administration of 25 ju,M zVAD (lanes 
19 to 20, Fig. 5). These data are consistent with the 
activation of a caspase-mediated apoptotic pathway in 
T47D cells after ß-lap treatment, which may be down- 
stream of changes in pRb phosphorylation state. 

MCF-7 cells, which showed only atypical PARP 
cleavage after 8 fiM ß-lap exposure, also demonstrated 
an overall decline in Spl 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 j3-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 ß-lap exposure 
was not affected by coadministered protease inhibitors 
(Fig. 5, lanes 8-12). 

To confirm that ß-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 JUM ß-lap and 
analyzed for terminal deoxynucleotide transferase-me- 
diated incorporation of FITC-labeled dUTP, 20 h later. 
Greater than 90% of the ß-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 ß-lap is 
primarily apoptotic and not due to necrosis. 

The global cysteine protease inhibitors iodoacet- 
amide and iV-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 JUM ß-lap in medium with or without 10 mM 
iodoacetamide or 10 mM iV-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 ß-lap treatment. Administra- 
tion of iV-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 iV-ethylmaleimide pre- 
vented ß-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 ß-lap. One protease which 
may fit these data would be the neutral calcium-depen- 

PIG. 6. ß-Lapachone induced DNA fragmentation. MCF-7 cells 
were treated with 8 JLIM J3-Iap 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 /xM ß-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. 7A). 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+2 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 ß-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 ju,M ß-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 /AM ß-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 /JM /3-lap was then added for 4 h in the continued 
presence of EDTA or EGTA. After ß-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 ß-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 /3-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 ß-lap is independent of cell cycle status. To 
investigate the effects of cell cycle position on ß-lap- 
induced accumulation of hypophosphorylated pRb and 

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 Gj 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 E2 at the time 
of ß-lap or TPT exposure (i.e., a 4-h pulse of either 8 ju.M 
ß-lap or 5 iiM 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 ß-lap or TPT. When used, ICI 
or E2 was maintained in the medium. 

MCF-7 cells treated with ß-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 /AM 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 E2 stimulation (43% S 
phase with E2, 10% S phase without E2, compare lanes 
12 and 9, Fig. 8). In both the E2- and the ICI-treated 
groups, ß-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 
Dl-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 ß-lap or TPT, 
PARP cleavage (atypical for ß-lap, classic for TPT) was 
not apparent until 12-18 h after treatment (Fig. 8 for 
18 h, and data not shown). Addition of E2, 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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cleavage after /3-lap treatment (data not shown) sup- 
porting a cell-cycle-independent activation of apopto- 
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 /Map treatment (2-10 /xM). Cells were treated for 
4 h with 2-10 ,JvI /3-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 /3-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- 

gest that expression of caspase-3 had no effect on apo- 
ptotic cleavage events in MCF-7 cells following various 
doses of /3-lap. Interestingly, loss of procaspase-3 pro- 
tein, in Casp 3 cells, mirrored cleavage of both PARP 
and lamin B. Importantly, the active pl2 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 /3-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 j3-lap killed a variety of 
cells by apoptosis. However, the mechanisms of specific 
proteolytic execution cascades that were activated by 
this compound remained unexplored. /3-Lap induced 
apoptosis independent of p53 status and cell cycle dis- 
tribution [18, 24]. In MCF-7 cells, the lethal effects of 
/3-lap were accounted for solely by apoptosis. In this 
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FIG. 9. Effect of caspase-3 expression on ß-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 ß-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 
ß-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 ß-lap ex- 
posure. In these studies, we utilized the estrogen-de- 
pendent Gx arrest characteristics of MCF-7 and T47D 
cells (~80% growth inhibition in E2-deprived, com- 
pared to log-phase cells) to show that both cell lines 
were equally sensitive to ß-lap or TPT, irrespective of 
their progression through the cell cycle (Fig. 2). When 
arrested cells were treated with either ß-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 

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 
Gi-arrested breast cancer cells by ß-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 ß-lap, TPT was a less 
effective inducer of apoptosis, stimulating apoptotic 
reactions only at concentrations 20- to 100-fold over its 
IC50. ß-Lap killed cells by apoptosis at concentrations 
near its IC60, 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 ß-lap kills 
MCF-7 cells equally in all phases of the cell cycle. This 
would suggest that Topo II« does not play a central role 
in ß-lap toxicity. Unlike Topo I, the expression of Topo 
Ila is clearly cell cycle dependent ([26] and data not 
shown), and stages of the cell cycle in which Topo Ila 
was not expressed (i.e., G0/Gi) would be expected to be 
protected from ß-lap toxicity, if Topo Ila was a critical 
target. Conversely, stages of the cell cycle with highest 
Topo Ila expression (i.e., G2/M) would be expected to be 
more sensitive to ß-lap. It is important to note that the 
ß-lap/Topo Ila-mediated cleavage has been observed 
using only in vitro assays, and ß-lap/Topo Ila-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 ß-lap treatment [24]. These data are in apparent 
conflict with the suggested role of Topo Ila in ß-lap- 
mediated toxicity as proposed by Frydman et al. [25]. 

ß-Lap induces a novel apoptotic protease. Exposure 
to ß-lap gave rise to a unique pattern of proteolysis. At 
lower doses, ß-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 IC50 of the drug 
did not show the same atypical cleavage pattern. Doses of 
ß-lap necessary to induce atypical PARP cleavage were 
generally less than 5-fold over the IC50 for ß-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 PAEP cleavage at the IC50 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 ß-lap treated 
cells was -60 kDa (Fig. 4). The demonstration of nuclear 
condensation, appearance of sub-Go/Gj 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 ß-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 j8-lap exposures was prevented 
by 25 fiM zVAD-fmk, a general caspase inhibitor. Classic 
PARP cleavage induced by low-dose /3-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 
/3-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 /3-lap strongly suggests that activation of the 
caspase pathway was not necessary for atypical PARP 
cleavage. 

In /3-lap-treated MCF-7 cells, atypical PARP fragmen- 
tation was blocked by iodoacetamide or iV-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 iV-ethylmale- 
imide does allow the possibility that the unknown pro- 
tease may be indirectly activated after /3-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 
/3-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+2 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 /3-lap exposure. 
In contrast, other studies have demonstrated enhanced 
apoptotic reactions in caspase-3-expressing MCF-7 cells 
after granzyme B or TNF-a treatments, compared to cells 
infected with the empty vector [16]. 

While /3-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 /3-lap treatment or an unknown, 
ß-lap-activated protease can directly cleave lamin B, giv- 
ing rise to fragments of size similar to those observed 
after caspase-6 cleavage. Our data suggest that once the 
apoptotic protease is activated, it dominates proteolysis 
in /3-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 
ß-lap cytotoxicity, while increasing sensitivity to gran- 
zyme B or TNF-a [16]. 

Our studies demonstrate that j3-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 /3-lap/Topo Ila-medi- 
ated DNA cleavage [25], since Grarrested cells (which 
contain very low Topo II« enzyme activity) were as 
effectively killed by ß-lap as log-phase or G2/M-ar- 
rested cells (which express high levels of Topo Ila 
enzyme activity). Furthermore, the in vivo pathway 
activated by ß-lap leading to apoptosis may also be 
independent of the Topo I inhibition observed in vitro. 
In some cells, ß-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), ß-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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ß-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 zVAD-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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Abstract. We previously demonstrated that ß-lapachone 
(ß-lap) killed cancer cells solely by apoptosis. ß-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 G2-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-fmk or zVAD-fmk, caspase-specific 
cleavage site inhibitors. Retrovirally introduced bcl-2 prevented 
ß-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 ß-lap-related 
analogs (e.g., dunnione and naphthoquinone derivatives) 
induced equivalent apoptosis in HL-60 cells, but no compound 
was more effective than ß-lap. These data provide further 
evidence that the primary mode of cell killing by ß-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 ß-lapachone (ß-lap, 3,4-dihydro-2,2-dimethyl-2H-naphtho 
[l,2-b]pyran-5,6-dione) exposure (1,2). ß-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 ß-lap is reported to be an 
inhibitor of topoisomerases I and Ila (Topo I and Topo lice, 
respectively) in vitro (1,2,4,5), its exact intracellular mechanism 
of action remains unknown. Recent data have indicated that, 
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Western Reserve University, School of Medicine, 326 Biomedical 
Research Building, 10900 Euclid Avenue, Cleveland, OH 44106- 
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unlike known Topo I (6,7) or Ha 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 G2/M (9). ß-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 characterized by several classic morphologic and bio- 
chemical changes. In its execution phase, nuclear and 
chromatin condensation, DNA fragmentation, and formation 
of apoptotic bodies are observed (11,12). Certain cell-death 
stimuli may result in the cleavage and activation of apoptotic 
proteases, termed caspases (13). These, in turn, stimulate down- 
stream caspases (14) and cleave specific apoptotic substrates 
(15) such as poly(ADP-ribose) polymerase (PARP), DNA- 
PK^, Lamin B, and Ul-70 kDa. Cleavage of these cell death 
substrates may down-regulate essential homeostatic processes, 
structural components, and DNA repair. 

Cleavage of PARP from its 113 kDa full-length form into 
89 and 24 kDa fragments is often observed in apoptotic cells. 
This cleavage may represent the in vivo activation of caspase 3 
(also known as CPP32, Apopain or YAMA), along with several 
other caspases (e.g., caspase 7). Caspase-mediated cleavage 
of PARP can be irreversibly blocked by the administration of 
specific cleavage-site-directed peptides (16). The activity of 
a particular caspase can be blocked by inhibiting upstream 
caspases (preventing processing and subsequent activation of 
the zymogen form), or by preventing downstream proteolysis 
(17). 

Bcl-2 expression is also able to block the caspase cascade. 
Bcl-2 is the product of a proto-oncogene isolated from the 
t(14:18) translocation present in human B cell leukemias 
and lymphomas (18). It is a 26 kDa protein that is primarily 
localized to mitochondrial and perinuclear membranes (19). 
Bcl-2 acts upstream by directly preventing protease activation 
(20,21). Bcl-2 may integrate into the mitochondrial or endo- 
plasmic reticulum membranes to prevent cytochrome c release 
or calcium changes, respectively (22,23). Cytochrome c release 
may then activate Apaf-1, which in turns activates caspase 9 
and triggers apoptosis (24). 

We demonstrate that the apoptotic execution pathway in 
HL-60 cells following ß-lap exposure includes the upstream 
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activation of caspase 1 or caspase 1 -like proteases. Caspase 1- 
like proteases then initiate the apoptolic cascade by activating 
caspase 3, which results in PARP cleavage, DNA fragmentation 
and apoptosis. Exogenous Bcl-2 expression prevented caspase 3 
activation, prevented PARP cleavage, and enhanced the 
viability of HL-60 cells after ß-lap exposure. These data 
suggest that in these cells a typical caspase-mediated 
apoptotic protease cascade is initiated. 

Materials and methods 

Cell lines and cell culture. HL-60 cells were obtained from 
the ATCC and were grown in RPMI media supplemented 
with 10% fetal bovine serum (FBS) in a humidified incubator 
containing 5% C02-95% air atmosphere at 37°C as described 
(1). HL-60 cells infected with the LXSN retroviral vector 
containing or not containing the bcl-2 cDNA were grown under 
neomycin (G418) selection (25). Lbcl-2SN cells express 
elevated levels of Bcl-2, which confers resistance to apoptosis 
initiated by various cytotoxic agents (25). Cell viability at 
24 or 48 h posttreatments with DMSO or various ß-lap 
concentrations was monitored using trypan blue exclusion 
assays (25). Statistical analyses of data were performed using 
a paired t-test. Untreated HL-60 cells exhibited a basal level 
of apoptosis; however, it was negligible in comparison to 
levels observed following ß-lap treatment. 

Chemicals and protease inhibitors. ß-Lap (MW: 242) was 
synthesized by us. S03-naphthoquinone was obtained from the 
Sigma Chemical Company (St. Louis, MO). ß-Lap, dunnione, 
and 1,2-haphthoquinone derivatives were a gift from Dr 
Donald Witiak (UW-Madison). All compounds were dis- 
solved in DMSO and stored in aliquots at -20°C. A number of 
caspase or protease inhibitors were used as described (26): 
a) zVAD-fmk, which inhibits caspase 1 and caspase 1-like 
proteases; b) zDEVD-frhk, which inhibits caspase 3 and 
caspase 3-like proteases; c) zAAD-fmk, which inhibits 
Granzyme B; and d) zFA-fmk, which inhibits cathepsins B 
and L (Enzyme Systems Products, Dublin, CA). The chloro- 
methylketone-containing protease inhibitors, TLCK, which 
inhibits trypsin-like serine and some cysteine proteases, 
and TPCK, which inhibits chymotrypsin-like serine and 
some cysteine proteases (Sigma, St. Louis, MO), were also 
used. 

DNA laddering and cell cycle analyses. Cells (1-10x10*7 
condition in 5 ml media) were treated with various doses of 
drug for 4 h, as indicated. Drugs were removed and replaced 
with fresh media. At various times posttreatment, samples 
were analyzed for Q/G,, S, G2/M, and apoptotic (i.e., sub- 
G,/G,) cells as described (1). Treated and controlcells were 
also analyzed for DNA fragmentation characteristic of 
apoptosis (1,2). The apoptotic-inducing potential of 
compounds was compared by the presence of DNA laddering 
by agarose gel electrophoresis using various concentrations 
in a 4-h period. Lack of DNA laddering was scored as a 
negative result. All experimental samples were compared to 
HL-60 control cells treated with an equal percentage of DMSO 
(the solvent in all drug treatments); DMSO did not affect 
HL-60 cell cycle distribution, but did stimulate a low level of 

apoptosis as indicated. All experiments were performed at 
least three times. 

Western blot analyses. Control or treated HL-60 cells were 
examined for changes in PARP and caspase 3 cleavage. 
Briefly, using techniques previously described (9), equivalent 
amounts of protein were denatured (65°C, 15 min) and poly- 
peptides separated by SDS-PAGE. Separated proteins were 
then transferred to Immobilon-P membranes (Millipore, 
Danvers, MA) and equivalent protein loading was confirmed 
by Ponceau S staining. Primary antibodies included the anti- 
PARP C-2-10 (1:10,000 dilution, Enzyme Systems Products, 
Dublin, CA) and anti-caspase 3 (1:2,000 dilution, Transduction 
Laboratories, Lexington, KY). Western blot membranes were 
then developed with enhanced chemiluminescence (ECL) 
substrate (Amersham, Arlington Heights, IL), and exposed to 
Fuji X-ray film as described (9). All experiments were 
performed at least three times. 

Results 

Kinetics of ß-lap-induced apoptosis. HL-60 cells were 
treated with 1.0, 5.0, or 10 uM ß-lap for 4 h and samples 
were analyzed for cell cycle changes and apoptotic DNA 
fragmentation (appearing as 180-200 bp oligonucleosome 
ladders) (Fig. 1), as described (1,2). Increases in DNA ladder 
formation were noted with increasing doses of ß-lap and with 
longer posttreatment time, consistent with earlier data (1,2). 
DNA fragmentation was not observed in control, DMSO- 
treated HL-60 cells. 

Cell cycle analyses of control or ß-lap-treated HL-60 cells 
were also performed at 24 h posttreatment, when an optimal 
level of sub-G|/G, apoptotic cells was detected (Fig. IB) as 
described (1,27). Although basal levels of apoptosis were 
observed after 0.1% DMSO (drug vehicle control), apoptosis 
increased proportionally with increasing ß-lap concentrations. 
Over 50% of the total population consisted of apoptotic sub- 
G,/G, cells after 10 ^m ß-lap (Fig. IB). Accumulation of 
cells at either S or G2-phases was not observed. 

Time-course experiments were also performed after various 
doses of ß-lap. Treatment conditions were identical to those 
described in Fig. 1A and the results were graphed as treated/ 
control (T/C) (Fig. 2). HL-60 cells treated with 0.25 ^M 
ß-lap showed little apoptosis for up to 72 h posttreatment. 
Treatment of HL-60 cells with 1.0 UM ß-lap induced a low 
level of apoptosis, which peaked at 24 h and decreased slightly 
by 72 h. In contrast, treatment of HL-60 cells with 5.0 or 
10 UM ß-lap induced dramatic apoptotic responses, which 
increased with dose and time (Figs. 2 and 3A). No changes in 
cell cycle distribution occurred after 0.25 or 1.0 (iM ß-lap; 
however, slight increases in G(/G„ with concomitant decreases 
in S and G2/M, were observed following 5.0 or 10 \xM ß-lap 

treatments. 

Caspase 3 activation and PARP cleavage after ß-lap treatment. 
HL-60 cells were treated with various doses of ß-lap and 
monitored for apoptosis at various times (Fig. 3A), as described 
in Figs. 1 and 2. Background apoptosis was noted in control 
HL-60 cells treated with 0.1% DMSO alone; however, the 
percentage of apoptotic HL-60 cells substantially increased 
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Figure 1. Apoptosis in HL-60 cells following ß-lap treatment. A, Dose- 
response and time-course of apoptosis; formation of 180-200 bp oligonucleo- 
some DNA ladders in HL-60 cells following ß-lap or DMSO treatments (given 
as 4 h pulses) at indicated doses. The first sample taken after a 4-h drug 
exposure (t= -4 to 0 h) was designated as t=0. Samples were then analyzed after 
drug exposure (t=2 to 24 h) at the indicated doses of ß-lap. DNA molecular 
weight markers were 4>X174 DNA cut with the HaeUl restriction enzyme 
(fragment sizes, in bp, are as follows: 1,353; 1,078; 872; 603; 310; 281; 234; 
194; 118). B, Apoptotic responses at 24 h posttreatment following various 
doses of ß-lap as measured by the appearance of sub-Go/G, (<2N DNA 
content) HL-60 cells by flow cytometry. Numbers in the upper left-hand 
corner of each DNA histogram indicate the percentage of apoptotic cells after 
each treatment. 

Figure 2. Apoptotic dose-response, time-course experiments, and changes in 
cell-cycle distribution in HL-60 cells treated with ß-lap. HL-60 cells were 
treated with ß-lap at the indicated doses for 4 h and analyzed for cells in 
G,/G,, (o); S, (o); G2/M, (A); and apoptosis, (o) at various times post- 
treatment, as described in Materials and methods. Data were graphed as 
treated over control (T/C) with respect to HL-60 cells treated with DMSO 
alone. The DMSO concentration in all groups was held constant at 0.1%, 
which did not affect cell cycle distribution or apoptosis when compared to 
HL-60 cells exposed to medium alone. 

with ß-lap doses, ranging from 0.25 to 10 |xM. Peak levels of 
apoptosis were routinely observed at 24 h posttreatment 
(Fig. 3A). Apoptosis declined between 48-72 h after 0.25 or 
1.0 (iM ß-lap, suggesting cell re-growth, recovery, or death 
due to differentiation, as previously noted (2). Following 5.0 
or 10 |J.M ß-lap, however, HL-60 cells did not recover, and 
significant apoptosis was noted for up to 72 h. 

We concomitantly analyzed ß-lap-treated cells (above) for 
apoptotic cell death substrate cleavage reactions in vivo. 
Cleavage of PARP from a 113 kDa full-length polypeptide to 
an 89 kDa fragment (Fig. 3B) directly correlated with changes 
in apoptosis (Fig. 3A) in HL-60 cells. Basal spontaneous levels 
of apoptosis observed after DMSO alone or after 0.25 |XM 
ß-lap treatments (Figs. 2 and 3A) were indirectly confirmed 
by low level PARP cleavage (Fig. 3B). PARP cleavage 
increased in HL-60 cells treated with 1.0 UM ß-lap 3-12 h 
posttreatment; however, steady state full-length PARP levels 
re-appeared 24-72 h posttreatment (Fig. 3B). Re-appearance 
of full-length PARP correlated well with potential cell 
recovery, re-growth, or differentiation responses (Fig. 3A). 
Treatment of HL-60 cells with higher doses of ß-lap resulted 
in dramatically increased PARP cleavage and concomitant 
decreases in full-length PARP protein. Re-appearance of 
full-length PARP, as noted after 1.0 |lM ß-lap, was much 
less obvious after 5.0 or 10 |J.M ß-lap, suggesting more 
complete apoptotic responses. 

Activation of caspase 3 was also monitored via cleavage 
of its full-length inactive zymogen form. Loss of the pro- 
caspase 3 protein (Fig. 3C) correlated well with both PARP 
cleavage (Fig. 3B) and apoptosis (Fig. 3A). A close correlation 
between loss of the zymogen form of caspase 3 and PARP 
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Figure 3. PARP cleavage and caspase 3 activation after ß-lap. HL-60 cells were 
treated with various doses of ß-lap for 4 h and whole cell protein extracts were 
analyzed for steady state levels of PARP (113 kDa) and its apoptotic cleavage 
fragment (89 kDa). Activation of caspase 3, indicated by the loss of the 32 kDa 
zymogen form and appearance of the 17 kDa 'active' protease form, was also 
assayed. A, Dose-response and time-course appearance of apoptosis in HL-60 
cells treated with various concentrations of ß-lap, analyzed by flow cytometry. 
Conditions were, 0.1% DMSO alone, (o); 0.25 uM ß-lap, (o); 1.0 (iM ß-lap, 
(A); 5.0 UM ß-lap, (□); and 10 uM ß-lap, (x). B, Western immunoblot analyses 
of PARP cleavage. C, Western immunoblot analysis of caspase 3 activation. 
Protein extracts of HL-60 cells treated with DMSO alone were separated by 
SDS-PAGB along with the protein samples from ß-lap-treated cells. For clarity, 
DMSO alone control timepoints were grouped together. 
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Figure 4. Abrogation of PARP cleavage by protease inhibitors. Steady state 
levels of PARP (113 kDa) and its apoptotic cleavage fragment (89 kDa) in 
ß-lap-treated HL-60 cells were monitored by Western immunoblot analyses 
as described in Materials and methods. HL-60 cells were treated with 5 u\M 
ß-lap in the presence of protease inhibitors for 4 h, then for an additional 5 h 
with inhibitors alone. Conditions were: no inhibitor added, (-); 25 uM zVAD- 
fmk, (Z); 25 uM zDEVD-fmk, (D); 25 U.M zFA-fmk, (F); 25 uM zAAD- 
fmk, (A); 25 (iM TLCK, (L); and 25 U.M TPCK, (P). 

cleavage was noted. Loss of the 32 kDa pro-caspase 3 protein 
was, therefore, used in subsequent analyses as an indirect 
measure of activation. Alterations in caspase 3 levels after 
0.25 (iM ß-lap treatment were attributed to loading variations 
and did not correlate with apoptosis (Fig. 3A) or PARP 
cleavage (Fig. 3B). 

Caspase pathway elucidation using protease inhibitors. HL-60 
cells were treated with various doses of ß-lap in the presence or 
absence of general or caspase cleavage-site-specific inhibitors 
for 4 h as described in Figs. 1-3 and in Materials and methods. 
Cells were washed and incubated in media containing protease 
inhibitors for an additional 5 h. Cell extracts were then 
monitored for PARP cleavage (Fig. 4). All doses of ß-lap 
stimulated PARP cleavage above DMSO-basal levels (Fig. 4 
lanes marked '-'). Addition of zVAD-fmk or zDEVD-fmk 
prevented PARP cleavage in HL-60 cells exposed to DMSO 
alone and 1 (iM ß-lap, but were not as effective in HL-60 
cells exposed to 5.0 and 10 (IM ß-lap. Addition of zFA-fmk, 
zAAD-fmk, TLCK, and TPCK did not inhibit PARP cleavage 
in HL-60 cells exposed to any concentration of ß-lap, nor did 
these inhibitors prevent basal or DMSO-mediated apoptosis 
(Fig. 4). Consistent with data in Fig. 3B, a low level of PARP 
cleavage was apparent in DMSO-treated, HL-60 control cells 
(Fig. 4). 

Bcl-2 protects against ß-lap-mediated apoptosis in HL-60 
cells. To examine the effect of Bcl-2 on ß-lap-mediated 
apoptosis, HL-60 cells containing a retroviral bcl-2 expression 
vector (Lbcl-2SN) or LXSN vector alone (25) were treated 

with ß-lap or DMSO for 4 h and examined for changes in 
viability and cleavage of PARP and caspase 3. Viability was 
measured by trypan blue exclusion at 24 and 48 h post- 

treatment (Fig. 5A), as described (25). Cells transduced with 
the LXSN empty vector exhibited a 30-60% decrease in 
viability, after various doses of ß-lap, in 24 or 48 h post- 
treatment. In contrast, HL-60 cells transduced with bcl-2 
(LbcI-2SN cells) resulted in significantly higher viability 
after various doses of ß-lap at both 24 and 48 h. Differences 
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Figure 5. bcl-2 inhibition of PARP cleavage, caspase 3 activation and lethality 
induced by ß-lap. A, bcl-2 protected HL-60 cells against ß-lap-mediated cell 
death and lethality. The viability of HL-60 cells after DMSO or various 
concentrations of ß-lap was monitored by trypan blue exclusion at 24 and 48 h 
as described in the text and in Materials and methods. Cells were treated at 
2xl06 cells/ml. Values for cell viability were expressed as percentage of 
control (DMSO-treated). Conditions were HL-60 cells expressing: LXSN 
empty vector, 24 h posttreatment, (•); LXSN empty vector, 48 h posttreatment, 
(o); bcl-2, 24 h posttreatment, (■); and bcl-2, 48 h posttreatment, (a). 
Conditions were compared using the paired t-test and values were indicated 
as follows: *p<0.05; "p<0.01. B, Western immunoblot analyses of PARP 
cleavage and caspase 3 activation (cleavage fragments identified are described 
in Figs. 3 and 4) in ß-lap-treated HL-60 cells containing retrovirally 
transduced bcl-2 (Lbcl-2SN cells) or its corresponding control containing the 
LXSN empty vector. 

in cell viability were statistically significant for 5.0 (iM ß- 
lap at 48 h (p<0.05), and for 10 U.M ß-lap treatments at 24 
and 48 h (p<0.01) each vs. DMSO. Extensive PARP cleavage 
and caspase 3 activation, with similar kinetics as observed in 
Fig. 3, were observed in HL-60 cells containing the LXSN 
empty vector following 5.0 or 10 tiM ß-lap (Fig. 5B). In 
contrast, LbcI-2SN cells, which overexpressed bcl-2, did not 
demonstrate visible PARP cleavage or caspase 3 activation; 
the steady state levels of their full-length polypeptides remained 
unchanged. 

Apoptosis following ß-lap-related compounds. Limited 
structure/function analyses were performed with ß-lap, 1,2- 
naphthoquinone, dunnione, and a-lapachone analogs. HL-60 
cells were treated with various drug doses for 4 h as indicated 
in Table I. Apoptosis was assessed immediately thereafter. 

All ß-lap analogs with chromane ring substitutions at the 
3-position induced equivalent apoptosis at 1 \xM except for 
3-malonyl-ß-lapachone (Table I); drug concentrations between 
0.5-1.0 (iM represented minimal doses required for apoptosis 
in HL-60 cells, and no substantial differences between 
these related ß-lap compounds were noted (data not shown). 
Members of the a-lapachone family (including a-lapachone 
and nor-a-lapachone) induced apoptosis in HL-60 cells only 
after treatment with >100 |iM. 

Dunnione analogs, which are related to ß-lap but contain 
five-membered chromane rings, were equivalent inducers of 
apoptosis as ß-lap and its 3-position chromane ring-substituted 
analogs (Table I). Dunnione induced apoptosis at levels as 
low as 5 (iM, while the related derivatives, dimethyl dunnione 
and monomethyl dunnione, induced these responses at 1 |iM, 
equivalent to ß-lap or its 3-substituted ß-lap analogs (Table I). 

In contrast, 1,2-naphthoquinone did not induce apoptosis 
in HL-60 cells, even after 100 (iM. A sulfoxy derivative 
of 1,2-naphthoquinone (i.e., S03-naphthoquinone) induced 
apoptosis at 100 U.M, but cell death responses were not noted 
at lower doses. The remaining naphthoquinone derivatives 
were able to induce apoptosis at concentrations similar to the 
most effective dunnione or ß-lap analogs tested in Table I. 
Apoptosis was apparent after treatment with 5 uM methoxy-, 
pentoxy-, and dimethylaminoethyl-l,2-naphthoquinones, but 
not after lower doses of these compounds. Apoptosis was 
also induced in HL-60 cells exposed to 1 (0.M isopropoxy-, 
isobutoxy-, isopentoxy-, allyloxy-, benzyloxy-, and cyclohexyl- 
methoxy-1,2-naphthoquinone. 

Discussion 

We previously reported that ß-lapachone treatment induced 
p53-independent apoptosis, since cells lacking p53 expression 
(e.g., HL-60 cells), as well as those expressing mutant p53, 
were killed (1,2). The exact manner by which HL-60 cells 
performed the execution phase of apoptosis was, however, 
not defined. 

A common theme arising from the study of apoptotic 
pathways is the activation of a cascade of proteases (e.g., 
caspases), which ultimately results in cleavage of substrates 
involved in homeostasis, repair, and the structural integrity 
of the cell. One commonly used marker for apoptosis is 
the cleavage of PARP, a DNA-repair protein thought to be 
involved in base excision and single and double strand break 
repair (28). Cleavage of PARP (113 kDa) to fragments of 89 
kDa and 24 kDa has been linked to activation of caspase 3 
(29). HL-60 cells treated with ß-lap demonstrated this 
cleavage pattern of PARP (Fig. 3A), implicating caspase 3 in 
this apoptotic pathway. 

While suggestive of caspase activation, cleavage of 
apoptotic substrates is not proof that a particular protease is 
activated. Upon activation, the zymogen form of the caspase 
is cleaved into 3 fragments, two of which heterotetramerize 
to form the newly activated caspase (30). In HL-60 cells 
treated with ß-lap, cleavage of caspase 3 from its 32 kDa 
precursor zymogen form to a 17-kDa fragment was observed 
(Fig. 3B); this fragment is one of two components of the 
active caspase 3 protease. The dose and time-course 
activation data demonstrated in Figs. 3 and 4, respectively, 
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Table I. Induction ofapoptosis by ß-lap derivatives and related compounds. 

Compound 

ß-lapachones 

ß-lapachone 

ß-norlapachone 

3-hydroxy ß-lapachone 

3-allyl ß-lapachone 

3-methyl ß-lapachone 

3-bromo ß-lapachone 

3-malonyl ß-lapachone 

DMSO     0.1 uM      1.0 |iM 
Drug treatments 
5.0 nM      IOIIM     25 uM     50 JJM     100 UM 

+ + + + + + 

+ + + + + + 

+ + + + + + 

+ + + + + + 

+ + + + + + 

+ + + + + + 

a-lapachones 

a-lapachone 

a-norlapachone 

a-dehydro lapachone 

Dunniones 

Dunnione 

Dimethyl dunnione 

Monomethyl dunnione 

- + + + + + 

+ + + + + + 

+ + + + + + 

1,2-naphthoquinones 

1,2-naphthoquinone 

SO,-naphthoquinone 

Methoxy naphthoquinone 

Pentoxy naphthoquinone 

Isopropoxy naphthoquinone 

Isobutoxy naphthoquinone 

Isopentoxy naphthoquinone 

Allyloxy naphthoquinone 

Benzyloxy naphthoquinone 

Cyclohexylmethoxy naphthoquinone 

Dimethylaminoethyl naphthoquinone 

+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

- - - + 

+ + + + 
+ + + + 

+ + + + 

+ + + + 

+ + + + 

+ + + + 

+ + + + 

+ + + + 

+ + + + 

Log-phase HL-60 cells were treated with indicated compounds for 4 h. Apoptosis was monitored by the appearance of 180-200 bp 
oligonucleosome DNA ladders as described in Materials and methods and demonstrated for HL-60 cells treated with ß-lap (Fig. 1). The 
results were expressed as: (+), indicated visible apoptosis; and (-), indicated no visible DNA laddering. 

strongly suggest that ß-lap treatment activates caspase 3, 
which subsequently gains access to the nucleus and cleaves 
PARP. Activation of caspase 3 following ß-lap exposure 
correlated well with apoptosis, in terms of time-course and 
dose-responses, as measured by flow cytometry and/or DNA 
fragmentation. 

Further evidence supporting the role of caspase 3 in 
ß-lapachone-mediated apoptosis in HL-60 cells was obtained 

using specific and general protease inhibitors. ß-Lap-induced 
PARP cleavage in HL-60 cells was abrogated by zVAD-fmk, 
and partially blocked after zDEVD-fmk treatment (Fig. 4). 
These results support the hypothesis that caspase 3 is 
involved in ß-lap-induced apoptosis in HL-60 cells. However, 
stimulation of caspase 3 may not be the only apoptotic path- 
way activated in HL-60 cells following ß-lap treatment. If 
caspase 3 were the key component, either zVAD-fmk or 
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zDEVD-fmk would have prevented PARP cleavage in HL-60 
cells following ß-lap. Since zDEVD-fmk only partially blocked 
PARP cleavage, another ß-lap-activated apoptotic protease 
may also cleave PARP. This is not without precedent, since 
caspases other than caspase 3 may cleave PARP (31). The 
remaining inhibitors were ineffective at preventing PARP 
cleavage, which suggest that the abrogation of PARP 
cleavage by zVAD-fmk and zDEVD-fmk was a specific 
phenomenon. 

Bcl-2, an anti-apoptotic proto-oncogene, is an effective 
inhibitor of caspase 3-mediated apoptosis (20,21,32). HL-60 
cells containing retrovirally-introduced bcl-2 did not activate 
caspase 3 nor cleave PARP after various doses of ß-lap. In 
contrast, treatment of the HL-60 cells containing the LXSN 
empty vector with ß-lap resulted in both caspase 3 activation 
and PARP cleavage (Fig. 5A), in a similar fashion as that 
observed in non-transduced HL-60 cells. These results 
suggest that Bcl-2 prevented activation of the caspase 3 
apoptotic cascade, which is activated by ß-lap treatment. 
Although it was recently reported that bcl-2 expression would 
merely delay apoptosis after ß-lap (33), our data suggest that 
Bcl-2 overexpression may prevent caspase 3 activation and 
PARP cleavage in HL-60 cells. Bcl-2 overexpression thereby 
protects cells from ß-lap-induced cell death. 

In an effort to find more effective drugs, we screened 
derivatives of ß-lap and several structurally related compounds 
for their ability to induce apoptosis in HL-60 cells. All 3- 
position-substituted ß-lap derivatives, with the exception of 
3-malonyl-ß-lap, elicited equivalent apoptotic responses. The 
minimal concentrations required to induce apoptosis were 
identical to those induced by ß-lap. The lack of an apoptotic 
response in HL-60 cells treated with 3-malonyl-ß-lap could 
be attributed to the polarity of the sidegroup, which may 
have affected the ability of the compound to enter the cell. 
Interestingly, the o-lapachone isomer and its derivatives did 
not activate apoptosis in HL-60 cells, and a lack of activity 
of these compounds as radiosensitizers or as inhibitors of 
the Topo I enzyme in vitro was reported (34). These data 
indicate that either the lower chromane ring of ß-lap or the 
neighboring keto groups may be essential for apoptosis 
induced by ß-lap. Similar conclusions were reached for the 
radiosensitizing properties of ß-lap (34). None of the ß-lap- 
related compounds were more effective apoptosis-inducing 
agents than ß-lap. 

Dunnione and its derivatives, which contain five-membered 
instead of six-membered chromane rings, were nearly as 
effective as ß-lap at inducing apoptosis in HL-60 cells. Loss 
of the lower chromane ring, but retention of the keto groups 
in 1,2-naphthoquinone and its sulfur-containing derivative, 
made the compound inactive. Unexpectedly, addition of 
various groups to the 1,2-naphthoquinone base compound 
restored apoptotic responses in HL-60 cells. 1,2-Naphtho- 
quinone analogs containing methyl-, pentyl-, dimethyl amino-, 
or ethyl-side groups caused apoptosis in HL-60 cells similar to 
that (in terms of effective drug concentration) observed 
following ß-lap. These data indicate that a number of 
compounds related to ß-lap were able to induce apoptosis, 
but none were better than ß-lap. These compounds may be 
useful in future development of this class of apoptosis- 
inducing compounds. 

Finally, it was recently reported that ß-lap, as well as 
1,2-naphthoquinone and its derivatives, could inhibit Topo Ilct 
and cause DNA double strand breaks, and that this may be 
the mechanism by which these compounds act (4). Our data 
do not appear to be consistent with this mechanism, since 
a) neither ß-lap nor 1,2-naphthoquinone treatment of HL-60 
cells caused apparent cell cycle changes (i.e., G, or G2 arrests), 
which are characteristic of many DNA damaging agents (35); 
and b) ß-lap and 1,2-naphthoquinone derivatives caused very 
different concentration-dependent apoptosis in HL-60 cells, 
with minimal cytotoxicity noted after 100 u,M 1,2-naphtho- 
quinone. 

Thus, we show that the pathway through which HL-60 
cells undergo ß-lap-mediated programmed cell death involves 
the activation of caspase 3, which subsequently leads to 
signature proteolytic substrate cleavage responses in vivo 
(e.g., formation of an 89 kDa fragment of PARP). These 
apoptotic responses were prevented by the peptide inhibitors, 
zVAD-fmk and zDEVD-fmk, and most importantly by the 
overexpression of the anti-apoptotic proto-oncogene, bcl-2. 
Therefore, Bcl-2 levels in tumor cells may be an important 
determinant of ß-lap efficacy in leukemic cells; however, even 
highly overexpressed bcl-2 protein levels did not completely 
protect cells, suggesting that additional unknown factors 
influence the cell death responses to ß-lap. 
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Abstract 

ß-Lapachone (ß-lap) induces apoptosis in various cancer cells and its intracellular 

target has just recently been elucidated in breast cancer cells. Here we show that 

NAD(P)H:quinone oxidoreductase (NQ01/xip3) expression in human prostate cancer 

cells is also a key determinant for apoptosis and lethality after ß-lap exposures, showing 

this is not specific to breast cancer cells, but is rather a general mechanism of activation 

for the drug. ß-Lap-treated, NQOl-deficient LNCaP cells were significantly more 

resistant to apoptosis and lethality as compared to NQOl-expressing DU-145 or PC-3 

cells after equimolar drug exposures. Formation of an atypical 60 kDa poly (ADP- 

ribosyl) polymerase (PARP) cleavage fragment in DU-145 or PC-3 cells was induced 

after 10 uM ß-lap and correlated with apoptotic cells. In contrast, LNCaP cells required 

25 uM ß-lap to induce similar responses. Atypical PARP cleavage in ß-lap-treated cells 

was not affected by 100 uM zVAD-fmk, a global caspase inhibitor, that prevented 

apoptosis-related, 89 kDa PARP fragmentation after camptothecin. Co-administration of 

dicoumarol, a specific inhibitor of NQOl, reduced ß-lap-mediated cytotoxicity, 

apoptosis, and atypical PARP cleavage in NQOl-expressing cells. Dicoumarol did not 

affect the more ß-lap-resistant LNCaP cells. Dicoumarol did not affect apoptosis, 

lethality or typical PARP cleavage in any cell lines examined after camptothecin. 

Stable transfection of LNCaP cells with NQOl significantly increased their 

sensitivity to ß-lap, enhancing apoptotic DNA fragmentation, atypical PARP cleavage 

and lethality as compared to parental LNCaP cells or vector alone transfectants. 



Dicoumarol abrogated these responses and increased survival of ß-lap-treated NQOl- 

expressing LNCaP transfectants. Dicoumarol did not affect ß-lap-resistant LNCaP vector 

alone or parental cells. Thus, NQOl activity is a key determinant of ß-lap-mediated 

apoptosis and cytotoxicity. Identification of NQOl as a key intracellular target for ß-lap 

in multiple cell lines should allow the drug's development as an antitumor agent and may 

explain its radiosensitizing capacity; NQOl was identified by our laboratory as X-ray- 

inducible gene/protein #3 (xip3). 



Introduction 

ß-Lapachone (ß-lap, 3,4-dihydro-2,2-dimethyl-2i/-naphtho[l,2-b]pyran-5,6- 

dione) is a naturally occurring o-naphthoquinone present in the bark of the Lapacho tree 

(Tabebuia avellanedae) native to South America. The purified drug has anti- 

trypanosomal, -fungal, -tumor, and -HIV properties, and induces apoptosis in a variety of 

cell types (1). The mechanism of action and intracellular target(s) of the compound have, 

however, remained elusive and have prevented the preclinical development of this drug 

for use as an antitumor or antiviral agent until recently. We have recently shown in breast 

cancer cell lines that the enzymatic activity of NQOl is a key determinant for ß-lap 

mediated cytotoxicity (2). Using a series of assays in vitro, proposed mechanisms of 

action for this drug have included: (a) activation of Topoisomerase (Topo) I (3); (b) 

induction of apoptosis (4) (c) inhibition of Topo I (1, 5, 6); (d) inhibition of Topo II- 

alpha (7); and (e) suppression of NF-KB activation (8). ß-Lap can induce apoptosis in 

several cell systems, including leukemic (HL-60), prostate, and breast cancer cell lines 

(1,4, 5). The apoptotic response caused by ß-lap was independent of both p53 status and 

androgen dependence in human prostate cancer cell lines (1). Camptothecin (CPT), a 

Topo I poison, can also induce apoptosis but to a lesser degree than ß-lap (4). 

Apoptosis is a genetically programmed form of cell death, whose initiation and 

execution is thought to be the basis of lethality caused by many chemotherapeutic agents 

(9-11). Cells undergoing apoptosis exhibit characteristic changes, including cell 

shrinkage, membrane blebbing, chromatin condensation, internucleosomal DNA 

cleavage, and cleavage of specific intracellular substrates involved in cell structure, DNA 

repair [e.g., poly(ADP-ribosyl) polymerase (PARP)], and general homeostasis.  These 



intracellular alterations are often the result of activation of a family of apoptotic 

proteases, including caspases (12-16) and/or calpains [Wolf, 1999 #140; Wood, 1999 

#141; Squier, 1999 #142; Squier, 1994 #143]. 

Caspases are activated by multiple signaling pathways during apoptosis and 

typically result in the cleavage of PARP; the full-length 113 kDa polypeptide is cleaved 

to diagnostic 89kDa and 24 kDa proteins (17). CPT appears to induce an apoptotic 

pathway that includes activation of the caspases, leading to classical PARP cleavage (18). 

HL-60 cells treated with ß-lap also activated the caspases (19), however, a different cell 

death response appeared to be stimulated by the drug in various human breast cancer cells 

(4, 20). In many breast cancer (especially MCF-7:WS8) cells, an atypical PARP 

fragmentation in vivo was noted at times and doses correlating with apoptosis; apoptotic 

responses were monitored by DNA fragmentation (TUNEL positive cells), 

dephosphorylation of pRb, typical lamin B cleavage, atypical PARP cleavage, and 

cleavage of mutant or wild-type p53. ß-Lap-mediated apoptosis was proposed to involve 

the activation of calpain due to the specific calcium-dependent cleavage of both p53 and 

PARP (20). Interestingly, only global cysteine protease inhibitors and calcium chelators 

have been able to block apoptosis and proteolytic cleavage of downstream substrates 

following transient (4 h) ß-lap exposures in human epithelial cancer cell lines(20)and 

Tagliarino et al unpublished data). 

NAD(P)H:quinone reductase (NQOl, DT Diaphorase, xip3, EC 1.6.99.2) is a 

flavoenzyme that catalyzes the two-electron reduction of quinones into their subsequent 

hydroquinone form, bypassing the often mutagenic semiquinone intermediate and the 

formation of free radicals (21, 22). NQOl detoxifies many quinones, [e.g., menadione 



(23, 24)], and bioactivates other compounds, such as Mitomycin C, Streptonigrin or E09 

(25-28). 

NQ01/xip3 gene expression is widespread, with detectable levels in human heart, 

brain, placenta, lung, skeletal muscle, kidney, and pancreatic tissue, and low or absent 

levels in human liver (21). More importantly, NQOl levels were significantly up- 

regulated (5- to 20-fold above adjacent normal tissue) in several forms of cancer, 

including breast and non-small cell lung tumors (29-31). Such elevations in certain 

cancers make NQOl a potential target for the development of tumor-directed therapies 

potentially involving ß-lap or its derivatives (19). Recently, our laboratory discovered 

that NQOl was the key determinant of ß-lap cytotoxicity in human breast cancer cell 

lines (2). In this report, we demonstrate that NQOl is also a key determinant of ß-lap- 

induced apoptosis and lethality in human prostate cancer cell lines, suggesting a general 

mechanism of activation for the compound. Variations in NQOl activity dramatically 

affected the sensitivity of human prostate cancer cell lines to ß-lap as determined by 

comparing various cell lines expressing different levels of the enzyme, transfection of 

NQOl expression vectors into enzyme-deficient cells, and/or by the use of an NQOl 

inhibitor, dicoumarol. Co-administration of the NQOl inhibitor, dicoumarol, abrogated 

ß-lap-mediated cytotoxicity and downstream apoptotic endpoints in NQOl-expressing, 

but not in NQOl-deficient, human prostate cancer cell lines. Transfection of NQOl- 

deficient LNCaP cells with NQOl significantly enhanced sensitivity (apoptosis, substrate 

proteolysis, and lethality) to ß-lap, which was subsequently blocked by dicoumarol co- 

administration. 



Materials and Methods 

Compounds and Drug Preparations. ß-Lap was synthesized and dissolved in DMSO as 

described (1). CPT and dicoumarol were obtained from Sigma Chemical Company (St. 

Louis, MO), prepared in DMSO or water respectively, and drug concentrations were 

determined spectrophotometrically (4). zVAD-fmk was obtained from Enzyme Systems 

Products (Dublin, CA). Control treatments containing an equivalent percentage of 

DMSO were included as described (1, 3,4). The highest DMSO concentration used was 

0.2%, which did not affect survival, cell growth or apoptosis in various human breast or 

prostate cancer cells examined (1, 3,4). 

Cell Culture Conditions. PC-3, DU-145, and LNCaP human prostate cancer cells were 

obtained from Dr. George Wilding (Univ. Wisconsin-Madison) and grown in Dulbecco's 

minimal essential medium (DMEM) with 5% FBS at 37 °C in an humidified 5% C02- 

95% air atmosphere as described (32-34). Tests for mycoplasma infection, using the 

Gen-Probe™ Rapid Detection Kit (Fisher Scientific, Pittsburgh, PA), were performed 

quarterly and all cell lines were negative. 

Drug Treatments. For all experiments, cells were plated, allowed at least 24 h to initiate 

log-phase growth, and were then exposed to ß-lap or CPT at indicated doses for four 

hours (4-h). After exposure, drug-containing media were removed and replaced with 

complete media. Dicoumarol was administered (50 uM) concomitantly with ß-lap or 

CPT for 4-h as described above. For zVAD-fmk exposures, cells were pretreated with 

100 uM zVAD-fmk for 30 mins or treated with media alone, ß-lap or CPT was then co- 



administered in the presence or absence of zVAD-fmk for 4-h. All drug-containing 

media was then removed and replaced with media containing 100 uM zVAD-fmk alone 

or with fresh, non-drug-containing media. 

Stable Transfection ofLNCaP Cells With NQOl. Log-phase LNCaP cells were seeded 

onto 6-well dishes at 2 x 105 cells/well and allowed to attach overnight. The following 

day, 1.0 ug of BE8 plasmid DNA, containing human NQOl cDNA under the control of 

the CMV promoter in the pcDNA3 constitutive expression vector (35), was added into 

each of three wells using standard calcium phosphate transfection methodology (36). 

After two days growth without selection, cells were exposed to 350 ng/ml Geneticin® 

(G418, Gibco BRL, Gaithersburg, MD). A stable, pooled population was established 

after approximately three weeks growth in media containing 350 ng/ml G418. Clonal 

transfectants were finally derived from the pooled population by limiting dilution 

cloning. Isolated transfectants were then analyzed for NQOl expression and enzymatic 

activity as described below and in 'Results'. 

Colony Forming Ability (CFA) Assays. Anchorage-dependent CFA assays were 

performed (3, 37). For CFA assays, cells were seeded at 1-2000 viable cells per dish in 

35 mm2 tissue culture plates (with grids) and incubated overnight. Plated cells were then 

treated with equal volumes of media containing ß-lap at various concentrations for 4-h. 

Control cells were treated with DMSO equivalent to the highest dose of ß-lap used, ß- 

Lap exposures in the presence or absence of 50 uM dicoumarol or other inhibitors were 

performed as indicated above, and in 'Results'. Colonies were allowed to grow for 10-14 

days, with one change of medium at day seven. Plates were stained with 1.0 % crystal 
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violet in 20% EtOH, destained with water, and colonies of >50 normal-appearing cells 

were counted (3,37). 

TUNEL Assays. Flow cytometric analyses were performed in combination with TUNEL 

assays, to measure DNA fragmentation, sub-Go/Gi cell populations, and changes in cell 

cycle distribution following various drug treatments. TUNEL assays were performed 

using APO-DIRECT™, as described by the manufacturer (Phoenix Flow Systems, Inc. 

San Diego, CA). Samples were analyzed in an 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 with a 640 nm long pass optical filter. FITC was read with a 

525 nm band pass filter. Sample analyses were performed using the Elite acquisition 

software provided with the instrument. Data were analyzed using ModFit (Verity 

Software House, Inc., Topsham, ME) (1,4,19). Results presented were mean +SD for at 

least three separate experiments, repeated in duplicate. 

Western Immunoblot Analyses. Control or treated human prostate cancer cells were 

examined for changes in PARP, p53, and lamin B, and for levels of NQOl. Actin was 

used as a loading control. Briefly, control or treated cells were washed in ice-cold PBS 

and lysed in loading buffer [62.5 mM Tris, pH 6.8; 6M urea; 10% glycerol; 2% SDS; 

0.003% bromophenol blue; 5% 2-mercaptoethanol (freshly added)]. Samples were 

sonicated with a Fisher Scientific Sonic Dismembrator (model 550) fitted with a microtip 

probe, and stored at -20 °C for later analyses as described (19). Equivalent amounts of 

protein were incubated at 65 °C for 15 mins and polypeptides were separated by SDS- 

PAGE. Separated proteins were then transferred to Immobilon-P membranes (Millipore, 
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Danvers, MA) and equivalent protein loading was confirmed by Ponceau S staining 

[0.2% Ponceau S (w/v) in 3% trichloroacetic acid (w/v) and 3% sulfosalicylic acid (w/v)] 

(Sigma Chemicals, St Louis, MO) using standard techniques. Western immunoblots 

were treated with PBS containing 0.2% Tween 20 and 10% FBS for 1 h to prevent 

nonspecific binding. Membranes were then incubated overnight with primary antibodies 

diluted in the same buffer at 4 °C. Primary antibodies included separate, and sometimes 

in combination, exposures to anti-PARP C2-10 (Enzyme Systems Products, Dublin, CA), 

anti-p53 DO-1 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-lamin B (Calbiochem, 

San Diego, CA), and anti-actin (Amersham Pharmacia Biotech, Piscataway, NJ). An 

NQOl antibody was contained in medium from a mouse hybridoma, Clone Al 80, and 

used according to previously published procedures (38). Membranes were washed in 

PBS containing 0.2% Tween and then incubated with horseradish peroxidase-conjugated 

secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA) for one hour. Western 

immunoblots were then washed in PBS containing 0.2% Tween, developed with 

enhanced chemiluminescence (ECL) substrate (Amersham, Arlington Heights, IL), and 

exposed to Fuji X-ray film. All Western immunoblots shown below are representative of 

experiments repeated at least three times. 

Preparation ofS9 supernatants. Cellular extracts for enzyme assays were prepared 

from cells in mid- 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 resuspended in a small volume of PBS, pH 7.2, containing 10 

\ig/\il aprotinin. Cell suspensions were sonicated four times on ice using 10-sec. pulses, 
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then centrifuged at 14000 x g for 20 min. S9 supernatants were aliquoted into microfuge 

tubes and stored at -80 °C for later use as described below. 

NQOl, Cytochrome b5 reductase (b5R), and Cytochrome P450 (P450) enzyme assays. 

Three general reductase enzyme assays were assayed as described (39, 40). Enzyme 

reactions contained 77 fiM cytochrome c (practical grade, Sigma Chemical Co., St. 

Louis, MO) and 0.14% bovine serum albumin in Tris-HCl buffer (50 mM, pH 7.5). 

NQOl activity was measured using NADH (200 |iM) as the immediate electron donor 

and menadione (10 \M) as the intermediate electron acceptor. Each assay was repeated 

in the presence of 10 |iM dicoumarol, and activity attributed to NQOl was that inhibited 

by dicoumarol (41). NADHrcytochrome b5 reductase (b5R) was measured using NADH 

(200 nM) as the electron donor, and NADH:cytochrome P-450 reductase (P450) was 

measured using NADPH (200 |xM) as the electron donor (42) in a Beckman DU 640 

spectrophotometer (Beckman Coulter, Fullerton, CA). Reactions were performed at 37 

°C, and were initiated by addition of S9 supernatants. Varying amounts (10 to 40 |xl) of 

S9 supernatants were used to ensure linearity of enzyme rates with protein concentration. 

Enzyme activities were calculated as nmoles cytochrome c reduced/min/mg protein, 

based on the initial rate of change in OD at 550 nm. An extinction coefficient of 21.1 

mM/cm was used for cytochrome c. 
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Results 

Dicoumarol enhanced the survival of DU-145 or PC-3, but not LNCaP, cells 

following ß-lap exposure. While testing various chemical and peptide inhibitors for 

their abilities to protect against ß-lap-induced cytotoxicity, we noted that co- 

administration of dicoumarol conferred significant resistance to DU-145 or PC-3 cells. 

Dicoumarol significantly enhanced the survival of ß-lap-treated DU-145 or PC-3 cells 

(Fig. 1). The LD90 values for DU-145 and PC-3 cells were increased (i.e., the drug was 

less toxic) by 3- and 2-fold, respectively, as compared to ß-lap alone. For example, over 

95% lethality was noted in DU-145 cells treated with 4.0 uM ß-lap, whereas the same ß- 

lap exposure was ineffective (>95% survival) when 50 uM dicoumarol was co- 

administered. In contrast, dicoumarol had no influence on the survival of ß-lap-treated 

LNCaP cells, which also exhibited more intrinsic resistance to ß-lap-mediated lethality 

(LD9o= 7.0 uM) when compared to DU-145 (LD90=3.5 uM) or PC-3 (LD90=5.0 uM) 

cells. ß-Lap-treated LNCaP cells also exhibited 3-fold less apoptosis than either DU-145 

or PC-3 cells when exposed to equitoxic concentrations (1). In contrast, dicoumarol co- 

administration did not affect the survival of LNCaP, DU-145 or PC-3 cells following 

CPT exposures (Fig. 1 A). 

Dicoumarol blocked morphologic changes and apoptosis of DU-145 cells after ß-lap 

treatment. In human breast cancer cells, ß-lap induced morphologic changes indicative 

of apoptosis (4). Similar alterations in morphology, such as chromatin condensation, cell 

shrinkage, and detachment, occurred in DU-145 or PC-3 cells following 4 h ß-lap 

exposures (shown are DU-145 cells, Fig. 2A). As with ß-lap-treated human breast cancer 

cells, no evidence of cell lysis during ß-lap-mediated apoptosis in DU-145 or PC-3 cells 
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was noted, suggesting that cell death was not necrotic in nature. Addition of 50 uM 

dicoumarol significantly blocked ß-lap-induced morphologic changes (Fig. 2A) and cells 

grew normally, consistent with enhanced survival as measured using CFA assays (Fig. 1). 

We previously demonstrated the formation of an apoptotic sub-Go/Gi peak in 

human prostate or breast cancer cell lines following ß-lap treatment. DU-145 or PC-3 

cells underwent apoptosis, in contrast, LNCaP cells showed significantly lower levels of 

cell death (1). To further characterize cell death responses in human prostate cancer cell 

lines after exposure to ß-lap or CPT, TUNEL assays were performed to monitor 

apoptotic-related DNA fragmentation, with or without dicoumarol (Fig. 2B). ß-Lap- 

treated DU-145 or PC-3 cells exhibited the formation of TUNEL positive cells (71.3% 

and 82.2%, respectively). ß-Lap-mediated apoptotic reactions were completely abrogated 

by dicoumarol co-treatments. In contrast, ß-lap-treated LNCaP cells showed a much 

lower percentage of cells staining positive with the TUNEL assay (28.1%), consistent 

with prior data (1) and co-administration of dicoumarol did not affect ß-lap-mediated 

responses in these cells. Treatment of each cell line with CPT resulted in only modest 

apoptosis (i.e., 22-43% TUNEL-positive cells), as previously described (4) and 

predictably, CPT-induced apoptosis was not affected by dicoumarol co-treatments (Fig 

2B). 

Apoptotic substrate cleavage events in human prostate cancer cells after ß-lap 

exposure. Human prostate cancer cell lines treated with ß-lap exhibited the formation of 

an atypical ~60 kDa PARP polypeptide, in contrast to classical, CPT-induced, and 

caspase-mediated, 89 kDa PARP cleavage (Fig. 3A, open arrow). Atypical 60 kDa 

PARP fragmentation was apparent in DU-145 and PC-3 cells treated with 10 uM ß-lap 
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(Fig. 3A, open arrow) and correlated well with apoptosis as monitored by TUNEL assays 

(Fig. 2), consistent with similar responses in human breast cancer cells (2, 20). 

Furthermore, formation of ß-lap-induced PARP cleavage was completely blocked by co- 

administration of 50 uM dicoumarol (Fig. 3 A), consistent with this NQOl inhibitor's 

ability to prevent ß-lap-mediated apoptosis (Fig. 2) and lethality (Fig. 1). The more ß- 

lap-resistant LNCaP cells required a greater concentration of ß-lap (25 uM) to induce an 

identical atypical PARP cleavage fragment. Co-administration of dicoumarol with ß-lap 

did not significantly affect the formation of the 60 kDa PARP cleavage fragment in ß-lap- 

treated LNCaP cells (Fig. 3A). In contrast, all three human prostate cancer cell lines 

exhibited the formation of an 89 kDa PARP cleavage fragment (Fig. 3 A, closed arrow) 

after 10 uM CPT exposures, in direct proportion to the level of apoptosis observed (Fig. 

2B). Dicoumarol co-administration had no effect on classical, caspase-mediated PARP 

cleavage after CPT exposures. 

Global caspase inhibitors, such as zVAD-fmk, can prevent the activation of many 

of the caspases and their downstream events (i.e., substrate proteolysis and cell death) 

(43). As expected, addition of 100 uM zVAD-fmk completely abrogated the formation 

of CPT-induced, PARP fragmentation (89 kDa), occurring in direct response to apoptosis 

induced by this agent (Fig. 3B). In contrast, atypical PARP fragmentation noted in ß-lap- 

treated DU-145 cells (open arrow) was not affected by 100 uM zVAD-fmk, suggesting 

that either ß-lap induces a non-caspase-mediated pathway, or that zVAD-fmk cannot 

inhibit this particular caspase-mediated pathway (Fig. 3B). 

Cleavage of lamin B (60 kDa full-length protein) to a characteristic 46 kDa 

polypeptide, typically by caspase 6, is believed to aid in the breakdown of the 
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architecture necessary for apoptosis-related nuclear condensation and membrane blebbing 

(44, 45). Cleavage of lamin B in ß-lap-treated MCF-7:WS8 cells was noted (4). In DU- 

145 cells, ß-lap- but not CPT-treatment resulted in lamin B cleavage, possibly due to the 

relatively poor apoptotic responses induced by CPT compared to ß-lap. Interestingly, 

100 uM zVAD-fmk, the pan-caspase inhibitor, did not inhibit ß-lap-mediated cleavage of 

lamin B (Fig. 3B). These data are consistent with prior data from our laboratory that ß- 

lap can stimulate a non-caspase-mediated, cysteine protease-directed apoptotic pathway 

in certain human cancer cells (20). 

We previously showed that p53 is not necessary for ß-lap-induced apoptosis (1). 

In fact, we reported that the basal level of p53 decreased following treatment of wild- 

type p53-expressing MCF-7 breast cancer cells following 4-10 uM ß-lap (4). In mutant 

p53-expressing DU-145 cells, ß-lap treatment resulted in the formation of two cleavage 

fragments (40 kDa and -20 kDa) that were not inhibited by 100 uM zVAD-fmk co- 

administration (Fig. 3B). A similar cleavage of p53 has been described during calpain- 

mediated apoptosis, and this protease may be involved in ß-lap-mediated cell death 

responses (20). Treatment of DU-145 cells with CPT did not result in any changes in the 

level or cleavage of p53, even though 20% of the cells were apoptotic (i.e., TUNEL- 

positive); DU-145 cells express stable, high levels of mutant p53 protein whose levels are 

not stabilized by CPT-mediated damage. 

Expression of NQOl and p53 in Human Prostate Cancer Cells. The data presented in 

Fig. 1 suggested a selective protective affect of dicoumarol on PC-3 and DU-145, but not 

on LNCaP cells. Since dicoumarol is a relatively specific inhibitor of the two-electron 

reduction enzyme, NAD(P)H:quinone oxidoreductase-1 (NQOl) (46), we examined 



17 

LNCaP, PC-3 and DU-145 cells for their activities of this enzyme. ß-Lap-sensitive DU- 

145 and PC-3 cells expressed NQ01 protein (Fig. 4) and demonstrated dicoumarol- 

sensitive, enzyme activity (Table 1), measured by menadione-mediated, NQOl reduction 

of cytochrome c as described in 'Materials and Methods' (39). In contrast, LNCaP cells 

did not express NQOl protein or enzyme activity (Table 1). 

Stable Transfection of LNCaP Cells with NQOl. LNCaP cells were transfected with 

either pcDNA3 empty vector or pcDNA3 containing full-length NQOl cDNA, in which 

expression of this two-electron reductase was controlled by the CMV promoter. Five 

clonal cell lines containing NQOl (LN-NQ Cl 1-4, 10) and one vector alone-control (LN- 

pcDNA3) were isolated. All five NQOl-containing cell lines demonstrated both enzyme 

activity (15- to 30-fold above nontransfected levels, Table 1) and protein expression (Fig. 

7). LNCaP transfectants containing pcDNA3 vector alone exhibited neither NQOl 

enzyme activity nor protein expression, similar to nontransfected LNCaP parental cells 

(Table 1, Fig. 7). 

While NQOl catalyzes a two-electron reduction of quinones to form 

hydroquinones, a similar intracellular quinone reduction can also be accomplished 

through reductases which perform one-electron reductions, such as the 

NADHxytochrome P450 (P450) and NADH:cytochrome b5 reductase (b5R) family of 

enzymes. To determine whether LNCaP cells compensated for their NQOl deficiency by 

increasing the activities of one-electron enzymes, levels of P450 and cytochrome b5R 

were determined in the three parental cell lines, as well as in six LNCaP transfectants. 

No significant differences in P450 or b5R enzyme activities were noted in any LNCaP 

clonal cell lines examined (Table 1). 
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Transfection of NQOl sensitized human LNCaP prostate cancer cells to ß-lap. In 

clonogenic assays, NQOl-deficient parental LNCaP cells showed moderate resistance to 

ß-lap, relative to DU-145 and PC-3 cells, which express high levels of the enzyme (Fig. 

1). Similarly, NQOl-containing LNCaP clones demonstrated significantly increased 

sensitivity to ß-lap relative to the NQOl-deficient, LNCaP transfectant cell line 

containing pcDNA3 vector alone (Fig. 5A). Co-administration of dicoumarol, to inhibit 

exogenously expressed NQOl, returned NQOl-expressing LNCaP cell clones to the 

relatively resistant phenotype of the NQOl-deficient, pcDNA3 vector alone, control line. 

As with parental LNCaP cells, dicoumarol co-administration had no effect on the 

sensitivity of NQOl-deficient, LNCaP cells (containing pcDN A3 vector alone) to ß-lap 

treatment (Fig. 5A). Menadione is a quinone that is detoxified by NQOl and thus toxic 

to cells in the absence of the enzymatic activity of NQOl. Thus, in contrast to ß-lap- 

mediated toxicity, NQOl-deficient LNCaP parental or vector alone transfectants were 

more sensitive to menadione. NQOl-containing, LN-NQ Cl 10 cells were resistant to 

menadione toxicity compared to NQOl-deficient, LN-pcDNA3 cells (Fig. 5B). Thus, the 

toxicities of menadione and ß-lap appear to be reversed, wherein NQOl expression 

conferred resistance to menadione, but enhanced sensitivity to ß-lap (compare results in 

Fig. 5 A to Fig. 5B). Similar results were found with human NQOl-transfected (or vector 

alone-transfected) MDA-MB-468 breast cancer cells treated with ß-lap or menadione (2). 

Suggesting NQOl is not merely sensitizing the cells, but is indeed activating ß-lap. 
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Transfection of LNCaP cells with NQOl enhanced ß-lap-induccd apoptosis. 

Exposure of each NQOl-expressing LNCaP transfectant (LN-NQ Cl 1-4, 10) to 10 uM 

ß-lap resulted in significantly increased apoptosis (i.e., 80-90% of the cell population 

demonstrating positive TUNEL staining at 48 h posttreatment) compared to control 

LNCaP transfectants containing pcDNA3 empty vector alone (LN-pcDNA3 cells, which 

demonstrated less than 5% apoptotic cells in the same 48-h posttreatment period).  As 

expected, NQOl-mediated, ß-lap-stimulated apoptosis in LN-NQ Cl 1-4, 10 cells lines 

was prevented by co-administering 50 uM dicoumarol. In contrast, dicoumarol did not 

affect ß-lap-induced apoptosis in LNCaP cells containing the pcDNA3 empty vector 

(LN-NQ pcDNA3 cells, Fig. 6) or in the parental nontransfected LNCaP cells (Fig. 2). 

Expression of NQOl In LNCaP cells enhanced atypical PARP cleavage in response 

to ß-lap exposure.   Parental LNCaP cells produced an apoptosis-related, atypical 

cleavage of PARP (formation of a 60 kDa PARP polypeptide) following 25 uM ß-lap, 

nearly 5 times the drug's LD50 (see Figs. 2 and 3B). In contrast, atypical PARP cleavage 

was apparent in PC-3 or DU-145 cells after 5-10 uM ß-lap, at or near the drug's LDgo for 

these cells.  In general, atypical PARP cleavage correlated well with the sensitivities 

(apoptosis) of each cell line after ß-lap exposures in NQOl-expressing cells (Figs. 1A 

and 3B) and that observed in breast cancer epithelial cells (20). Empty vector (LN-NQ 

pcDNA3)- or NQOl-transfected LNCaP (LN-NQ Cll-4, 10) cells were examined for 

PARP cleavage following ß-lap treatments.  Atypical 60 kDa PARP fragmentation in 

each NQOl-expressing clone only required 5-10 uM ß-lap, whereas the parental and 

vector alone clones needed significantly greater ß-lap doses (>25 uM) for the same 

atypical PARP cleavage reactions (Fig. 7).   Thus, PARP fragmentation in NQOl- 
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containing LNCaP cells, but not in LNCaP parental or empty vector transfectants, 

following ß-lap treatment strongly correlated with overall apoptosis (Fig. 6) and lethality 

(Fig. 5A). In contrast, altered expression of NQOl did not influence apoptotic reactions 

induced by CPT in any of the LNCaP cell lines examined above. 

Discussion 

NQOl may be a clinically exploitable target for therapy against certain tumors 

using ß-lap or its derivatives. Our results demonstrate that NQOl as a key intracellular 

target for ß-lap in human prostate epithelial cancer cells, since dicoumarol prevented 

NQOl-directed, ß-lap-mediated apoptosis, and lethality in DU-145 and PC-3, and did not 

affect ß-lap-induced apoptosis in NQOl-deficient LNCaP cells. This conclusion was 

further supported by our demonstration that re-expression of NQOl in LNCaP cells 

increased their sensitivity to ß-lap-mediated apoptosis and lethality. Thus, our data 

suggests a specific target for ß-lap in prostate cancer cells, NQOl, that correlates with 

that seen in breast cancer cells (2). Although many laboratories (including our own) have 

published data supporting other potential targets in vitro, including Topo I and Topo II- 

alpha, none of these previous studies demonstrated convincing data for an intracellular 

target for this drug until recently. 

We previously showed that ß-lap-induced a p53-independent apoptotic response 

in human prostate cancer cells (1).   We now demonstrate that such p53-independent 

apoptotic responses caused by ß-lap are greatly enhanced by NQOl expression (Fig. 7). 

Furthermore, we demonstrate that NQOl expression-dependent lethality for ß-lap is 

opposite to that of menadione, wherein NQOl over-expression increases ß-lap lethality 
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but decreases the cytotoxicity of menadione. Similar results were found in human MDA- 

MB-468 breast cancer cells, which also lackNQOl expression (2). Collectively, our data 

suggest that ß-lap is bioactivated by some unknown mechanism(s) in cells expressing 

NQOl. The possibility of a bioactivated form of ß-lap interacting with previously 

suggested in vitro targets, such as Topo I (3), is possible and not yet known. 

ß-Lap induces a unique apoptotic response in epithelial cancer cell lines, such as 

those of breast or prostate origin. In epithelial cancer cells, ß-lap stimulates a novel cell 

death pathway that appears to be caspase-independent (Fig. 4), calcium-dependent, and 

NQOl-mediated (Fig. 7) (2, 20); dicoumarol prevents its activation and cells lacking 

NQOl do not demonstrate p53 or PARP proteolytic cleavage events after physiological 

ß-lap exposures (non-supralethal doses) (Fig. 3B) (2). Treatment of human prostate 

cancer cells with ß-lap induced the formation of an atypical PARP cleavage fragment, 

different from the classical 89 kDa fragment formed during caspase-mediated (via 

caspases 3,6 and 7) apoptosis (47). The production of this 60 kDa atypical PARP 

fragment correlated well with apoptosis and overall sensitivity of prostate or breast 

epithelial cancer cells to ß-lap (compare Figs. 5A and 7) (2). Addition of 100 uM zVAD- 

fmk, a widely used pan-caspase inhibitor, blocked caspase-induced typical PARP 

cleavage initiated in DU-145 cells by treatment with 10 uM CPT (Fig. 3B). However, 

the same concentration of zVAD-fmk had no effect on atypical PARP cleavage or 

cleavage of other ß-lap-induced apoptotic substrates, such as lamin B or p53, in NQOl- 

expressing human prostate cancer cell lines. These data are consistent with prior data 

using human breast cancer cells and strongly suggest that when NQOl is expressed, ß-lap 
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predominantly stimulates a noncaspase-mediated apoptotic response, which we theorize 

is directed by the activation of the calcium-dependent cysteine protease, calpain (20). 

LNCaP cells, while relatively resistant, did exhibit toxicity following ß-lap 

exposures, despite their deficiency in NQOl expression at significantly higher doses of 

ß-lap as compared to NQOl expressing cells. The observed toxicity in LNCaP parental 

cells may be attributed to the lower affinity of one-electron reducing enzymes for ß-lap, 

such as the p450 enzyme family, as well as other nonrelated enzymes (e.g., cytochrome 

b5 reductase). These enzymes may catalyze two one-electron reductions of quinones in 

order to form the hydroquinone, whereas NQOl mediates one higher affinity two 

electron reduction forming the same byproduct. As a result, a higher dose of ß-lap was 

required (compared to NQOl-containing PC-3, DU-145 or LNCaP transfectants) for a 

similar biological affect (i.e., lethality). Re-expression of NQOl in LNCaP cells, via 

stable transfection with CMV-controlled mammalian NQOl expression vectors 

significantly increased their sensitivity to ß-lap, a sensitivity ablated by dicoumarol co- 

administration. These data indicate that while NQOl is not the only enzyme capable of 

activating or metabolizing ß-lap, its ability far surpasses the efficiency of other reductases 

(or other as yet unidentified enzymes) in the cell to bioactivate the drug. Furthermore, 

apoptotic responses (monitored by TUNEL-positive cells) in human prostate cancer 

epithelial cell lines elicited by ß-lap appear essentially dependent on NQOl, suggesting 

that NQOl-independent death may be via necrosis or 'interphase' cell death. 

Current dogma states that all apoptotic pathways include caspase activation, and 

that all caspase-independent mechanisms lead exclusively to necrosis. Our data strongly 

suggest that other noncaspase-mediated apoptotic pathways (e.g., mediated by calpain) 
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exist after certain drug treatments. Furthermore, we suggest that there is a spectrum of 

cell death responses, ranging from clear caspase-mediated apoptosis to dramatic cell lysis 

during necrosis (i.e., cell plasma membrane rupture and lysis, as observed after sodium 

azide exposure). Cells treated with ß-lap exhibit many characteristics of cells undergoing 

apoptosis, including morphologic changes (Fig. 2A), chromatin condensation (4), DNA 

ladder formation (1, 5), generation of sub Go/Gi apoptotic cells (1), cells staining positive 

with the TUNEL assay, which monitors for endonuclease-specific DNA double strand 

breaks (Fig. 2B, 6), specific dephosphorylation of pRb (4), and specific intracellular 

cleavage of unique substrates (i.e., Topo I, Topo II, lamin B, and p53), while most other 

proteins (e.g., cyclins A, B, E and bcl-2) remained intact ((4), Fig. 3A, Fig. 3B, Fig. 

7)(20). Yet, concrete evidence of caspase activation is lacking. It was previously 

reported that ß-lap induced apoptosis in some cell systems and necrosis in others, 

although specific endpoints for necrosis were not examined (48). ß-lap-treated breast or 

prostate cancer cells demonstrated extensive formation of apoptotic cells, as monitored 

by TUNEL assays, formation of sub-Go/Gi cells, morphology changes (i.e., condensed 

nuclei and rounded cells) and lamin B cleavage (Fig. 3B), as early as 4-8 h following ß- 

lap treatment (2, 20). Since some DNA fragmentation may occur during late stage 

necrosis (49), the early (4-8 h) appearance of TUNEL positive cells concomitant with 

specific protein cleavage events (e.g., PARP and p53) following ß-lap treatment strongly 

suggests that an apoptotic, rather than necrotic, cell death mechanism was triggered by ß- 

lap. ß-Lap-treated NQOl-expressing cells demonstrate extensive nuclear condensation, 

unique intracellular substrate cleavages and the cells detached in a rounded form (Fig. 2). 

Most importantly, ß-lap-treated cells show no visible morphologic hallmarks of necrosis, 
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such as extensive cell debris (Fig. 2). Few cells survive the treatment and the cytotoxic 

responses have a sharp dose-response curve in which apoptosis and loss of survival are 

directly correlated in NQOl-expressing cells. AU NQOl-containing breast and prostate 

cancer cells examined thus far respond with identical apoptotic mechanisms to the drug. 

In contrast, all NQOl-deficient breast or prostate cancer cells appear to be more resistant 

to ß-lap, showing significantly less apoptosis (2). 

We previously showed that ß-lap was a radiosensitizer (after IR exposure) of 

human cancer cells compared to normal cells (3). Furthermore, those normal cells that 

did survive the IR exposures plus ß-lap posttreatments demonstrate lower than basal 

levels of neoplastic transformants (50). Our laboratory also demonstrated that NQOl 

was an X-ray-inducible transcript and protein (i.e., xip3) (22). The discovery that NQOl 

is a major determinant in the sensitivity of human prostate and breast4 epithelial cancer 

cells to ß-lap may explain the compound's ability to radiosensitize certain cancer cells 

which express low basal levels of NQOl, but in which the cell's enzyme levels can be 

dramatically induced by IR pretreatment. We previously found that posttreatments, and 

not pretreatments, of ß-lap sensitized cells to IR (3, 50-52). A five hour posttreatment of 

4-5 uM ß-lap was required, in which IR-treated cells were killed and non-IR-treated cells 

were spared (<20% lethality). Since we also showed that NQOl levels were induced 5- 

to 20-fold in three to four hours in the same cell line (22), we speculate that the 

compound's radiosensitizing capacity was due to the exploitation of this damage- 

inducible, bioactivating (for ß-lap) enzyme. Since NQOl is commonly elevated during 

early stages of carcinogenesis (53, 54), normal cells which become genetically unstable 

following IR exposure and later induce stable expression of NQOl, would be rather 
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sensitive to cell death by ß-lap posttreatments. We previously demonstrated that post-IR- 

exposure to 4-5 uM ß-lap could dramatically reduce IR-mediated neoplastic 

transformants (52). We speculate, therefore, that this compound may not only be useful 

against NQOl-overexpressing cancer cells (e.g., breast, lung and possibly prostate 

cancers), but the compound could possess great potential as an anti-carcinogenic agent by 

eliminating genetically unstable, NQOl-overexpressing severely damaged normal cells, 

which would otherwise become neoplastically transformed. 
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Figure Legends 

Figure 1. Dicoumarol protects DU-145 and PC-3, but not LNCaP, human prostate 

cancer epithelial cell lines from ß-lapaclione (ß-lap)-induced cytotoxicity.    The 

survival of DU-145, PC-3, and LNCaP human prostate cancer cell lines following ß-lap 

treatment, with or without dicoumarol co-administration, was determined by colony 

forming ability assays as described in 'Materials and Methods'. ß-Lap or CPT, with or 

without 50 uM dicoumarol co-treatments, were given as 4-h pulse treatments as 

described in 'Materials and Methods'. Shown are the results (mean ±SD) of three 

experiments repeated in duplicate. 

Figure 2A. Dicoumarol blocks morphologic changes in DU-145 cells after ß-lap 

treatment. DU-145 cells were treated with 5 uM or 10 uM ß-lap, with or without 50 uM 

dicoumarol, for 4 h. At 24 h post-treatment, phase-contrast photomicrographs were taken 

of treated or control cells. Shown are representative photos of experiments repeated three 

or more times. Magnification = 100X. 

Figure 2B. Dicoumarol prevents apoptosis induced in human prostate cancer cells 

following ß-lap, but not CPT. TUNEL assays to monitor apoptosis in ß-lap- or CPT- 

treated human prostate cancer cells, with or without 50 uM dicoumarol co- 

administration, were performed 48 h following 4-h drug treatments. The percentage of 

cells which stained positive in the TUNEL assay, appears in the top right corner of each 

panel. 
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Figure 3A. PARP cleavage in human prostate cancer cells following ß-lap or CPT 

exposures. Human prostate cancer cell lines were treated for 4-h with ß-lap (10 or 25 

uM) or CPT (15 uM), with or without 50 uM dicoumarol co-administration. Cells were 

harvested for analyses 24 h post-treatment and analyzed for specific changes in protein 

cleavage events by Western blot analyses. Closed arrow: typical 89 kDa PARP cleavage 

fragment,. Open arrow: atypical 60 kDa PARP cleavage fragment. 

Figure 3B. zVAD-fmk blocks CPT- but not ß-lap-induced apoptotic proteolytic 

substrate cleavage in DU-145 cells. DU-145 human prostate cancer cells were treated 

with either 10 uM ß-lap or 10 uM CPT, with or without 100 uM zVAD-fmk, for 4 h and 

specific protein cleavage events were monitored by Western immunoblot analyses. 

zVAD-fmk treatment began one hour prior to ß-lap addition, treatment was continued 

throughout the ß-lap treatment, and cells were harvest as described in 'Materials and 

Methods'. PARP: full length polypeptide, 113 kDa; typical PARP cleavage fragment 

(closed arrow), 89 kDa; atypical PARP cleavage fragment (open arrow), -60 kDa. p53: 

full length polypeptide, 53 kDa; p53 cleavage fragment, -40 kDa. Lamin B: full length 

polypeptide, 68 kDa; lamin B cleavage fragment, 45 kDa. 

Figure 4. NQOl and p53 status of three human prostate cancer cell lines. Western 

immunoblot analyses of untreated lysates from three human prostate cancer cell lines, 

DU-145, PC-3, and LNCaP were performed as described in 'Materials and Methods'. 
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Figure 5A. Transfection of LNCaP cells with NQOl enhances ß-Iap-induced 

lethality. NQOl-containing (LN-NQ Cll-4, 10) and -deficient (LN-pcDNA3) LNCaP 

clonal cell lines were treated with 4-h pulses of various doses of ß-lap, with or without 

concomitant 50 uM dicoumarol co-administration. Survival was then determined by 

colony forming ability (CFA) assays as described in 'Materials and Methods'. 

Experiments were performed three times, each in triplicate. Symbols represent mean 

+SD. Open symbols: ß-lap alone. Closed symbols: ß-lap with 50 uM dicoumarol co- 

administration. 

Figure 5B. Transfection of LNCaP cells with NQOl decreases menadione-induced 

lethality. One NQOl-transfected LNCaP clonal cell line (LN-NQ Cl 10) and the LNCaP 

vector alone clonal isolate (LN-pcDNA3) were treated with 4-h pulses of various doses 

of menadione and survival was determined by CFA assays as described in 'Materials and 

Methods'. Experiments were performed three times, each in triplicate. Symbols 

represent mean +SD. 

Figure 6. Stable transfection of LNCaP cells with NQOl enhances ß-lap-induced 

apoptosis. Stably transfected LNCaP clonal cell lines containing NQOl or vector alone 

(from Fig. 5 A) were treated for 4-h with various concentrations of ß-lap, with or without 

50 uM dicoumarol, as described in 'Materials and Methods'. Forty-eight hours (48-h) 

posttreatment, cells were monitored for apoptosis-related DNA fragmentation using 

TUNEL assays. Symbols represent mean +SD of experiments performed three or more 

times, each in triplicate.   LNCaP isolated clonal cell lines examined were: pcDNA3, 
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LNCaP stably transfected with vector alone; LN-NQ Cl 1-4 and 10, five separate LNCaP 

cell lines stably transfected with CMV-controlledNQOl cDNA, Clones 1-4, and 10. 

Figure 7. ß-Lap-induced atypical PARP cleavage is enhanced by NQ01 

overexpression. NQOl-containing and -deficient LNCaP clonal cell lines (described in 

Figs. 5A and 6), were exposed to 4-h treatments with various doses of ß-lap or 10 ^iM 

CPT. Cells were harvested for western immunoblot analyses 24 h following drug 

removal as previously described. Open arrow, atypical PARP cleavage fragment of ~60 

kDa molecular weight by SDS-PAGE. 
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Activation of the transcription factor NF-KB by extra- 
cellular signals involves its release from the inhibitor 
protein IKB<* in the cytoplasm and subsequent nuclear 
translocation. NF-KB can also be activated by the anti- 
cancer agent camptothecin (CPT), which inhibits DNA 
topoisomerase (Topo) I activity and causes DNA double- 
strand breaks during DNA replication to induce S phase- 
dependent cytotoxicity. Here we show that CPT acti- 
vates NF-KB by a mechanism that is dependent on initial 
nuclear DNA damage followed by cytoplasmic signaling 
events. NF-KB activation by CPT is dramatically dimin- 
ished in cytoplasts and in CEM/C2 cells expressing a 
mutant Topo I protein that fails to bind CPT. This re- 
sponse is intensified in S phase cell populations and is 
prevented by the DNA polymerase inhibitor aphidicolin. 
In addition, CPT activation of NF-KB involves degrada- 
tion of cytoplasmic IKBO: by the ubiquitin-proteasome 
pathway in a manner that depends on the IKB kinase 
complex. Finally, inhibition of NF-KB activation aug- 
ments CPT-induced apoptosis. These findings elucidate 
the progression of signaling events that initiates in the 
nucleus with CPT-Topo I interaction and continues in 
the cytoplasm resulting in degradation of IKB« and nu- 
clear translocation of NF-KB to attenuate the apoptotic 
response. 

The NF-KB/Rel family of transcription factors regulates ex- 
pression of genes critical for multiple biological processes, in- 
cluding immune responses, inflammatory reactions, and apop- 
tosis (1-3). In mammalian cells, NF-KB exists as dimeric 
complexes composed of p50, p65 (RelA), c-Rel, RelB, or p52. 
These proteins share a conserved Rel homology domain that 
encodes dimerization, DNA binding, and nuclear localization 
functions. NF-KB associates with members of the IKB family of 
proteins, most notably IKBO:, which masks the nuclear localiza- 
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tion sequence of NF-KB and retains it in the cytoplasm (4, 5). 
Dissociation from IKBCK is essential for NF-KB to enter the 
nucleus and to activate gene expression. Several signaling cas- 
cades that control NF-KB activation converge at an IKB kinase 
(IKK)1 complex, responsible for site-specific phosphorylation of 
IKBQ: at serines 32 and 36 (6-10). Phosphorylation of IKBO: 

induces multiubiquitination of IKBO: and its subsequent degra- 
dation by the ubiquitin-dependent 26 S proteasome (11, 12). 
This sequence of events can be induced without de novo protein 
synthesis by multiple extracellular stimuli, including tumor 
necrosis factor a (TNFa), interleukin-1, phorbol ester (PMA), 
bacterial lipopolysaccharide (LPS), and others. However, 
NF-KB activation can also be achieved through mechanisms 
that are distinct from the above IKK-dependent model. These 
include phosphorylation-independent yet proteasome-medi- 
ated IKB« degradation induced by ultraviolet irradiation (13, 
14), calpain-dependent degradation of IKB« by silica and TNFa 
(15, 16), and tyrosine phosphorylation-induced dissociation of 
IKBO: from NF-KB following hypoxia and reoxygenation (17). 
Thus, depending on the stimuli, NF-KB can be activated 
through multiple distinct regulatory pathways. 

Activation pathways of NF-KB typically originate from li- 
gand-receptor interactions on the cell membrane. However, 
NF-KB can also be activated by a group of agents that damage 
DNA in the nucleus. A paradox confounding our current un- 
derstanding of the mechanism of NF-KB activation by agents 
that damage DNA is that the major source of damaged DNA is 
in the nucleus, whereas latent NF-KB complex is in the cyto- 
plasm. It was previously hypothesized that a signal may trans- 
fer from the nucleus to the cytoplasm (18). In support of this 
model, a recent study by Piette and Piret (19) provides evidence 
that NF-KB activation by DNA-damaging agents correlates 
with their capacity to induce DNA breaks. However, the re- 
quirement of damaged DNA in the nucleus has not been di- 
rectly demonstrated. In contrast, Devary et al. (20) showed that 
enucleated cells (i.e. cytoplasts) retained full capacity to acti- 
vate NF-KB following UV irradiation, indicating that nuclear 
DNA damage is not necessary for NF-KB activation by UV 
irradiation. There is now substantial evidence to support the 
notion that UV activation of NF-KB involves activation of cell 
surface receptors by ligand-independent oligomerization (14, 

1 The abbreviations used are: IKK, IKB kinase; TNFa, tumor necrosis 
factor a; PMA, phorbol myristyl acetate; LPS, lipopolysaccharide; CPT, 
camptothecin; Topo I, DNA topoisomerase I; SSB, DNA single-strand 
break; DSB, DNA double-strand break; TPT, topotecan; ALLN, acetyl- 
leucinyl-leucinyl-norleucinal; EMSA, electrophoretic mobility shift as- 
say; HA, hemagglutinin; GFP, green fluorescent protein; WT, wild type; 
FACS, fluorescence-activated cell sorter; X-gal, 5-bromo-4-chloro-3-in- 
dolyl ß-D-galactopyranoside. 
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21-24) and/or oxidative stress-mediated inactivation of recep- 

tor tyrosine phosphatases, which ultimately leads to ligand- 

independent activation of receptor tyrosine kinases (25). 

Whether nuclear DNA damage can directly activate an intra- 

cellular NF-KB signaling pathway without involving cell sur- 

face receptors remains an important question yet to be 
resolved. 

We and others have observed that an anti-cancer agent, 

camptothecin (CPT), can activate NF-KB in pre-B or T cell lines 

(19, 26). CPT inhibits the activity of DNA topoisomerase (Topo) 

I (27-29). Topo I changes the supercoiling of DNA and therefore 

plays critical roles in DNA replication, in RNA transcription, 

and, indirectly, in DNA damage repair (30). CPT selectively 

binds to and stabilizes a covalent Topo I-DNA reaction inter- 

mediate, referred to as the cleavable complex, which contains a 

single-strand DNA break (SSB) (31, 32). DNA double-strand 

breaks (DSBs) are then generated during DNA replication 

when the replication fork collides with the cleavable complex 

(33). In the present study, our objective was to determine 

whether or not nuclear events associated with the DNA-dam- 

aging action of CPT and a clinically utilized derivative of CPT, 

topotecan (TPT) (34, 35) were required for activation of cyto- 
plasmically localized NF-KB complexes. We also examined 

whether CPT activation of NF-KB modulated an apoptotic re- 

sponse. Our findings elucidate a series of nuclear events in- 

duced by CPT/TPT that converge with cytoplasmic signaling 

events responsible for the activation of NF-KB, which can pro- 
vide anti-apoptotic function. 

EXPERIMENTAL PROCEDURES 

Cell Culture—Culture conditions for 70Z/3 and 70Z/3-CD14 murine 
pre-B cells have been described (36). CEMp and CEM/C2 human T cell 
lines were kindly provided by Dr. Y. Pommier (National Institutes of 
Health) and maintained in RPMI 1640 medium (Cellgro, Mediatech) 
supplemented with 10% fetal bovine serum (HyClone Laboratory, Inc.), 
1000 units of penicillin G (Sigma), and 0.5 mg/ml streptomycin sulfate 
(Sigma) in an humidified 5% C02-95% air incubator (Forma Scientific). 
HeLa human cervical carcinoma cells and PC-3 human prostate carci- 
noma cells were maintained in Dulbecco's modified Eagle's medium 
(Cellgro) supplemented with 10% fetal bovine serum and antibiotics as 
above in a 10% CO2-90% air incubator. The human kidney embryonic 
fibroblast 293 (HEK293) was maintained in the latter medium on 0.1% 
(w/v) gelatin-coated plastic culture dishes. 

Reagents—CPT, VP16, calpain inhibitor I (ALLN), Me2SO, bacterial 
LPS, PMA, cycloheximide, aphidicolin, and cytochalasin B were pur- 
chased from Sigma. TPT was a gift from SmithKUne Beecham. Lacta- 
cystin was generously provided by Dr. E. J. Corey (Harvard University). 
Stock solutions were prepared in Me2S0 at 10 mM (CPT), 10 mM (VP16), 
30 mM (aphidicolin), cytochalsin B (10 mg/ml), and 25 mM (lactacystin, 
25% Me2SO-75% H20). TPT stock was made in water at 30 mM. LPS 
was prepared in RPMI growth medium at 1 or 10 mg/ml. Human 
recombinant TNFa was from CalBiochem and resuspended in phos- 
phate-buffered saline containing 0.1% bovine serum albumin (fraction 
V, Sigma). A 50 /iM PMA stock was made in 100% ethanol. A cyclohex- 
imide stock solution was made in water at 50 mg/ml. In each experi- 
ment, all samples received the same amounts of Me2S0 to control for 
potential Me2SO effects. All stock solutions were stored in aliquots at 
either -70 °C or -20 °C. IgGs against IKBO (C21), c-Rel (C), p65 (A and 
C20), Eel-B (C-19), p52 (1-18), and p50 (NLS) were purchased from 
Santa Cruz Biotechnology. A monoclonal anti-FLAG antibody was pur- 
chased from Kodak, and horseradish peroxidase-conjugated anti-rabbit 
and anti-mouse antibodies and protein A were obtained from Amer- 
sham Pharmacia Biotech. Prestained protein molecular weight markers 
were purchased from Life Technologies, Inc. Cell preparation and West- 
ern immunoblots were performed as described (36) and developed using 
the ECL procedure according to the manufacturer (Amersham Phar- 
macia Biotech). Blots were then exposed to x-ray film (Kodak). 

Electrophoretic Mobility Shifl and Supershift Assays—The IgK-KB 
oligonucleotide probe and conditions for EMSA were previously de- 
scribed (36). For supershift assays, 1 /ig of IgG antibodies specific to 
members of the NF-KB proteins (Santa Cruz Biotechnology) were added 
to nuclear extracts for 20 min on ice prior to addition of radiolabeled 

probe. The AP-1 site used for control EMSA reactions was obtained 
from Promega. 

Enucleation Procedure—Enucleation was performed as described 
(37) with the following modifications. PC3 or HeLa cells were seeded in 
30-mm dishes, grown overnight, and exposed to cytochalasin B (10 
/xg/ml) for a total of 30 min at 37 °C. Plates were placed upside down in 
400-ml centrifuge bottles and bathed in growth medium containing 
cytochalasin B at the same concentration. Plates were secured at the 
bottom of the centrifuge bottles by appropriately sized styrofoam. Sam- 
ples were then centrifuged at 10,000 rpm for 15 min at 37 °C using a 
Beckman JA-14 rotor. The rotor and centrifuge chamber were pre- 
warmed to ~37 °C by prior centrifugation without samples. Plates with 
enucleated cells (i.e. cytoplasts) were then removed from the centrifuge 
bottle, gently rinsed with phosphate-buffered saline, and incubated 
with prewarmed growth medium for 30 min at 37 °C. Samples of enu- 
cleated cells were fixed in 3:1 methanol/acetic acid, stained with Ho- 
echst dye 33258, and photographed under a fluorescent microscope 
equipped with a 4'6,-diamidino-2-phenylindole-specific filter. The enu- 
cleation efficiency varied from —75 to 95% for PC-3 and HeLa cells. 

Transient Transfection Assay—Cells (HEK293, HeLa, or PC-3) were 
transiently transfected using a standard calcium phosphate precipita- 
tion method (38). CEMp and CEM/C2 cells were transfected with 
DEAE-Dextran method (39). An NF-KB-dependent luciferase reporter 
(3XKB-LUC) was constructed by inserting a Hindlll-Bglll fragment of 
3XKB-CAT into the Hindlll-Bglll sites of the tk-Luc plasmid (kindly 
provided by Dr. R. Evans, Salk Institutite). 3XMKB-LUC was constructed 
using a similar cloning strategy starting with the 3XMKB-CAT (40). 24 h 
following transfection, cells were treated with TPT (30 UM) or CPT (10 
/XM) for 2 h, rinsed twice with growth medium, and further incubated 
without drugs for 6 h before termination of the cultures. Positive control 
samples were treated with TNFa (10 ng/ml) for a total of 8 h. Control 
samples were transfected with the LacZ cDNA under the control of the 
cytomegalovirus promoter in the pCMX vector (CMV-LacZ). For CEMp 
and CEM/C2 cells, total proteins were used for normalization. 

Full-length human IKKa cDNA was provided by Dr. I. M. Verma 
(Salk Institute). Full-length human IKKß cDNA was cloned by screen- 
ing a human kidney cDNA library in AZAPII with a polymerase chain 
reaction-amplified DNA fragment using a HeLa cDNA library (CLON- 
TECH) and T0237 (5-CTCAGCAGCTCAAGGCCAAG-3') and TO240 
(5'-CCAGAGCTCCTTCTGCCGC-3') primers. IKKa and IKKß with a 
Lys-to-Ala substitution at the conserved ATP binding site were gener- 
ated by polymerase chain reaction mutagenesis and confirmed by DNA 
sequencing. The mutant genes were placed under the control of the 
cytomegalovirus promoter in the pcDNA3.1(+) expression vector 
(CLONTECH). HEK293 cells were transfected with these constructs by 
calcium phosphate precipitation and then treated with either TNFa (10 
ng/ml) or TPT (30 uM) for 2 h. Nuclear extracts were analyzed by EMSA 
as described above. Cytoplasmic extracts were analyzed by Western 
blotting using the anti-FLAG monoclonal antibody (Kodak) to deter- 
mine expression levels of respective dominant-negative mutants in each 
condition. An horseradish peroxidase-conjugated donkey anti-mouse 
antibody (Amersham Pharmacia Biotech) was used for secondary anti- 
body followed by ECL development. 

Retrovirus Construction and Infection—Production and infection of 
HA-tagged wild-type and HA-tagged S32A/S36A mutant IKBO expres- 
sion constructs were described (36). Other IKBO deletion mutants were 
generated by polymerase chain reaction-mediated mutagenesis and 
confirmed by sequencing. Stable pools were selected with hygromycin (1 
mg/ml, Roche Molecular Biochemicals), and the expression levels of the 
corresponding proteins were examined by either anti-IxBa (C21, a 
C-terminal epitope) or anti-HA antibodies. For experiments shown in 
Figs. W and 9, HA-S32A/S36A clone 5 that expressed a relatively high 
level of the mutant protein was used. Similar but less pronounced 
effects were also seen with pooled cultures and in five isolated clones 
expressing varying levels of mutant protein (not shown). 

Generation of a Green Fluorescent Protein-laBa Fusion Construct— 
N-terminally fused GFP-lKBa was generated by subcloning polymerase 
chain reaction amplified human IKBO (MAD3) into ffmdIII-BomHI 
sites of the pEGFP vector (CLONTECH), such that the entire MAD3 
coding sequence was in-frame with the GFP coding sequence. Stable 
HEK293 cell clones were generated by G418 selection and subsequent 
FACS sorting. Cells were photographed using a Zeiss Axioplan micro- 
scope equipped for fluorescence with the aid of a fluorescein-specific 
filter. 

FACS Analyses—For FACS sorting of G„ S, and total cell fractions 
for EMSA analyses, 70Z/3 cells untreated or treated with CPT, TPT, or 
LPS for appropriate durations were stained with Hoechst 33342 (stock 
at 10 mg/ml in water) at the final concentration of 10 /J.g/ml for 15 min 



NF-KB Activation by DNA-Topo I Lesions 

A CPT(nM) B 

9503 

,___ ,g 
© c»o"V ? 8? So 

10j»MCPT(hr») 

e a i- .w <t öS J 

12 3 4 5 6 7 8 91011 

C Jllllll 

4 2 U U 7 i 
FIG. 1. NF-KB activation by CPT is transient and does not require de novo protein synthesis. A, dose response of CPT-induced NF-KB 

activation. Exponentially growing 70Z/3-CD14 murine pre-B cells were treated with various doses of CPT shown in jtM for 2 h (lanes 4-11). Nuclear 
extracts (10 /ig) were analyzed by EMSA using the %K-KB probe as in Ref. 36. Stimulation of NF-KB activation by LPS was for 15 min at 1 ng/ml 
final concentration. All samples, except for untreated cell extracts, were adjusted to 0.5% Me2SO, a solvent for CPT. NF-KB complex and free probe 
were indicated by closed and open arrows, respectively. B, time course of CPT-induced NF-KB activation. 70Z/3-CD14 cells were treated with 10 
fM CPT, terminated at various times and analyzed as described above. The LPS positive control (lane 9) was as described above. C, specificity of 
NF-KB complexes induced by CPT. A nuclear extract isolated from cells exposed to 10 /M CPT for 2 h was incubated with 50-fold excess wild-type 
or mutated oligonucleotides or with antibodies specific to p50 (NLS), p65/RelA (A), c-Rel (C), p52 (1-18), or Reiß (C-19). Supershifted bands for 
anti-p65 and anti-c-Rel can be seen as slower migrating bands. Antibody against p50 causes reduced DNA binding. D, NF-KB activation by CPT 
occurs in the absence of de novo protein synthesis. Cells were treated with or without 20 fig/ml cycloheximide (CX) for 30 min to block de novo 
protein synthesis and treated with TPT (30 /xM) for 1 h and analyzed as described above. The above data are representative of experiments 
performed at least three times. 

at 37 °C in RPMI growth medium, followed by cell isolation using 
FACStarPLUS (Becton Dickinson) at 4 °C. 106 cells each were purified, 
and total cell extracts were prepared for EMSA analyses. The status of 
the cell cycle of purified fractions was confirmed by propidium iodide 
staining followed by analysis with FACSCalibur (Becton Dickinson). 
Detailed protocols for apoptosis analyses using FACS have been pub- 
lished (41). Briefly, cells were fixed in ethanol, treated with a citric acid 
buffer to release fragmented DNA out of the cells, stained with pro- 
pidium iodide, and analyzed using FACSCalibur. 

RESULTS 

CPT Induces Transient NF-KB Activation in the Absence of de 
Novo Protein Synthesis—NF-KB activity is dictated by its abil- 
ity to bind cognate KB sites present in responsive genes. We 

utilized a KB site from the immunoglobulin K intronic enhancer 
in EMSA analyses to evaluate NF-KB activation by CPT or TPT 

treatments. CPT induces dose-dependent (Fig. 1A, saturating 
at 10 /XM) and transient (Fig. IB, peaking at 1-2 h) NF-KB 

binding activity in 70Z/3-CD14 pre-B cells. Addition of 50-fold 

excess specific and nonspecific oligonucleotides (Fig. 1C, lanes 
1-3) shows that the binding activity is specific to NF-KB. Spec- 
ificity is further demonstrated by the interaction of binding 
complex with antibodies to p50, RelA, and c-Rel (Fig. 1C). 
Antibodies to other NF-KB family members, p52 and RelB, did 

not alter binding, indicating that these proteins are not com- 

ponents of the NF-KB complex induced by CPT in 70Z/3-CD14 
cells. Pretreatment with cycloheximide (Fig. ID, lanes 3 and 4) 
did not interfere with this pathway, which shows that CPT 

action does not require de novo protein synthesis. This activa- 

tion is not limited to lymphoid cells because it was also induced 
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FIG. 2. Intact nucleus is necessary for NF-KB activation by 
TPT. A, Hoechst dye staining of intact and enucleated PC-3 cells. PC-3 
cells were enucleated as described under "Experimental Procedures." 
Cells were fixed and stained with Hoechst DNA dye and visualized 
under a fluorescent microscope and photographed. The exposure time 
for the cytoplasts was longer than that for the intact cells to aid 
visualization of otherwise faint cytoplast staining. B, EMSA of intact 
cells and cytoplasts treated with TPT or PMA. Intact cells or cytoplasts 
were treated with TPT (30 /iM) or PMA (50 nM) for 1 h, and equal 
amount of total cell extracts (2.5 fig) were analyzed by EMSA (NF-KB) 

or Western blots (p65, IKKa, and IKK/3). The data are representative of 
three independent experiments. 

by both CPT and TPT in CEM T leukemic, PC-3 prostate 

cancer, HEK293 embryonic kidney fibroblast, and HeLa cervi- 

cal cancer cell lines (see below, others not shown). Induction of 
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NF-KB DNA binding activity by CPT or TPT treatment resulted 
in increased NF-KB-dependent transcription of a luciferase re- 
porter gene (see below). Thus, CPT or TPT activation of NF-KB 

occurs without de novo protein synthesis and may utilize pre- 
existing regulatory component(s). 

Interaction of CPT with Nuclear Topo I Is Necessary for 
NF-KB Activation—The primary molecular target of CPT or 
TPT is nuclear Topo I enzyme (27, 32). However, mitochondria 
also contain CPT-sensitive Topo I (42). It is also possible that 
CPT activation of NF-KB may involve molecular target(s) other 
than nuclear Topo I. To evaluate the requirement of a nuclear 
event in NF-KB activation by CPT, we enucleated PC-3 and 
HeLa cells by the cytochalasin B-mediated enucleation proce- 
dure (37). This protocol produced enucleated cells with approx- 
imately 90% efficiency as determined by nuclear staining with 
Hoechst dye (Fig. 2A). Consistent with a previous report (43), 
EMSA of total cell extracts prepared from intact and enucle- 
ated cells demonstrated that NF-KB activation by activators, 
such as PMA (Fig. 2B) or TNF (80), does not require an intact 
nucleus. By contrast, the NF-KB response by CPT and TPT was 
dramatically diminished in the enucleated cells (Fig. 2B). Mod- 
est activation by TPT in enucleated cells is likely due to low 
numbers of intact cells present in the enucleated cell popula- 
tion (Fig. 2B). NF-KB (p65), and upstream kinases in the sig- 
naling pathway, IKKa and IKK/3, are still present in the cyto- 
plasts (Fig. 25, lanes 2, 4, and 6), demonstrating that the lack 
of NF-KB activation response in certain enucleated samples 
{lane 4) is not due to potential leakage of these signaling 
components. Thus, these results are consistent with the hy- 
pothesis that a nuclear event is necessary for NF-KB activation 
by CPT-related compounds. 

Although the above data are consistent with the notion that 
an intact nucleus is required for NF-KB activation by CPT, it is 
unknown whether Topo I-induced DNA damage is also re- 
quired for this process. Its DNA-damaging function requires 
CPT to interact with Topo I-DNA cleavable complexes (33). To 
address whether direct interaction of CPT and a Topo I-DNA 
complex is necessary for activation of NF-KB, we examined 
human CEM/C2 cells, which exclusively express a mutant Topo 
I enzyme (44). This mutant Topo I enzyme contains two amino 
acid substitutions, Met370 to Thr and Asp722 to Ser. The latter 
mutation alone makes Topo I enzyme ~1000-fold more resist- 
ant to CPT (or TPT)-mediated inhibition of the religation of 
DNA nicks, making it incapable of efficiently inducing DNA 
damage by CPT treatment in vivo (45). We compared CPT- 
induced NF-KB activity in CEM/C2 and the parental CEMp 
cells by EMSA. Time course and dose response studies (Fig. 3, 
A and B, respectively), as well as KB-dependent luciferase 
reporter assay (Fig. 3C), clearly demonstrated that CEM/C2 
cells could not mount the NF-KB response by CPT treatment, 
whereas the parental cell line retained the ability to activate 
NF-KB. Efficient activation of NF-KB in CEM/C2 cells by TNF 
(Fig. 3S) or other DNA-damaging agents, such as VP16 and 
ionizing radiation (Fig. 3D, others not shown), revealed that 
the lack of NF-KB activation was specific to CPT treatment. 
Thus, these results together provide strong evidence that Topo 
I-mediated nuclear DNA damage is necessary for NF-KB acti- 
vation by CPT treatment. 

NF-KB Activation by CPT Depends on DNA Replication and 
Is Concentrated in S phase of the Cell Cycle—CPT inhibition of 
the religation step during the Topo I reaction induces stabili- 
zation of the cleavable complexes, resulting in generation of 
SSB. These SSB are reversible but can be converted into lethal 
DSB during S phase, when the replication fork collides with the 
cleavable complex (33). It has been suggested that aphidicolin- 
induced inhibition of DNA polymerase activity prevents DSB 
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FIG. 3. Interaction of CPT with Topo I is necessary for NF-KB 
activation. A, time course of NF-KB activation by CPT treatment in 
CEMp and CEM/C2 cells. Asynchronous cultures of CEMp and CEM/C2 
cells were treated with 10 /iM CPT for the periods indicated, and nuclear 
extracts were analyzed by EMSA as in Fig. IA. The filled arrow points 
to NF-KB, and the open arrow points to free probe. NS refers to non- 
specific band. B, CPT dose response of NF-KB activation in CEMp and 
CEM/C2 cells. These cells were treated for 2 h with various doses of 
CPT in fiM or TNFa (10 ng/ml) and analyzed as above. C, NF-KB-de- 
pendent luciferase activation in CEMp and CEM/C2 cells. These cells 
were transiently transfected with the 3XKB-LUC reporter construct 
treated with 30 fiM TPT for 2 h at 24 h after transfection. After medium 
change, cells were further incubated in the absence of TPT for 6 addi- 
tional hours before analysis for luciferase activity. Luciferase activity in 
untreated cells were set as an arbitrary unit of one. Error bars are 
standard deviation from three experiments. D, NF-KB activation by 
VP16 in CEMp and CEM/C2 cells. CEMp and CEM/C2 cells were 
treated with TPT (30 /IM), VP16 (20 /*M), or TNFa (20 ng/ml) for 2 h and 
analyzed by EMSA. The optimum dose of VP1G and exposure time was 
determined by dose response and time course experiments (not shown). 
The asterisk indicates an NF-KB complex whose appearance was not 
consistently seen. The above data are representative of three independ- 
ent experiments. 

liberation (34). Aphidicolin prevents S phase-specific toxicity of 
CPT (46). To evaluate whether a SSB or DSB is critical for NF-KB 

activation by CPT, we examined the influence of aphidicolin on 
CPT induction of NF-KB. FACS analysis confirmed that -50% 
70Z/3-CD14 cells were in S phase of the cell cycle at the time of 
CPT treatment (see below). The EMSA demonstrated that CPT 
activation of NF-KB was efficiently blocked by this treatment 
(Fig. 4A, lanes 3-5). Aphidicolin, however, did not block NF-KB 

activation by bacterial LPS (lanes 10-12). Aphidicolin also did 
not directly block NF-KB DNA binding activity (lanes 6-8). 
These results are consistent with the hypothesis that the gen- 
eration of DSB, not SSB, is necessary for efficient NF-KB acti- 
vation by CPT treatment (19). These data also imply that this 
activation pathway may occur only in the S phase of the cell 
cycle. We therefore enriched 70Z/3-CD14 cells in the S phase by 
FACS sorting after cells were stimulated with CPT or LPS for 
2 h (Fig. 4B). Compared with a similarly obtained Gj cell 
population, NF-KB activation was 2.8-fold higher in the S phase 
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FIG. 4. CPT activation of NF-KB requires S phase-dependent 
generation of DSB. A, DNA replication is required for NF-KB activa- 
tion by CPT treatment. 70Z/3-CD14 cells were treated with 30 jxM TPT 
or 1 /ig/ml LPS in the presence or absence of the indicated concentration 
of aphidicolin (in vivo treatments) and nuclear extracts were analyzed 
by EMSA. In vitro refers to addition of the drug direct to cell extracts as 
in lane 2 prior to electrophoresis. B, FACS enrichment of Gx and S 
phase cell population. Exponentially growing 70Z/3-CD14 cells were 
FACS purified based on DNA content as measured by Hoechst staining 
into total, Glt and S populations. C, NF-KB activation by CPT treatment 
is concentrated in S phase of the cell cycle. NF-KB activation in cell 
fractions isolated as in B was analyzed by EMSA using equal protein 
loading. Phosphorimage analysis showed that CPT activation was 2.8- 
fold higher in S fraction than in G,. The data are representative of at 
least two independent experiments. 

population when equivalent amounts of cell extracts were an- 
alyzed by EMSA (Fig. 4C). LPS stimulation did not show any 
significant differences between S and Gx cells. These findings 
demonstrate that CPT activation of NF-KB is cell cycle coupled 
and predominantly takes place during the S phase of the cell 
cycle in a DNA-polymerase-dependent fashion. This also can 
explain why NF-KB activation by CPT or TPT is relatively 
lower in virtually all cell types examined when compared with 
LPS or TNFc*. NF-KB activation by CPT or TPT is dependent on 
the percentage of replicating cells in S phase, whereas activa- 
tion by either LPS or TNFa is not cell cycle coupled. 

CPT Induces Degradation oflnBa by a Ubiquitin-Proteasome 
Pathway—The regulatory events governing NF-KB activity in- 
duced by cytokines and LPS are well characterized and involve 
activation of cytoplasmic signaling cascades (2). The primary 
regulator is the inhibitory protein, IKBO:, which maintains 
NF-KB in the cytoplasm. Release of NF-KB to the nucleus 
depends on degradation of IxBa. To determine whether CPT 
activation of NF-KB is solely dependent on nuclear events or 
whether cytoplasmic events are also required, IKBO: protein 
levels were monitored following treatment with CPT by West- 
ern immunoblot analyses. CPT treatment caused a reduction in 
IKBO: protein levels (Fig. 5A, compare lanes 6 and 7), consistent 
with induction of IKBO; degradation. This degradation was pre- 
vented by the proteasome inhibitors, ALLN and lactacystin 
(Fig. 5A, lanes 8 and 9). A longer exposure of the film (Fig. 5S, 
lanes 8 and 9) revealed an accumulation of characteristic high 
molecular mass multiubiquitinated IKBO: ladders (11, 12). Pro- 
teasome inhibitors not only prevented IKBO: degradation but 
also NF-KB activation by CPT treatment (Fig. 5C, compare 
lanes 2 and 3). TPT induced similar IKBO: degradation (Fig. 6A). 
Inhibition of IKBO: degradation by ALLN resulted in accumu- 
lation of IKBO: in the cytoplasm, as visualized by an IKBO: 

protein N-terminally tagged with the green fluorescent protein 
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FIG. 5. CPT induces degradation of IKBO: by the ubiquitin- 
proteasome pathway. A, IKBO degradation induced by CPT is blocked 
by proteasome inhibitors. 70Z/3-CD14 cells were pretreated for 30 min 
with ALLN (50 /ig/ml), lactacystin (Lacta; 20 /IM), or Me2SO solvent 
(DMSO; 0.1%) and then treated with 1 fig/ml LPS (lanes 2-6) for 15 min 
or 10 £iM CPT (lanes 8-12) for 1 h. Samples were analyzed by Western 
immunoblot using an iKBoi-specific antibody (C21). B, inhibition of IKBC« 
degradation by proteasome inhibitors induces accumulation of high 
molecular mass iKBa-ubiquitin ladders. A longer exposure of the blot in 
A. The positions of the IKBO: band and multiubiquitinated IKBO ladders 
(iKBa-(Ub)n) are shown on the left of the figure. Relative molecular 
mass (in kDa) is shown on the right. C, NF-KB activation induced by 
CPT is blocked by proteasome inhibitors. Nuclear extracts prepared 
from cells that were treated as in A were analyzed by EMSA for NF-KB 
binding activity as in Fig. 1A. The data are representative of two or 
more independent experiments. 

(GFP-IKBO:) (Fig. 6B, right panel). Control coimmunoprecipita- 
tion experiments with RelA-specific antibodies confirmed that 
the addition of the GFP tag did not interfere with its associa- 
tion with NF-KB (80). The GFP tag also did not affect TPT- 
induced proteolysis (Fig. 6A, lanes 2-5). Thus, induction of 
IKBO: degradation by CPT or TPT is similar to that induced by 
LPS in 70Z/3 cells or TNFa in multiple cell types (1, 2), which 
utilizes a ubiquitin-proteasome pathway. Moreover, we also 
found that IKBO: degradation by TPT was markedly reduced in 
enucleated PC3 cells (not shown). These data demonstrate that 
the progression of events initiated in the nucleus by TPT or 
CPT treatment is continued in the cytoplasm. 

IxBa Degradation Induced by CPT or TPT Is Ser32'^-de- 
pendent—Although cytokines and LPS cause IKBO: degradation 
by a ubiquitin-proteasome pathway that requires intact Ser32 

and Ser36 residues, UV irradiation causes IKBO: degradation by 
a ubiquitin-proteasome pathway independent of these Ser res- 
idues (13, 14). To evaluate whether CPT or TPT-induced IKBO: 

degradation requires intact Ser32/3S residues, the S32A/S36A 
mutant protein was N-terminally tagged with an HA epitope 
(HA-S32A/S36A) (36), stably introduced in 70Z/3-CD14 cells, 
and analyzed for sensitivity to degradation by TPT treatment. 
The S32A/S36A mutant protein was completely resistant to 
degradation induced by TPT treatment (Fig. 1A). This was not 
due to the presence of the HA tag because the control HA-WT 
IKBO: protein was efficiently degraded. Moreover, a Ser32/36 

deletion mutant without the HA tag also failed to be efficiently 
degraded (Fig. 7A, A30-40). Stable expression of the HA-S32A/ 
S36A mutant, but not HA-WT, selectively eliminated the ap- 
pearance of NF-KB DNA binding in the nucleus after treatment 
with CPT or TPT (Fig. IB, lanes 9 and 10). Consistent with the 
formation of multiubiquitinated IKBO: ladders (Fig. 5B, lanes 8 
and 9), substitution of the primary ubiquitination sites Lys21 

and Lys22 (11, 50), with Arg resulted in retardation of degra- 
dation following TPT treatments (Fig. 7A, HA-K21/22R). 
These results are similar to those obtained with LPS (Fig. 7, A, 
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FIG. 6. Inhibition of IKBO: degradation induced by TPT results 
in accumulation of IKBO: in the cytoplasm. A, GFP-IKBO: degraded 
in a similar manner to the endogenous IKBO protein following TPT 
treatment. Human IKB« (MAD-3), N-terminally fused to GFP, was 
stably transfected into the HEK293 cells and brighter GFP-IKB<* ex- 
pressing pools were isolated by fluorescent activated cell sorting. These 
cells were treated with TPT (30 /IM) for the indicated times without 
(lanes 2-5) or with 100 /IM ALLN (lane 6) and analyzed by Western blot 
using an anti-lKBa antibody (C21) as above. GFP-IxBa, but not IKBO;, 
was also detected using GFP-specific antibody (CLONTECH; not 
shown). B, degradation of GFP-IKBO: protein is largely cytoplasmic. heft 
panel, HEK293 stably expressing the GFP-IKB« protein was left un- 
treated and visualized under fluorescein-aided fluorescent microscopy. 
Middle panel, parallel cultures as in the left panel were treated with 
TPT (30 /IM) for 2 h as in A and visualized as above. There were decline 
of GFP signals in -50% of the cell population (those showing reduced 
fluorescence are shown), potentially corresponding to replicating cells 
as suggested from results in Fig. 4. Right panel, parallel cultures were 
treated with 100 UM ALLN and 30 /XM TPT and visualized as above. The 
exposure settings for all three panels were identical. The above data are 
representative of two independent experiments. 

lane 5, and B, lanes 7 and 8) or TNFa (1, 2) but distinct from 
data obtained with UV irradiation (13,14). Of note, LPS caused 
efficient degradation of HA-K21/22R (Fig. 7A, K21/22R, lane 
2), which is consistent with the observations that other Lys 
residue(s) can compensate for the lack of Lys21/22 sites when 
cells are exposed to potent NF-KB inducers (50). 

The IKK Complex Is Essential for NF-KB Activation by 
CPT—To further elucidate the events upstream of IKBO deg- 
radation that are involved in CPT activation of NF-KB, we 
evaluated the NF-KB response by EMSA in HEK293 cells tran- 
siently expressing dominant-negative IKKa and ß proteins. 
The use of EMSA analysis to investigate potential inhibitory 
responses was possible because transfection efficiency was con- 
sistently >90% in this cell type (Fig. 8A), and thus almost all 
cells in the transfected population expressed the IKK mutant 
proteins. Both IKK mutants (N-terminally tagged with a FLAG 
epitope) reduced the level of NF-KB activation by TPT in a 
dose-dependent manner (Fig. 8B, upper panel). By contrast, 
these mutants did not appreciably alter the DNA binding levels 
of AP-1 complex (Fig. 8B, lower panel). Dose-dependent expres- 
sion of IKK mutant proteins is shown by Western blot analysis 
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FIG. 7. IKBO: degradation induced by CPT or TPT requires 
intact Ser32/3e and Lys21/22 sites. A, mutation or deletion of Ser32/36 or 
Lys2iA!2 aDrogates iKga degradation induced by TPT or CPT. heft fig- 
ures show schematic presentation of IKBC» mutants analyzed. Pools of 
70Z/3-CD14 cells stably expressing HA-WT, HA-S32A/S36A, or A30-40 
IKBO; were treated with TPT (3, 10 or 30 /xu) for 1 h (lanes 2-4). The 
cells were also treated with LPS (1 /ig/ml) for 15 min (lane 5). Total cell 
extracts were analyzed by Western blot analysis using the C21 anti- 
IKB« antibody. A pool of 70Z/3-CD14 cells stably expressing HA-K21/ 
22R IKB« mutant protein was treated with 1 /ig/ml LPS for 15 min (lane 
2), 10 /xM CPT for 1 h (lane 3), or 0.1% Me2SO for 1 h (lane 4) and 
analyzed as above. Filled arrows point to the exogenously introduced 
IKBO proteins, and open arrows point to the endogenous IKBO: proteins. 
B, HA-S32A/S36A mutant prevents NF-KB activation. EMSA was per- 
formed as described in the legend to Fig. 1A using nuclear extracts from 
a 70Z/3-CD14 cell clone stably expressing either HA-WT (lanes 1-5) or 
HA-S32A/S36A (lanes 6-10) and treated with LPS (1 /ig/ml for 15 min 
or 2 h—marked LPS*), CPT (10 fiM for 2 h), or TPT (30 /iM for 2 h). 
Positions of NF-KB and p50 homodimeric complexes are indicated on 
the left. The data are representative of two or more independent 
experiments. 

of cell extracts using monoclonal anti-FLAG antibody (Fig. 8C). 
To independently determine the requirement of IKKa and 

IKKß -n NF-KB activation by CPT, embryonic fibroblast lines 
derived from IKKa and IKK/3 knockout mice (51, 52) were 
treated with TNFa or CPT. Consistent with published obser- 
vations (51-55), TNF activation of NF-KB was much weaker in 
IKKß knockout cells than in IKKa knockout cells (Fig. 8D). 
However, NF-KB activation by CPT treatment was undetect- 
able in both IKKa- and IKKß-deficient cells (Fig. 8D, lanes 12 
and 8, respectively). In addition, CPT activation of NF-KB was 
also undetectable in IKKy-deficient 1.3E2 cells (56) (Fig. 8E, 
lane 6). Thus, key components of the IKK complex (IKKa/ß/7) 
are essential for NF-KB activation by CPT. 

NF-KB Activation by CPT or TPT Is an Anti-apoptotic Cell 
Survival Response—Recent studies demonstrated that NF-KB 

activation by certain death inducing agents can provide an 
anti-apoptotic function (57-59). To evaluate whether NF-KB 

activation affects CPT induced apoptotic responses, the levels 
of apoptosis were estimated by FACS analysis based on sub- 
Go/Gj DNA content in WT and S32A/S36A expressing 70Z/3- 
CD14 cells. Untreated cells showed an expected pattern of cell 
cycle distribution for these cells with more than half of the cell 
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FIG. 8. IKKa, ft and y are essential for CPT activation of NF- 
KB. A, X-gal staining of transiently transfected HEK293 cells. HEK293 
cells were transfected with the empty vector (left panel) or the CMV- 
LacZ construct (right panel) and 36 h following transfection they were 
stained with X-gal. No X-gal-positive cells are visible in the left panel, 
whereas most cells are strongly X-gal-positive in the right panel. B, 
EMSA analysis of HEK293 cells transfected with dominant-negative 
IKKa and IKK/3 constructs and treated with TPT. HEK293 cells were 
transfected with expression vectors (pcDNA, 0.2 or 1.0 ng/sample) for 
either a FLAG-tagged IKKa or IKKß dominant-negative mutant (a 
Lys-to-Ala mutation at the putative ATP binding site as in Refs. 7-10 
and 74) for 36 h and then treated with 30 pM TPT (2 h) or 10 ng/ml 
TNFa (20 min). Equivalent total cell extracts were analyzed by EMSA 
using IgK-/<B site (upper panel) or an AP-1 site (lower panel). Vector 
refers to empty pcDNA transfected cells. C, Western blot analysis of 
transfected dominant-negative IKKa and IKK/3 proteins. Cell extracts 
prepared as above in B were analyzed by Western blot analysis using an 
anti-FLAG antibody. D, CPT activation of NF-KB requires IKKa and 
IKK/3. Mouse embryonic fibroblast lines generated from IKKa-/-, 
IKK/3-/-, or control mice were treated with 10 pM CPT in the presence 
or absence of 100 pM ALLN or 10 ng/ml TNFa for 1 h, and nuclear 
extracts were analyzed by EMSA. E, CPT activation of NF-KB requires 
IKKy. 1.3E2 (IKK-y-deficient) or parental 70Z/3 cells were treated with 
10 pM CPT or 10 jtg/ml LPS for 1 h, and nuclear extracts were analyzed 
by EMSA. The above data are representative of two to three independ- 
ent experiments. 

population in S phase of the cell cycle (Fig. 9, OT, WT). Expres- 
sion of S32A/S36A mutant protein did not significantly affect 
the cell cycle status of untreated cells (OT, S32A/S36A). After 
treatment with 1 pM CPT for 24 h, however, most of the cells 
appeared in either a GJM or suh-Go/Gj apoptotic peak (Fig. 9, 
24 h, WT). The fraction of apoptotic peak was approximately 

G1/G0: 27.2 
S: 60.6 
G2/M: 11.7 
Apop: 0.5 

OT 

24 hr 

G1/G0: 27.1 
S: 56.8 
G2/M: 15.8 
Apop: 0.3 

G1/G0: 4.7 
S: 8.0 
G2/M: 53.8 
Apop: 33.5 

WT 

Apoptosis:      33.4 +/- 2.8% 

S32/3GA 

66.1 +/-3.9% 

FIG. 9. Inhibition of CPT activation of NF-KB results in an 
increased apoptotic response. 70Z/3-CD14 cell clones expressing 
either WT or S32A/S36A IKBO were exposed to 1 pM CPT for 24 h. These 
cells were fixed, stained with propidium iodide, and analyzed by FACS 
for relative DNA content. Each panel shows the relative levels of cells in 
each of the cell cycle phases as well as in sub-G/G,, apoptotic peaks. 
Average levels of apoptosis ± S.D. from three independent experiments 
are shown below the figure. 

twice as great in S32A/S36A expressing cells as WT expressing 
cells (24 h, S32A/S36A). Similar results were obtained with 
higher CPT doses or TPT treatments (not shown). Thus, these 
observations indicate that activation of NF-KB retards some 
cancer cells from undergoing apoptosis. These findings demon- 
strate that CPT activation of NF-KB can provide an anti-apop- 
totic activity. 

DISCUSSION 

The activity of NF-KB depends on a series of reactions that 
releases it from an inhibitory complex in the cytoplasm and 
allows it to migrate to the nucleus. The elucidation of the 
individual steps within NF-KB signaling cascades induced by a 
variety of structurally and functionally unrelated stimuli has 
revealed the use of both shared and unique components that 
may contribute to the diverse functions of this ubiquitous tran- 
scription factor (38,60-68). DNA-damaging agents represent a 
unique group of NF-KB activators because their primary site of 
action is in the nucleus. In this study, we demonstrate that 
nuclear events arising from the DNA-damaging function of 
CPT and TPT are components of a NF-KB signaling pathway 
that converges in the cytoplasm with events associated with 
signaling pathways induced by cytokines or LPS stimulation. 

The DNA-damaging function of CPT in replicating cells is a 
multi-step process that initiates with intercalation of CPT into 
a covalent Topo I-DNA reaction intermediate. CPT stabilizes 
this transient intermediate, forming the cleavable complex 
with a SSB. The cleavable complexes and associated SSBs are 
mostly reversible until the cell undergoes replication, during 
which the replication fork collides with the cleavable complex 
and yields a DSB. Our results obtained by utilizing mutant 
CEM/C2 cells, pharmacological agents, and FACS enrichment 
of S phase cells indicate that S phase-dependent generation of 
DSB is essential for NF-KB activation. Of note, however, is that 
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CPT or TPT activation of NF-KB is transient in all cell lines 
tested thus far. Similar dose-dependent and time course re- 
sponses in lymphoid, fibroblastic, and epithelial cell lines sug- 
gest that a conserved activation mechanism may be involved. It 
has been demonstrated that CPT can induce degradation of 
Topo I enzyme by the ubiquitin-proteasome pathway causing 
marked reduction of Topo I enzyme within 2-4 h (69). Although 
this correlates well with the reduction of NF-KB activation in 
the continual presence of CPT in the present study, substantial 
levels of DSBs induced by CPT can persist for as long as 24 h in 
SV40-transformed human skin fibroblast cells (SV40MRC5VI) 
and EJ30/8D human bladder carcinoma cells (70). Because the 
critical DNA lesion (i.e. DSBs) may remain despite declining 
levels of Topo I enzyme, it is unlikely that the reduction of Topo 
I enzyme is solely responsible for transient NF-KB activation. It 
further implies that the mere presence of DSBs is insufficient 
to maintain NF-KB activation. It is thus possible that event(s) 
downstream of DSBs or those coupled to cell cycle may be 
responsible for transient NF-KB activation by CPT-related 
compounds. A recent study has implicated the involvement of 
the ataxia telangiectasia mutant protein in sustained activa- 
tion of NF-KB by CPT (81). 

Enucleation studies demonstrated that the process of NF-KB 

activation induced by CPT or TPT requires an intact nucleus. 
To our knowledge, this is the first demonstration of the lack of 
NF-KB activation in enucleated cells. Although this may be 
implied from the demonstration that events associated with 
DNA damage are required for NF-KB activation, mitochondria 
also contain DNA and CPT-sensitive Topo I enzyme (42). Stud- 
ies utilizing L929 fibrosarcoma cells deficient for mitochondrial 
(DNA) and antimycin A, which increases the generation of 
reactive oxygen intermediates by inhibiting the electron trans- 
port chain, indicate that NF-KB activation by TNFa requires 
reactive oxygen intermediates derived from mitochondria (71). 
Because NF-KB is implicated as an important mammalian ox- 
idative stress-responsive transcription factor (72), determina- 
tion of the contribution of nuclear versus potential mitochon- 
drial events was crucial for elucidating the NF-KB activation 
mechanism induced by CPT and TPT. Our findings provide 
direct evidence that CPT- or TPT-induced DNA damage in the 
nucleus is a primary component of the signaling events re- 
quired for NF-KB activation. Although recent studies that uti- 
lized UV-C treatment of Xeroderma pigmentosa group A fibro- 
blasts suggested the involvement of DNA damage in late stage 
NF-KB activation (14), whether or not an intact nucleus is 
required for this late activation was not investigated. Previous 
studies demonstrated that UV activation of NF-KB could effi- 
ciently take place in enucleated cells (20). 

CPT induction of DNA damage translates into activation of a 
cytoplasmic signaling cascade that liberates active NF-KB from 
the inhibitor protein, IKBC*. We utilized well characterized mu- 
tants of signaling components within the cytokine-inducible 
NF-KB signaling pathway to dissect the signaling cascade ac- 
tivated by CPT and TPT. Ser-to-Ala mutations at positions 32 
and 36 of IKBO: disrupt inducible phosphorylation and prevent 
subsequent ubiquitination and degradation by the proteasome 
pathway (47-49). We showed that these mutants also prevent 
IKBO degradation and activation of NF-KB induced by CPT and 
TPT. We additionally demonstrated that dominant-negative 
IKK mutants that inhibit phosphorylation of IKBO; at these 
sites also prevent NF-KB activation by TPT. IKKa-, 0-, or 
•y-deficient cells fail to activate NF-KB by CPT treatment. Mu- 
tation of Lys residues critical for the attachment of ubiquitin 
moieties further disrupts CPT-inducible IKBO: degradation. To- 
gether with pharmacological evidence using proteasome inhib- 
itors, our findings show that CPT and TPT induction of IKBO: 

degradation is similar to that induced by cytokines, LPS, and 
several other signals (7, 8, 10, 11, 47-50, 73, 74). Our findings 
therefore demonstrate that nuclear DNA damage causes IKK- 
dependent degradation of IKBO: in the cytoplasm. This activa- 
tion may involve signal transfer from the nucleus to the cyto- 
plasm. This type of nuclear-to-cytoplasmic signaling has also 
been suggested for the late stage NF-KB activation induced by 
UV irradiation, which involves the production of an autocrine/ 
paracrine factor, interleukin-la (14). A recent study has also 
implicated the involvment of the DNA-dependent protein kinase 
in NF-KB activation by certain DNA damaging agents (82). 
Further definition of signaling components and reactions will 
help to determine whether NF-KB activation by CPT indeed 
involves a nuclear-to-cytoplasmic signal transduction pathway. 

CPT derivatives, including TPT, are utilized clinically as 
part of cancer therapy regimes (34, 35). Recently, several stud- 
ies have reported that NF-KB may control expression of genes 
involved in the regulation of apoptosis (57-59, 75-78). In par- 
ticular, Wang et al. (58) have shown that NF-KB activation by 
ionizing radiation and daunarubicin may have anti-apoptotic 
effects in HT1080 human fibrosarcoma cells. The same group 
recently showed that NF-KB activation by CPT-11 can display 
similar anti-apoptotic effects in the above cell line (79). We 
have also shown that CPT activation of NF-KB provides an 
anti-apoptotic function. NF-KB-dependent survival of even a 
fraction of cancer cells after treatment with DNA-damaging 
agents, such as TPT or ionizing radiation, will likely lead to 
increased mutation rates and accelerated manifestation of ma- 
lignancy. Moreover, it may also contribute to transformation of 
normal cells during the therapy. Understanding the mecha- 
nism^) of NF-KB activation, therefore, may help improve the 
current methods of cancer therapy by defining a resistance 
mechanism to Topo I inhibitors and potentially other clinically 
important DNA-damaging and NF-KB-activating agents, such 
as ionizing radiation and Topo II inhibitors. 
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ABSTRACT 

The efficacy of topoisomerase (Topo) I-active drugs may be improved by better 

understanding the molecular and cellular responses of tumor compared to normal cells after 

genotoxic insults. Ionizing radiation (IR) + Topo I-active drugs (e.g., Topotecan) caused 

synergistic cell killing in various human cancer cells, even in cells from highly radioresistant 

tumors. Topo I poisons had to be added either during or immediately after IR. Synergy was 

caused by DNA lesion modification mechanisms, as well as by concomitant stimulation of two 

pathways of cell death: necrosis (IR) + apoptosis (Topo I poisons). Cumulative data favor a 

mechanism of synergistic cell killing caused by altered DNA lesion modification and enhanced 



apoptosis. However, alterations in cell cycle regulation may also play a role in the synergy 

between these two agents in certain human cancers. 

We recently showed that NF-KB, a known anti-apoptotic factor, was activated in various 

cancer cells after poisoning Topo I using clinically active drugs. NF-KB activation was 

dependent on initial nuclear DNA damage followed by cytoplasmic signaling events. 

Cytoplasmic signaling leading to NF-KB activation after Topo I poisons was diminished in 

cytoplasts (lacking nuclei), and in CEM/C2 cells that expressed a mutant Topo I protein that did 

not interact with Topo I-active drugs. NF-KB activation was intensified in S-phase and blocked 

by aphidicolin, suggesting that activation was a result of double strand break formation due to 

Topo I poisoning and DNA replication. Dominant-negative IKB expression augmented Topo I 

poison-mediated apoptosis. Elucidation of molecular signal transduction pathways after Topo I 

drug-IR combinations may lead to improved radiotherapy by blocking anti-apoptotic NF-KB 

responses. 

Recent data also indicate that synergy caused by IR + Topo I poisons is different from 

radiosensitization by ß-lapachone (ß-lap), a "reported" Topo I and II-alpha poison in vitro. In 

fact, ß-lap does not kill cells by poisoning either Topo I or II-alpha in vivo. Instead, the 

compound is "activated" by an IR (damage)-inducible enzyme, NAD(P)H:quinone 

oxidoreductase (NQOl), a gene cloned as x-ray-inducible transcript #3, xip3. Unlike the lesion 

modification pathway induced by IR + Topo I drugs, ß-lap kills cells via NQOl futile cycle 

metabolism. Downstream apoptosis caused by ß-lap appears to be non-caspase-mediated, 

involving calpain or a calpain-like protease. Thus, although Topo I poisons or ß-lap in 

combination with IR both synergistically kill cancer cells, the mechanisms are very different. 

INTRODUCTION 

Topoisomerase I Poisons.   Topoisomerase I (Topo I) is a nuclear enzyme that unwinds 

genomic supercoiled DNA by nicking a single DNA strand, passing the intact strand through 



the nick, and then ligating the break. Topo I activity, thereby, decreases the linking number of 

DNA by one. Thus, Topo I unwinds supercoiled DNA, functioning mainly during RNA 

transcription and DNA replication, as well as in viral encapsulation, HIV replication, genetic 

recombination, and chromosomal condensation/decondensation.tl] 

Drugs active against Topo I can cause lethality through an enzyme-mediated nicking 

reaction. Camptothecin (CPT) and its analogues reversibly stabilize DNA-Topo I "cleavable" 

complexes.121 Precisely how stabilization of cleavable complexes lead to cell responses and 

subsequent death is under intense investigation. Since CPT-mediated cell death is largely S- 

phase-specific in many but not all cells,131 it was hypothesized that DNA replication forks 

collide with DNA-Topo I complexes. This collision then results in several potentially toxic 

problems for the cell, including replication fork arrest, topologically (or strain)-induced DNA 

double strand breaks, inhibition of transcription, stabilization of the p53 tumor-suppressor, and 

subsequent p53-mediated apoptosis. Concentration-dependent G, and/or G2 cell cycle 

checkpoint arrests, as well as non-apoptotic cell death responses are also observed after Topo I 

poisons.[46] Most CPT-mediated cell death models predict that Topo I poisons would be 

clinically efficacious if continuously administered over long periods of time, similar to 5- 

fluorouracil (which inhibits thymidylate synthase), another S-phase specific drug.[6] 

Interestingly, however, most animal studies and clinical trials to date have not reported major 

differences in anti-tumor activity based on treatment schedules,171 and many current clinical 

trials are re-testing the theory that CPT is S-phase specific in vivo and should be given under 

prolonged, continuous routes of administration. Recently, we discovered dramatic S phase- 

specific activation of NF-KB, a transcription factor, in various human cancer cells following 

brief (1-2 h) exposures to CPT analogs (e.g., topotecan, TPT). Since NF-KB is an anti- 

apoptotic factor that can induce downstream genes that protect against cell death, this cellular 



response to Topo poisons (also found with Topo II-alpha poisons) may be a leading factor in 

mitigating the efficacy of these drugs. These recent findings will be discussed below. 

ß-Lapachone (ß-lap). ß-Lap is a naturally occurring 1,2-naphfhoquinone initially isolated 

from the bark of the Lapacho tree, native to South America. We showed that this drug was a 

radiosensitizing agent against radioresistant human cancer cells, including human laryngeal 

carcinoma (HEp-2) and malignant melanoma (Ul-Mel) cell lines.18,91 Using cell-free assays, ß- 

lap inhibited Topo I by catalytic inhibition, a mechanism quite different from that of CPT, 

TPT, 9-AC or Irinotecan (CPT-11).[1012] ß-Lap administration did not (a) stabilize Topo I- 

DNA cleavable complexes in vivo [12] or in vitrom; (b) result in formation of DNA single 

strand nicks in viW131; or (c) lead to the damage-mediated stabilization (induction) of wild-type 

p53.[14] The fact that ß-lap did not produce DNA single strand nicks in human or hamster 

cancer cells1131 was indirectly confirmed by the absence of wild-type p53 induction in breast or 

prostate cancer cells.111'14] While assays in vitro indirectly suggested that Topo I and/or Topo 

II-alpha may be intracellular targets of ß-lap, it seemed likely that it was not the mechanism 

through which this compound killed cells.[14"16] We reported that the cytotoxicity caused by ß- 

lap in MCF-7 breast cancer cells could be solely accounted for by apoptotic responses.[14] 

Further investigation revealed that ß-lap probably does not act on Topo I or Topo II-alpha in 

vivo, but is instead activated to induce a novel noncaspase-mediated apoptotic response 

directed by the NQOl damage-inducible enzyme, also refered to as xip3.[17'18] 

NF-KB Activation Responses. The NF-icB/Rel family of transcription factors regulates 

expression of genes critical for apoptosis, as well as many other genes.119"211 NF-KB exists as 

dimeric complexes composed of p50, p65 (RelA), c-Rel, RelB, or p52. NF-KB associates with 

members of the IKB family of proteins, such as IKBCC, which localizes NF-KB in the 

cytoplasm.[22,23]   Dissociation from IKBCX is essential for NF-KB to enter the nucleus and 



activate gene expression. Several signaling cascades that control NF-KB activation converge at 

an IKB kinase (IKK) complex, responsible for site-specific phosphorylation of IKBCC.
124
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Phosphorylation of IKBCC causes multi-ubiquitination of LcBa and its subsequent degradation by 

the 26S proteasome.[28'29] This sequence of events can be induced without de novo protein 

synthesis by multiple extracellular stimuli. 

NF-KB activation pathways typically originate from ligand-receptor interactions at the 

cell membrane. However, NF-KB can also be activated by certain DNA damaging agents. We 

hypothesized that a signal may be transferred from the nucleus to the cytoplasm to activate NF- 

KB after DNA damage in the nucleus.[30] Devary et a/.[31] showed that enucleated cells (i.e., 

cytoplasts) retained full capacity to activate NF-KB after UV irradiation, showing that nuclear 

DNA damage is not required for NF-KB activation after this cytotoxic stress. In contrast, NF- 

KB activation by certain DNA-damaging agents, including CPT, correlated with their capacity 

to induce DNA breaks.1321 The requirement of damaged DNA in the nucleus for activation was 

not examined. One of our objectives was to determine whether or not nuclear events 

associated with the DNA damaging action of CPT or topotecan (TPT) were required for 

activation of cytoplasmically located NF-KB complexes. We also examined the influence of 

NF-KB activation in CPT-mediated apoptosis. We discovered a series of nuclear events 

induced by CPT/TPT that converged with cytoplasmic signaling events responsible for the 

activation of NF-KB. These signal transduction responses provided an anti-apoptotic function. 

MATERIALS AND METHODS 

Chemicals and cell treatments. 9-Amino-20(RS)camptothecin (9-AC) was obtained from 

Monroe E. Wall (Research Triangle Park, N.C.) as previously described. Topotecan (TPT, 

MW: 421.4) was a gift from SmithKline Beecham (King of Prussia, PA) and was made fresh in 

DMSO. CPT, VP16, calpain inhibitor I (ALLN), DMSO, bacterial LPS, PMA, cycloheximide, 

aphidicolin, and cytochalasin B were purchased from Sigma Chem. Co.. Human recombinant 



TNFa was from CalBiochem. IgGs against IKBCC (C21), c-Rel (C), p65 (A and C20), Rel-B (C- 

19), p52 (1-18), and p50 (NLS) were purchased from Santa Cruz Biotechnology. A 

monoclonal anti-Flag antibody was purchased from Kodak, horse raddish peroxidase- 

conjugated anti-rabbit and anti-mouse antibodies and Protein A were obtained from 

Amersham. ß-Lap (Mr: 242.3, see top insert, Fig. #1) and camptothecin (Mr: 348.3) were 

obtained and prepared as described.19'II] Both drugs were dissolved in DMSO, concentrations 

determined, and stock aliquots stored at -20 oc.[3,8-14,17] Exact concentrations of drugs were 

determined using spectrophotometric analyses.114,17] Stored vials were used only once. 

Tissue culture techniques. Human malignant melanoma (Ul-Mel) cells were generously 

provided by Dr. J. B. Little (Dept. Radiation Therapy, Harvard Medical School, Boston, MA). 

Their initial plating and growth to confluence-arrest were described.18,14-3334] Cells were free of 

mycoplasma contamination and contaminated cells were found to be a major cause of artifacts 

in nearly all of the endpoint investigated in this study, as we recently described for cellular 

responses to IR.I35] Culture conditions for 70Z/3 and 70Z/3-CD14 murine pre-B cells were 

described.1361 CEMp and CEM/C2 human T cell lines were kindly provided by Dr. Y. Pommier 

(NIH) and maintained in RPMI-1640 medium (Cellgro, Mediatech) supplemented with 10% 

fetal bovine serum (FBS, HyClone Laboratory, Inc.), 1000 units of penicillin G (Sigma Chem. 

Co., St. Louis, MO), and 0.5 mg/ml streptomycin sulfate (Sigma) in an humidified 5% C02- 

95% air incubator. HeLa human cervical carcinoma cells and PC-3 human prostate carcinoma 

cells were maintained in DMEM (Cellgro) supplemented with 10% FBS and antibiotics as 

above in a 10% CO2-90% air incubator.   The human kidney embryonic fibroblast 293 

(HEK293) was maintained in the latter media on 0.1% (W/V) gelatin-coated plastic culture 

dishes. 

Survival determinations. Typically, 5.0 x 105 cells from subconfluent cultures were plated 

onto 25 cm2 tissue culture flasks. All flasks were letter-coded and experiments performed 



double-blind. Cells were fed every 2-3 days until growth arrest by confluency was achieved, 

usually in 5-7 days. Cells were then fed every other day for an additional 7-10 days. One day 

before each experiment, cells were shifted to DME containing 0.2% FCS to further arrest Ul- 

Mel cells. Confluence-arrested Ul-Mel cells demonstrated <6% [3H]thymidine-labeled nuclei 

and -85% G0/Gi, 4% S-phase, and 11% G2/M cells.[8'9'34] Following IR exposure and ß-lap or 

Topo I poison posttreatments (e.g., with 9-AC, CPT or TPT), colony forming assays were 

performed using 10-fold limiting dilution analyses. All colony forming assays were performed 

at least seven times in duplicate. Survival curves were normalized for toxicity due to IR or 

drug exposures alone, as well as variations in initial viable cells plated. A colony consisted of 

100 or more normal-appearing cancer cells. Data were obtained, analyzed and graphed.18'9'34] 

Topo I Enzyme Assays. Purified calf thymus Topo I or Topo I crude extracts from isolated 

nuclei of Ul-Mel cells were used in enzymatic assays.[9] Loss of Form I relative to total DNA 

loaded onto each lane of the agarose gels was quantitated.[9] 

SDS-K+ Topo I complex assays. A modification of the SDS-KC1 assay was used to quantify 

DNA-Topo I complexes via glass fiber filter binding as described.112,13] 

Flow Cytometry. Changes in cell cycle distribution were recorded and cell death measured.1141 

Data were analyzed by ModFit LT (Verity Software House). Statistical evaluations (p values) 

were calculated using the student's "t" test. For FACS sorting of G1; S and total cell fractions 

for EMSA analyses, 70Z/3 cells were first treated with agents, stained with Hoechst 33342 at 

the final concentration of 10 ng/ml for 15 min at 37 °C in RPMI growth media, and sorted 

using FACStarPLUS (Becton Dickinson) at 4 °C. Cells (106) were purified and total cell extracts 

prepared for EMSA analyses.1141 

Northern blot analyses. Northern blot analyses on control or IR-treated cells were performed 

as described.1341 Equal loading of Northern blots was accomplished by ethidium-stained gels 

and by 36B4 transcript levels.t34] 



Electrophoretic mobility shift (EMSA) and supershift assays- The IgK-xB oligonucleotide 

probe and conditions for EMSA were described.1361 For supershift assays, 1 \ig of IgG 

antibodies specific to NF-KB proteins (Santa Cruz Biotechnology) were added to nuclear 

extracts for 20 min on ice prior to addition of radiolabeled probe. The AP-1 site used for 

control EMSA reactions was obtained from Promega. 

Enucleation. Cytochalsin B-mediated enucleation was performed as described.[37] Cytoplasts 

were incubated with prewarmed growth media for 30 min, 37 °C for recovery. Enucleation 

efficiency varied from ~75%-95% for PC-3 and HeLa cells.[14] 

Transient transfections. Cells (HEK293, HeLa or PC-3) were transiently transfected using a 

standard calcium phosphate precipitation method.[38] CEMp and CEM/C2 cells were 

transfected with DEAD-Dextran method.[39] An NF-KB-dependent luciferase reporter construct 

(3XKB-LUC) and the negative control construct (3XMKB-LUC) have been recently described.1401 

Twenty-four hr following transfection, cells were treated with TPT (30 \iM) or CPT (10 \iM) 

for 2 hr, rinsed twice with growth medium and further incubated without drugs for six hr 

before termination of the cultures. Positive control samples were treated with TNFa (10 

ng/ml) for a total of 8 hr. Control samples were transfected with the LacZ cDNA under the 

control of the cytomegalovirus promoter in the pCMX vector (CMV-LacZ). For CEMp and 

CEM/C2 cells, total proteins were used for normalization. Full-length human IKKa cDNA 

was provided by Dr. I. M. Verma (Salk Institute). Full-length human IKKß cDNA was cloned 

as described.1401 IKKa and IKKß with a Lys-to-Ala substitution at the conserved ATP binding 

site were generated by PCR mutagenesis and confirmed by DNA sequencing. The mutant 

genes were placed under the control of the CMV promoter in the pcDNA3.1(+) expression 

vector (Clontech). HEK293 cells were transfected with these constructs by calcium phosphate 

precipitation. 



Retrovirus construction and infection. Production and infection of HA-tagged wild-type and 

HA-tagged S32/36A mutant IKBOC expression constructs were described.[36] Other IKBCL deletion 

mutants were generated by PCR-mediated mutagenesis and confirmed by sequencing. Stable 

pools were selected with hygromycin (1 mg/ml, Boehringer Mannheim) and the expression 

levels of the corresponding proteins were examined by either anti-lKBa(C21, a C-terminal 

epitope) or anti-HA antibodies. 

Generation of a green fluorescent protein (GFP)-IicBa fusion construct. N-terminally fused 

GFP-IKBOC was generated by subcloning PCR amplified human IKBCC (MAD3) into Hindlll- 

BamHI sites of the pEGFP vector (Clontech), such that the entire MAD3 coding sequence was 

in-frame with the GFP coding sequence. Stable HEK293 cell clones were generated by G418 

selection and subsequent FACS sorting. 

RESULTS 

Investigation of ß-lap radiosensitization led to studies using Topo I-active poisons. Our 

initial studies began with the observation that ß-lap could work effectively as a radiosensitizer, 

even against the most (in the literature) radioresistant human cancer cell lines (e.g., Hep-2 or 

Ul-Mel cells).[8,12] Figure 1 illustrates the ability of this drug to dramatically sensitize IR- 

exposed confluent Ul-Mel cells. The data were similar to those previously published for 

various human cancer cells.18, % 13] Confluent and low serum (0.2% fetal calf serum)-treated 

radioresistant Ul-Mel cells were irradiated (3.5 Gy) or mock-irradiated (0 Gy), and then 

immediately exposed to DMSO (0.1%) or to various concentrations of ß-lap in 0.1% DMSO 

(Figure 1). Cells treated with DMSO alone showed no growth inhibition or lethality. As 

previously observed,18,9] IR-exposed Ul-Mel cells treated with various concentrations of ß-lap 

for 4 h showed significant lethality, far more than mock-irradiated, ß-lap-treated cells. 

Confluent, low serum exposed Ul-Mel cells were fairly resistant to ß-lap up to 9 uM.   At 



concentrations of ß-lap above 9 uM, however, significant lethality (90% lethality) was observed 

from exposure to the drug alone. Pharmacokinetic data showed, however, that levels of ß-lap 

above 8 uM were non-physiological, wherein only 5-8 uM ß-lap was achieved in the 

bloodstream, normal tissue or tumor tissue of mice at the MTD.([41]- unPublished data> Cells treated 

with 3.5 Gy and immediately assayed for survival (immediately re-seeded and not allowing for 

potentially lethal damage recovery, PLDR[8,33] resulted in 30% survival, which dramatically 

increased to over 60% survival in the 4 h post-treatment period before re-dilution and sparse re- 

seeding of irradiated cells onto plates to promote log-phase growth in medium containing 10% 

fetal calf serum. 

A few very important characteristics about the use of ß-lap as a radiosensitizer led us to the 

recent elucidation of this drug's mechanism of action in vivo. First and foremost, the drug had 

to be administered either during IR treatment with exposure for at least 4 h, or the drug had to 

be applied immediately after IR exposure for at least 4 h.[9] Pretreatment of cells for 4 h with 

various concentrations of ß-lap below 8 uM had little or no effect on the survival of IR-treated 

Ul-Mel cells. Furthermore, the duration of drug exposure had to be at least 4-5 h, with 

logarithmic decreases in radiosensitization with decreasing time; e.g., a 2 h exposure of drugs 

had little radiosensitizing effects.191 

We also investigated the intracellular mechanism of action of ß-lap using control or IR- 

treated cells in an attempt to better understand the reasons for radiosensitization. One important 

observation was made: when cells were treated with IR or UV, ß-lap exposure of confluent and 

low serum (arrested) Ul-Mel or other cancer cells resulted in enhanced tritiated thymidine 

uptake, indicative of increased Unscheduled DNA Synthesis (UDS).[12'42,43] We reasoned that 

since only DNA ligase inhibitors were known to cause enhanced UDS,[42] this drug must prevent 

the final steps of DNA repair. We then tested the ability of ß-lap to inhibit DNA ligases using 

bacterial, yeast and eukaryotic sources of the enzyme.   Interestingly and unexpectedly, the 



compound did not inhibit DNA ligases using any of these enzyme sources. We noted, however, 

that ß-lap prevented alkaline phosphatase activity when mixed with cell extracts from irradiated, 

but not control Ul-Mel cells (unpublished data). We suspect that this inhibition of kinases by 

S-lap exposure was the result of loss of energy (ATP) within the cell or extracts, caused by 

NQOl activity (see below). 

Since the final steps of Topos are to re-ligate the broken ends of DNA after their 

unwinding activities, and since ß-lap did not inhibit DNA ligases, we then tested the effects of 

ß-lap on purified Topo I or Topo II-alpha enzymes, as well as nuclear extracts from irradiated or 

nonirradiated cells. Addition of ß-lap did not affect Topo II-alpha activity, however, the 

compound inhibited Topo I from human extracts;19' U] we also noted an apparent activation of 

Topo I using chick erythrocyte Topo I, which was the result of an aberrant Topo I-mediated 

nicking reaction.19,11] Recently, inhibition of Topo II-alpha by pre-incubation of enzyme with ß- 

lap has been reported,1151 however, inhibitory effects were observed only in vivo, and other labs 

(including our own) have not reproduced these effects.'91 Collectively, our data prompted us to 

hypothesize that modulation of Topo I by any mechanism might result in enhanced cell killing 

[9  44] 
follow IR. We, therefore, tested CPT (a prototype Topo I poison) for it's ability to 

radiosensitize various human cancer cells under conditions identical to those described above 

using ß-lap. 

Topo I poisons also caused radiosensitization, in a similar fashion as ß-lap. Based on our 

results with ß-lap and discovering that this drug affected Topo I, we then tested CPT and TPT 

for their abilities to sensitize Hep-2 or Ul-Mel cells to IR under conditions identical to those 

described above for ß-lap. We were the first to discover that camptothecin could synergistically 

kill cancer cells when combined with IR.[9] Later, we showed similar effects using 9-AC or 

Tp-p [44-46] ^JJ -T/0p0 i poisons tested so far have similar radiosensitizing effects on radioresistant 

human cancer cells as described below for TPT or CPT. 



We reasoned that if ß-lap worked as a radiosensitizer by influencing Topo I, then 

clinically relevant Topo I poisons should work in a similar manner with similar kinetics and 

chacteristics. Much to our surprise, we discovered that exposure of low serum-exposed, IR- 

treated, confluent Ul-Mel or Hep-2 cells with CPT or TPT caused a significant enhancement of 

cell death beyond lethality caused by either IR or Topo I poison alone.[8] Furthermore, cell 

death responses were kinetically similar to those observed with ß-lap: (a) the drugs had to be 

administered immediately after IR exposure; (b) a 4 h posttreatment was optimal; (c) longer 

exposure of cells to Topo I poisons alone caused considerable toxicity, thereby, masking the 

abilities of these compounds to radiosensitize cells; and (d) pretreatment with Topo I poisons 

had little or no affect on cell killing following IR-the two drugs were additive and not 

synergistic under pre-treatment conditions. 

Mechanistically, both ß-lap and CPT-related Topo I poisons (CPT, 9-AC or TPT) caused 

enhanced sensitization of IR-treated cells in very similar fashions.144"461 Post-IR exposures of 

Ul-Mel cells with either CPT or ß-lap led to increases in total DNA strand breaks (measured by 

alkaline elution) and in the formation of DSBs (measured by neutral elution).[13] Interestingly, 

post-IR exposures with either TPT or ß-lap caused the formation of new DSBs and SSBs that 

could not be explained by IR exposure alone.[12'13] These lesions appeared to arise from lesion 

modification mechanisms and not from simple inhibition of DNA repair. Exposure of cells to ß- 

lap alone at any doses tested did not result in DNA breaks. Increased DNA break formation 

following IR + ß-lap or TPT + IR was also accompanied by a dramatic enhancement of Topo I- 

DNA complex formation, as measured using standard DNA filtration methods.1131 Taken 

together, these data not only suggested that ß-lap and Topo I poisons were good 

radiosensitizers, but that they worked by very similar mechanisms of action.144"461 Since the 

intracellular targets of CPT, TPT, or 9-AC were already determined (i.e., all were Topo I 

poisons), these data appeared to confirm that ß-lap acted as a radiosensitizer via an identical 



Topo I poison-mediated mechanism. Furthermore, we proposed that these Topo I poisons 

caused radiosensitization via a lesion modification mechanism, wherein Topo I binds to SSBs 

created by IR and cleaves the DNA forming DSBs that have Topo I enzyme linked to the DNA 

damage ends"' 12,45-47 T0 (jate> a\\ available data appear consistent with this mechanism of 

radiosensitization for classical Topo I poisons (TPT, CPT, and 9-AC). However, further 

research on elucidating this mechanism is needed. 

Interestingly, other studies by Chen et al[47'48] showed that pretreatments with Topo I 

posions prior to IR exposures resulted in synergistic cell killing, effects not observed in many 

other laboratories.19'44"46'49-521 These data,'47'481 using Chinese hamster DC3F or MCF-7 cells, are 

in contrast to the studies discussed above, and may be caused by increased apoptosis resulting 

from the combination treatment, or from altered cell cycle regulation. These data indicate that 

there are possibly multiple mechanisms in tumor cells for enhanced lethality due to Topo I 

poisons + IR, including altered cell cycle regulation effects. Furthermore, other studies[51,53] 

have shown only additive effects of IR + Topo I poisons, underscoring the need for studies of 

the colecular factors that influence radiosensitization of human cancer cells. 

Radiosensitization by ß-lap is not similar to other typical Topo I poisons. One difference 

between ß-lap and more typical Topo I poisons (i.e., CPT and its analogs) was that ß-lap did not 

cause DNA-Topo I complex formation as CPT or it's derivatives.[10,12] The compound also 

catalytically inhibited DNA Topo I instead of forming DNA-Topo I-drug ternary complexes,110' 

111 as was the case with typical Topo I poisons.[2] Although we did find that SSBs and DSBs 

were enhanced by ß-lap in IR-treated cancer cells, DNA-Topo I complex formation increased 

only slightly above background; in cell extracts, this filtration method actually measures 

protein-DNA complexes and is not specific for DNA-Topo I protein complexes. Thus, although 

the kinetics of enhanced IR lethality appeared to be similar, the two drugs (ß-lap vs TPT or 

CPT) appeared to worked quite differently. 



Other differences between CPT-related Topo I poisons and ß-lap were also apparent. 

Although both drugs caused apoptosis in various human cancer cells, ß-lap: (a) was far more 

efficient at inducing cell killing by apoptosis and, unlike CPT or other Topo I-active poisons, 

lethality caused by this drug was due entirely to apoptosis in various human cancer cells;[14] (b) 

caused an extremely steep dose-response cytotoxicity curve in confluent or log-phase cells, 

compared to CPT or TPT which exhibited some cell cycle dependency on overall cell killing; 

interestingly, the ability of CPT or TPT alone to induce apoptosis did not appear to be cell 

cycle-mediated;114'54] (c) caused little or no cell cycle checkpoint alterations and no induction 

(i.e., stabilization) of wild-type p53, whereas dramatic p53 stabilization responses were noted 

following CPT, 9-AC or TPT;[14] (d) treatment caused entirely different intracellular proteolysis 

during apoptosis (i.e., ß-lap induced atypical PARP cleavage producing an -60 kDa 

polypeptide) in an apparent non-caspase-, calpain-or calpain-like-mediated pathway;13'14] CPT 

analogs caused classic caspase-mediated apoptosis;[3] and (e) killed cells independent of p53 

status and was blocked by dicoumarol co-treatments, which had little or no affect on classical 

Topo I poisons, such as TPT, CPT or 9-AC;[3> 17) interestingly, CPT analogs also killed cells by 

p53-independent pathways.[3, n'I8] 

ß-Lap works through xip3, also known as NQOl. Recent data from our laboratory have 

elucidated the mechanism of action of ß-lap in human cancer cells when the drug was used 

without IR. Various assays in vitro implicated several DNA repair and metabolism enzymes as 

potential key targets (e.g., Topo I, Topo II-alpha, or DNA polymerase ß) for this drug (reviewed 

in[17]). Until recently, however, key intracellular enzymes required for the compound's cytotoxic 

activity have not been elucidated. The fact that dicoumarol (out of several inhibitors tested) 

could prevent ß-lap-mediated toxicity strongly suggested that NAD(P)H:quinone 

oxidoreductase (NQOl, also known as DT diaphorase or xip3) was a key intracellular 

determinant in lethality caused by this drug.[17] Dicoumarol is a fairly specific inhibitor of 



NQ01 as discussed.[17] Furthermore, we discovered two cell lines, LNCaP human prostate 

cancer and MDA-MD-468 human breast cancer cells, that were inherently resistant to ß-lap- 

mediated apoptosis and cytotoxicity. In contrast, DU-145 human prostate and MCF-7 human 

breast cancer cells were sensitive to this drug.[3, "•18] Interestingly, these cell lines were not 

appreciably different in their sensitivities to CPT or Topo II-alpha poisons.0,18] Further studies 

demonstrated that LNCaP and MDA-MB-468 cells were deficient in NQOl expression, 

whereas MCF-7 and DU-145 cells expressed high levels of the protein and enzyme. Thus, 

NQOl levels correlated with sensitivity to ß-lap, and toxicity in DU-145 and MCF-7 cells after 

drug exposure was prevented by dicoumarol. However, unlike menadione which is detoxified 

by NQOl, ß-lap was "activiated" by this two-electron reductase. 

As final proof that ß-lap exposure alone (without IR) killed cells through NQOl, LNCaP 

and MDA-MB-468 (NQOl-dificient) cells were transfected with CMV-controlled NQOl and 

various expressing and non-expressing transfectants were analyzed for lethality to ß-lap 

compared to menadione, as well as to CPT-mediated lethality.117, 18] These studies clearly 

demonstrate that NQOl is a major determinant of cell sensitivity to ß-lap, since NQOl 

transfected LNCaP or MDA-MB-468 cells became very sensitive to the drug and this sensitivity 

was blocked by dicoumarol. Once again, sensitivity to the drug correlated well with specific 

and atypical intracellular apoptotic proteolysis, namely atypical PARP cleavage and degradation 

of p53 and pRb, consistent with a noncaspase-mediated, calpain or calpain-like cysteine 

protease activation pathway.13,14] 

NQOl is a damage-inducible protein, possibly explaining ß-lap's ability to radiosensitize 

cells. Treatment of Ul-Mel cells with IR (3.5 Gy) resulted in a dramatic increase in NQOl 

transcript levels (Fig. 2). Peak levels of NQOl were noted 4-8 h post-IR. In dose-response 

experiments, NQOl levels were significantly induced by as little as 1.0 Gy,[34] a clinically 

relevant dose of IR. Interestingly, LNCaP cells, that lack NQOl expression, were one of few 



cancer cells that were not radiosensitized by ß-lap.18'9] Work is ongoing in our laboratory to 

demonstrate that ß-lap sensitizes cells via the IR induction of its intracellular activating enzyme, 

NQOl. Thus, although the kinetics of radiosensitization of ß-lap + IR compared to IR + CPT 

(or TPT or 9-AC) appear to be similar, the actual mechanism of cell killing is very different. 

We recently demonstrated that when NQOl expressing cells were exposed to ß-lap an 

NQOl-mediated futile cycling of the compound was apparent. ([I7L and unPublished data> The rate 

limiting intracellular substrate of this NQOl-dependent reaction was apparently intracellular 

loss of NAD(P)H levels, and we theorize ultimate loss of energy balance in the cell. Thus, 

addition of ß-lap to cell extracts may lead to a complete loss of energy via NQOl-dependent 

futile cycling of the drug, thereby explaining the inhibition of alkaline phosphatase previously 

observed in ligase reaction assays (unpublished data). An NQOl-dependent mechanism of ß- 

lap-mediated radiosensitization also explains the temporal sequence of addition of ß-lap 

required during or immediately after IR exposures, since IR-induced NQOl expression reached 

peak levels in 4 h. A two-hour exposure of ß-lap, which was shown to have little effect on 

radiosensitization,191 may not have been sufficient time for NQOl expression and/or for 

complete futile cycling of the drug. Short exposures thereby allow cell recovery. In contrast, a 

4-h period of futile cycling of ß-lap would result in a critical (threshold) loss of energy leading 

to activation of calpain or calpain-like apoptosis.[3,14] Research in our laboratory is currently 

directed towards elucidating the exact mechanism of ß-lap-mediated radiosensitization, a 

mechanism we theorize will involve NQOl (or xip3) as a major factor in the response. 

NF-KB Signaling after Topo I poisons. Since NF-KB is implicated in the control of apoptosis, 

we analyzed the mechanisms of NF-KB activation by DNA damaging agents. We were also 

interested in elucidating the potential nuclear-to-cytoplasmic signaling pathways activated by 

Topo I poisons, since inactive NF-KB is present in the cytoplasm and the majority of DNA 

damage is induced in the nucleus.   Our rationale was that study of the NF-KB activation 



mechanism by DNA damaging agents may provide novel targets for anti-cancer drug 

development, which may be used in combination with radiation or chemotherapy treatment to 

increase their efficacy. Since NF-KB can also be activated by oxidative stress in the cells 

(reviewed in1401), we began our studies using CPT, a well characterized Topo I poison, which 

causes DNA strand breaks without simultaneous generation of oxidative stress in the cell. 

Exposure of various murine or human cancer cell lines with CPT resulted in NF-KB 

activation, as measured by EMSA and icB-reporter gene assays.[40] We treated 70Z/3 murine 

pre-B cells, CEM T leukemic, PC-3 prostate cancer, HEK293 embryonic kidney fibroblast and 

HeLa cervical cancer cell lines. We found that in all cell lines tested, NF-KB activation by CPT 

was dose-dependent, detectable at 10 ng/ml, saturating at 10 ug/ml. The NF-KB activation 

profile was transient (peaking at 1-2 h, undetectable by 6-8 h) in treated cells despite 

continuous CPT exposure. Pretreatment with cycloheximide did not interfere with this 

pathway, indicating that this activity stimulated by CPT does not require de novo protein 

synthesis. A similar pattern of the NF-KB activation response was observed when these cells 

were treated with TPT. Induction of NF-KB DNA binding activity by CPT- or TPT treatment 

resulted in increased NF-KB-dependent transcription of a luciferase reporter gene. Thus, CPT 

or TPT activation of NF-KB occurs without de novo protein synthesis and may utilize pre- 

existing regulatory component(s). 

The primary molecular target of CPT or TPT is Topo I enzyme, but CPT-sensitive 

Topo I is present both in the nucleus and mitochondria.1551 To determine the requirement of an 

intact nucleus for NF-KB activation by CPT, we enucleated PC-3 and HeLa cells by the 

cytochalasin B-mediated enucleation procedure.1371 While enucleation did not affect the 

activation of NF-KB by PMA or TNF, the NF-KB response after CPT or TPT was dramatically 

diminished in the cytoplasts. These observations indicated that the presence of intact nucleus 



was essential for efficient NF-KB activation by CPT. To our knowledge, this is the first direct 

demonstration of the requirement of intact nucleus for any NF-KB activation pathways. 

Next, we addressed whether direct interaction of CPT and a Topo I-DNA complex is 

necessary for activation of NF-KB by examining the human CEM/C2 cells, which express a 

CPT-resistant mutant Topo I enzyme.'561 This mutant Topo I enzyme contains two amino acid 

substitutions, Met370 to Thr and Asp722 to Ser. The latter mutation makes Topo I enzyme 

-1000-fold resistant to CPT (or TPT)-mediated inhibition of the re-ligation of DNA nicks, 

making it incapable of efficiently inducing DNA damage after CPT treatment in vivo.im We 

compared CPT-induced NF-KB activity in CEM/C2 and the parental CEMp cells by EMSA. 

Time-course and dose-response studies, as well as KB-dependent luciferase reporter assays, 

clearly demonstrated that CEM/C2 cells could not mount an NF-KB response after CPT 

treatment. Activation of NF-KB in CEM/C2 cells by TNF-a or other DNA-damaging agents, 

such as VP16 and IR indicated that the lack of NF-KB activation was specific to CPT. 

CPT inhibition of the re-ligation step during the Topo I reaction induces stabilization of 

the cleavable complexes, resulting in the generation of Topo I-associated SSBs. These SSBs 

were reversible, but could be converted into DSBs during S-phase, when the replication fork 

collides with the cleavable complex.[5] Therefore, we next evaluated whether SSBs or DSBs 

were critical for NF-KB activation by CPT. Cells were treated with aphidicolin for 30 min, 

then exposed to CPT for 2 h and cell extracts examined for NF-KB activation. EMSA analyses 

showed that amphidicolin selectively blocked activation of NF-KB by CPT, but not by other 

inducing agents, such as bacterial lipopolysaccharide (LPS) or TNF-a. These results suggested 

that DSBs, not SSBs, were critical for NF-KB activation after CPT. These data also implied 

that this activation pathway was coupled to S-phase. We, therefore, enriched 70Z/3-CD14 

cells in S phase by FACS sorting after cells were stimulated with CPT or LPS for 2-h. 

Compared to similarly obtained Gx cell populations, NF-KB activation was 2.8-fold higher in 



the S-phase population, when equivalent amounts of cell extracts were analyzed by EMSA. 

LPS stimulation did not show any significant differences in NF-KB activation between S and 

G1 cells. These findings demonstrated that CPT activation of NF-KB was cell cycle coupled, 

and predominantly took place during S-phase of the cell cycle in a DSB-dependent fashion. 

Our data, thus far, are consistent with the onset of an NF-KB activation pathway 

initiated by DSBs in the nucleus (Figure 3). Even though inactive NF-icB/kBa complexes are 

largely present in the cytoplasm in a pre-induction state, our recent studies demonstrated that 

these complexes continually shuttle between the nucleus and the cytoplasm.[58] These 

observations raised the possibility that the release of NF-KB from IKB a may take place within 

the nucleus after DNA damage, rather than in the cytoplasm. To evaluate this possibility, we 

first accumulated the inactive NF-KB complexes in the nucleus by treating cells with the 

nuclear export inhibitor, leptomycin B (LMB). Cells were then treated with CPT. Under these 

conditions, NF-KB activation was not induced.[58] Moreover, we found that NF-KB activation 

by CPT requires (i) degradation of IKBCX by the ubiquitin-proteasome pathway; (ii) inhibition of 

CPT-induced IKBCX degradation by proteasome inhibitors caused accumulation of M3a in the 

cytoplasm; (iii) mutation of the IKB kinase phosphorylation sites on IKBCX blocked NF-KB 

activation by CPT; (iv) dominant-negative mutants of IKB kinases, IKKa and IKKß, blocked 

CPT activation of NF-KB; (V) CPT activation of NF-KB was deficient in IKKa"'", IKKß"'" or 

IKKy"'" cells; and (vi) IKKa and IKKß are not shuttling between the nucleus and the 

cytoplasm.1401 While we cannot completely discount the possibility that some post-translational 

modification may be imposed on inactive NF-KB/kBa complexes in the nucleus after DNA 

damage, our observations are consistent with the hypothesis that DSBs initiate a nuclear-to- 

cytoplasmic signaling pathway to activate the IKK complex in the cytoplasm to ultimately 

induce degradation of M3a to release NF-KB in the cytoplasm. Once in the nucleus, NF-KB 

appears to regulate expression of anti-apoptotic genes (Figure 3), since inhibition of NF-KB 



activation by expression of a dominant-negative IKBCC mutant protein enhanced apoptotic 

responses in certain cancer cells after CPT treatment.[58] 

DISCUSSION AND CONCLUSIONS 

The studies summarized above highlight the need to better understand the cellular and 

molecular responses of normal compared to tumor tissues to cytotoxic agents (such as IR, Topo 

I poisons, ß-lap and combinations of these agents). The Topo I poison-mediated activation of 

NF-KB could be a very important anti-apoptotic response which affects efficacy of therapy 

using Topo I poisons, with or without other cytotoxic agents (e.g., IR). Our laboratories are 

currently working to better understand the unique S-phase-specific signal transduction pathways 

induced by CPT analogs that simultaneously activate apparently functionally opposing p53 and 

NF-KB transcriptional responses (Figure 3). These coordinate cellular responses presumably 

evolved in eukaryotic cells to halt the cell cycle in Gl and/or G2 (dependent on dose and timing) 

to allow time for repair and recovery (p53-dependent), but also possibly to stimulate 

transcriptional responses which lead to enhanced cell survival (NF-KB-mediated). Manipulating 

these pathways will presumably allow for enhanced cytotoxic affects and possibly methods for 

greatly improving therapy. We speculate that manipulating these pathways could be 

accomplished through the use of tissue- and tumor-specific expression of dominant-negative 

IKB, or through the use of proteasome inhibitors. Both of these methods should prevent NF-KB 

activation by sequestering NF-KB in the cytosol of tumor cells, thereby preventing nuclear 

translocation of this transcription factor. Alternatively, by dissecting the components and 

biochemical reactions involved in the putative nuclear-to-cytoplasmic signaling pathway, 

inhibitors specific to NF-KB activation induced by DSBs may be developed. Overall, these 

findings highlight the need for further investigation and elucidation of the molecular responses 



occurring in normal compared to tumor cells following the combination of IR and Topo I 

poison exposures. 

Interestingly, ß-lap exposure of human cancer cells does not lead to induction of NF- 

KB.
[59]
 In fact, administration of this drug actually suppresses NF-KB activation responses,1591 

that we theorize occurs via the futile cycling of this drug and loss of energy balance within 

exposed cells expressing NQ01.[17] Thus, ß-lap holds special interest as a radiosensitizer in that 

the overall enhanced IR-mediated cytotoxicity is equivalent to that of the Topo I poisons, but is 

not susceptible to the same downstream protective responses. In fact, not only are NF-KB 

responses suppressed, but p53 and pRb are specifically degraded.13, 14] p53 and pRb are 

apparently substrates for the downstream activated calpain or calpain-like protease which is 

activated following ß-lap exposure.«31, Tag,iarino etl "- unPublished data> Thus, apoptotic responses are 

stimulated following ß-lap exposure, simultaneously with suppression of anti-apoptotic 

responses (mediated by NF-KB down-regulation). Furthermore, identification of NQOl as a 

principal target or activating enzyme within the cell is a major step towards improving 

specificity of radiosensitization with this drug. 

FIGURE LEGENDS 

Figure 1. ß-Lap synergistically enhances the cytotoxicity of low serum-treated, confluent 

Ul-Mel cells. Radioresistant human malignant melanoma (Ul-Mel) cells were grown to 

confluency and shifted to medium containing a low (0.2 %) percentage of fetal bovine serum, 

where >85% Go/Gj and fewer than 5% S-phase (incorporating [3H]thymidine into their DNA) 

were noted.[8,9'33,34] Arrested cells were then treated with 3.5 Gy IR or mock-irradiated. 

Immediately after IR exposure, cells were treated with or without various concentrations of ß- 

lap as described in "Materials and Methods". Control cells were treated with an equivalent 

percentage of DMSO for each dose of drug, and no dose of DMSO used in the experiment 



caused growth inhibition or lethality. Top insert, structure of ß-lap. A number of R-substituted 

derivatives have been made and these do not affect the activity of this compound, however, 

many alter the solubility or other pharmacokinetic properties.[41'60] Bottom insert, open square, 

non-irradiated Ul-Mel cells treated with various concentrations of ß-lap alone for 4-h; solid 

circle, Ul-Mel cells treated with IR followed immediately with various concentrations of ß-lap 

for 4-h. Colony forming ability assays were then performed and analyzed as described in 

"Materials and Methods". The vertical dashed line indicates the approximate cut-off between 

physiologically relevant doses of ß-lap found for mice.[41) Results are similar to those 

previously published.191 Any concentration of ß-lap above ~8 uM would be non-physiological, 

achieved in tissue culture but not in mice at the mean tolerated dose (MTD) of the drug. 

Figure 2. [From Boothman et. al.,t34]] NQOl is an IR-inducible transcript in low serum- 

exposed, confluent Ul-Mel cells. Left panel, Confluent Ul-Mel cells were treated with 3.5 Gy 

IR, total RNA was extracted 5 h later, and specific transcript levels were analyzed by Northern 

blot analyses using random-primed NQOl or 36B4 cDNAs as probes. 36B4 transcript levels 

remain unaltered after IR exposure and were used as a loading standard. Right panel, the 

kinetics of NQOl induction in Ul-Mel cells after 4.5 Gy with respect to ß2-microglobulin (or 

36B4); the relative levels were multiplied by an arbitrary factor of 100 to graph the data. 

Similar responses were observed after 3.5 Gy. Peak NQOl levels were observed between 4-5 h 

post-IR exposure. The induction kinetics of NQOl in Ul-Mel cells were consistent with 

cellular responses to ß-lap, which is activated by this IR (damage)-inducible enzyme (see Figure 

1, text). Reprinted with permission from the Proceedings of the National Academy of Science, 

USA.™ 



Figure 3. A model depicting a putative "nuclear-to-cytoplasmic" signal transduction 

pathway activated by Topo I poisons. See discussion section and the paper by Huang et. 

al.,(40) for further detail. 
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