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ARTICLE 
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A newly synthesized cyclic hydroxamic acid com- 
pound, BMD188 [cis-l-hydroxy-4-(1-naphthyl)-6-oc- 
tylpiperidine-2-one], was found to induce the apop- 
totic death of cultured prostate cancer cells by acti- 
vating caspase-3. Orally administered BMD188 sig- 
nificantly inhibited the primary growth of prostate 
cancer cells (Du145) orthotopically implanted into 
SCID mice. Mechanistic studies indicated that 
BMD188 did not alter the protein levels of several 
Bcl-2 family members. In contrast, the BMD188 
effect required three essential factors: reactive oxy- 
gen species (ROS), the mitochondrial respiratory 
chain function, and proteases. First, the apoptosis- 
inducing effect of BMD188 could be blocked by ROS 
scavengers such as Desferal. Second, both BMD188- 
induced PARP cleavage as well as PC3 cell apoptosis 

could be dramatically inhibited by several complex- 
specific mitochondrial respiration blockers. The in- 
volvement of mitochondria was also supported by 
the observations that BMD188 dramatically altered 
the mitochondrial distribution and morphology 
without affecting the cellular ATP levels. Finally, the 
apoptosis-inducing effect of BMD188 in PC3 cells 
could be significantly inhibited by serine protease 
inhibitors (TPCK and TLCK) as well as by caspase 
inhibitors (zVAD-fmk and DEVD-CHO). Collective- 
ly, the present s tudy suggests that BMD188 and its 
analogs may find clinical applications in the treat- 
ment of prostate cancer patients by  inducing apop- 
totic death of prostate cancer cells. (Pathology Chaco- 
logy Research Vol 4, No 3, 179-190 1998) 
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Introduction 

Horrnone-reflactory prostate cancer cells could be 
induced to undergo programed cell death or apoptosis by 
various chemotherapeutic drugs or radiation. Unfortuna- 

Received: May 26, 1998, accepted." Augus! 18, 1998 
Corre.v)ondence: Dean G TANG, ~ Department of Radiation On- 
cology Wayne State University, 407 Life Science Bldg., Detroit, 
MI 48202: Tel: (313) 577-2184; fax: (313) 577-2375; c-mail: 
dtang@ sun.science.wayne.edu; dtang@ucl.ac.uk 

tely, these treatment regimens could rarely eradicate the 
whole tumor mass due to the evolution of apoptosis-resis- 
rant clones. So far at least three new approaches (reviewed 
in ref. 1) are being developed with aim to eliminating the 
whole tumor population: identification of novel, rnore 
potent chemicals or natural products (e.g., Linomide and 
~-lapachone;23), p53 and bcl 2-targeted gene therapy, 46 
and novel mechanism-based drug development, such as 
modulators of apoptosis signal transduction pathways] 
We have recently synthesized a series of cyclic hydroxa- 
mates (-200 compounds; US patents 5,292,884 and 
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Figure 1. Chemical structure of BMDI88. 

5,234,933) that inhibit the arachidonate leukocyte-type 12- 
lipoxygenases. Since we have previously demonstrated a 
potential role of  lipoxygenases in regulating tumor cell 
survival and apoptosis, s J0 we thus screened these novel 
chemical entities for their biological effects on prostate 
cancer cells. The results indicate that some hydroxamates 
induce a strong apoptotic response (up to 100% cell kil- 
ling) in multiple prostate cancer cells and many other 
types of cancer cells in vitro] ~ In this study, we thorough- 
ly characterized the biological effect of one lead com- 
pound termed BMD188 on human prostate cancer cells. 
We further studied its mechanism of action and observed 
that the effect of BMD188 involved mitochondrial dys- 
function, free radical accumulation, and protease activa- 
tion. Finally, BMD 188 given by oral garage inhibited both 
primary tumor growth as well as the invasion of ortho- 
topically implanted Du145 human prostate cancer cells in 
SCID mice. 

Materials and Methods 

Cell culture, chemicals, and reagents 

PC3 and Du 145 cells were obtained from ATCC mid 
cultured in RPMII640 medium supplemented with 10% 
fetal bovine serum (FBS), 2 mM L-glutamine, and antibi- 
otics. HL60 cells were cultured in RPMI medium as pre- 
viously described. II The following primary antibodies 
were used in the immunoblotting experiments: mouse 
monoclonal anti-human Bcl-2 (clone 124; Dako), rabbit 
polyclonal anti-Bax (one batch obtained from PharMingen 
and the other batch prepared as previously described; ~), 
anti-Bad, and anti-Bak antibodies (Santa Cruz Biotech., 

CA), rabbit polyclonal anti-poly-(ADP-ribose) polyme- 
rase (Boehringer Mannheim), monoclonal anti-caspase-3 
(Transduction Laboratories, KY), and monoclonal anti- 
actin ([CN). The secondary antibody was either goat anti- 
rabbit or anti-mouse IgG (whole molecule) conjugated to 
horseradish peroxidase (Biorad). ECL reagents were 
bought from Amersham. Protease inhibitors TPCK (tosyl- 
L-phenylalanyl chloromethyl ketone), TLCK (tosyl-L- 
lysyl chloromethyl ketone), ALLN (N-Ac-Leu-Leu- 
normethioninal), and iodoacetarnide were obtained from 
Calbiochem. Peptide inhibitor zVAD-fmk (benzyloxycar- 
bonyl-Val-Ala-Asp-tluoromethyl ketone) and a control 
peptide Phe-Ala-fmk were purchased from Enzyme 
Systems, Inc. (Dublin, CA). Cell permeable tetrapeptides 
DEVD-CHO (N-Ac-Asp-Glu-Val-Asp aldehyde) and 
YAVD-CHO (N-Ac-Tyr-Val-Ala-Asp aldehyde), which 
were linked at the N-terminal to the hydrophobic signal 
sequence from k-FGE were obtained from Biomol. 

Chemical synthesis and characterization of  BMD18 

The synthesis of hydroxamic acids was previously 
detailed (US patents 5,292,884 and 5,234,933). The chem- 
ical synthesis and characterization of BMD188 (Figure 1) 
were previously detailed. 13 

Effects o f f i e e  radical scavengers on BMD 188-induced 
PC3 cell apol)tosis 

PC3 cells (0.5xl&/T25 flask) were pretreated for 1 h 
with lactoferrin (1-20 pM) or Desferal (0.1 I raM), fol- 
lowed by BMDI88 treatment. At the end of the treatment, 
cells in the whole flask were collected and cell survival 
was determined by the trypan blue dye exclusion/apopto- 
sis morphology assays, s-"' The results were expressed as 
the % of the vehicle control. Each condition was run in 
triplicate and the experiments were repeated a minimum of 
three times. 

Effects ofiprowase inhibitors on BMD188-induced PC3 
cell apoptosis 

PC3 cells ( l x l0  ~') cultured in 35 mm 2 culture dishes 
were pretreated with ethanol, TPCK (0.02-0.2 mg/ml), 
TLCK (0.01-0.1 mg/ml), iodoacetamide (5-50 pag/ml), 
ALLN (50 500 pM), zVAD-fmk (5-50 ~lM), DEVD-CHO 
(5 [aM), YVAD-CHO (5-50 pM), or control peptide Phe- 
Ala-fmk (50 hiM) for 45 min, followed by treatment with 
BMD188 (50 laM) for 2 h. Then all cells were harvested 
and used for PARP cleavage assays (see below). To quan- 
titate the effect of these protease inhibitors on BMD188- 
induced apoptosis, PC3 cells cultured in fiat-bottom 24- 
well plates (2.5x104 cell/well) were similarly pretreated 
and treated as described above and, at the end of 2 h, apop- 
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tosis was quantitated by counting apoptotic cells based on 
typical morphology, s-~~ Each condition was run in tripli- 
cate and 500-1,000 cells were counted for each condition. 

PARP [poly-(ADP-ribose) polymerase] cleavage 
and ~f/~,stern blotting 

Western blotting protocols were detailed before. ~-K~ 
Whole cell lysates were prepared by directly lysing control 
and drug-treated PC3 cells in TNC (10 mM Tris-acetate, 
0.5% NP-40, and 5 mM CaCI=, pH 7.4) buffer and solubi- 
lized proteins analyzed on 4-20% gradient PAGE. Isolated 
proteins were transfelTed to nitrocellulose and probed with 
individual primary antibodies. The secondary antibody 
used was goat anti-rabbit or -mouse lgG conjugated to 
horseradish peroxidase. For PARP cleavage assays, an 
identical number (2.5x105/well) of PC3 cells were plated 
onto 6-well petri dishes and treated with different doses of 
BMD 188 for various time intervals. At the end of the treat- 
ment, cells were directly scraped into 2x sample buffer fol- 
lowed by boiling. Thereafter, equal amounts of samples 
were loaded onto a 7.5% SDS-PAGE and the 116 kd- 
PARP and the 85 kd cleavage product were detected with 
a polyclonal antibody using ECL~I 

Mitochondrial labeling with MTT staining 

The MTT ((3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl- 
tetrazodium bromide) assay works by being metabolized 
by mitochondrial dehydrogenases to form formazan dyes. 
5x10 ~ PC3 cells/well cultured in 24-well plates were treat- 
ed with 40/aM BMD188 for 30 min and then, after wash- 
ing, incubated (at 37~ with 0.5 mg/ml MTT prepared in 
RPMI for 1.5 h. Viable cells with active mitochondria 
cleave the tetrazolium ring into a visible dark blue for- 
mazan reaction product while dead cells are not stained. 
The mitochondrial distribution and morphology were 
monitored under a phase contrast microscope. 

ATP assays 

The intracellular ATP levels were determined using the 
ATP Assay kit obtained from Sigma (Cat# 366-A). The 
procedure was based on the reaction: ATP + 3-phospho- 
glycerate --~ ADP + 1,3-diphosphoglycerate (catalyzed by 
phosphoglyceric phosphokinase or PGK) and 1,3-diphos- 
phoglyccrate + NADH ~ Glyceraldehyde-3-P + NAD + Pi 
(catalyzed by g[yceraldehydc phosphate dehydrogenase or 
GAPE)). Formation of NAD was then quantitated by mea- 
suring the change in absorbance at 340 nm. By determin- 
ing the decrease in absorbance at 340 nm that results when 
NADH is oxidized to NAD, a measure of the amount of 
ATP originally present is obtained. PC3 cells or HL60 
cells (3xl(P total) treated with BMD188 for various time 

intervals were resuspended in 1 ml PBS at the end of the 
treatment. 1 ml of 12% TCA was then added to the cell 
suspension and the mixture allowed to stand in ice for 5 
rain. After centrifugation, ATP levels were determined by 
following the Instruction Manuals from the manufacturer. 
The results were plotted as % of the time 0 (i.e., without 
BMDI88). 

Activation of caspase-3 (CPP32) 

Two independent methods were used to measure the 
caspase-3 activation. In the first. PC3 cells (3x106) wcre 
trcatcd with BMD188 (40 taM) for 5, 15, 30 rain, 1 h, or 2 
h and then the whole cell lysates were harvested using the 
TNC lysis buffer, as described above. One hundred 
~g/lane of proteins was separated on a denaturing 15% 
SDS-PAGE and proteins were transferred to nitrocellulose 
membrane. Western blotting was carried out as described 
above, using the monoclonal anti-CPP32. The activation 
of caspase-3 was monitored by the appearance of the 
cleavage product(s). In the second method, the caspase-3 
activity was measured using the fluorogenic substrate 
DEVD AFC. Briefly, PC3 cells (2xl0~/10 cm dish) were 
treated with 40 gM BMD188 for 0, 5, 15, 30, 45, 60, 90, 
and 120 min. At the end of the treatment, whole cell 
lysates were prepared in cell lysis buffer (10 mM Tris- 
HCI, pH 7.5, 10 mM NaH2PO~aHPO4,  pH 7.5, 130 mM 
NaCI, 1% Triton X-100, 10 mM NaPPi). After protein 
concentration measurement (Lowry), 100 #g protein was 
coincubated with 30 jaM DEVD-AFC substrate in a total 
of 2 ml reaction buffer (20 mM HEPES, pH 7.5, 10% glyc- 
erol, 2 mM DTT) at 37~ for 1 h. Subsequently, the acti- 
vation of caspase-3 was monitored by reading the samples 
on a Perkin-Ehner LS-5 fluorescence spectrophotometer at 
excitation wavelength of 400 nm and emission wavelength 
of 505 rim. All the samples were blanked against the reac- 
tion buffer with the substrate alone. The results were 
expressed as the fold increase in activation compared to 
time 0, at which time the CPP32 activity was considered 
as 1. Each experiment was run in duplicate the experi- 
ments were repeated three times. 

In vivo anti-tumor activi~' of BMD188 on Du145 
human prostate cancer cells orthotc pically implanted 
into SCID mice 

Du145 cells (106) were injected mmrosurgically into the 
two prostate lobes of SC1D (C57BL/CBA hybrid) mice 
under anesthesia (Nembutal) in 50 tal of serum-free 
RPMI. ~a Tumor cells were then allowed to grow lor 2 
weeks before treatment. BMD188 was first solubilized in 
ethanol and then mixed with corn oil. Then BMD 188 was 
given to animals by oral garage at 0, 25, 100, 250, and 500 
mg/kg every other day from day 14. In total 12 oral admin- 
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istrations were carried out. At the end of treatment (i.e., 
day 39 since tumor cell inoculation), animals were sacri- 
ficed by Nembutal inhalation. Primary tumors were isolat- 
ed and measured with a caliper and the sizes were 
expressed as mm-L Local tumor invasion into pelvic organs 
(prostate capsules, testis, urinary bladder, and rectum) and 
distant metastasis (liver, kidney, lung, and intestine) were 
examined both macroscopically and microscopically by 
tissue sectioning and HE staining. All animals were main- 
tained in the SCID Laboratory according to standard ani- 
mal welfare/husbandry conditions. The statistical analysis 
was carried out using the SigmaPlot software. 

Results 

BMD188 Induces PC3 Cell Apoptosis by Activating 
Caspase-3 (or CPP32) 

Our previous studies ~''j3 have established that: a) Hyd- 
roxamic acid compounds induce apoptotic death (as reve- 
aled by morphology, MTS assays, DAPI staining and PARP 
cleavage assays) of multiple types of prostate cancer cells; 
b) Hydroxamic acid compounds induce a much stronger 
apoptotic response in PC3 prostate cancer cells than sever- 
al standard chemotherapeutic drugs (including adriamycin, 
bleomycin, cisplatin, camptothecin, taxol, methotrexatc, 
VPl6, vinblastine, and vincristine); c) Hydroxamates kill 
both androgen-dependent and -independent prostate cancer 
cells in a p53- and cell cycle-independent manner. They 
also kill prostate cancer cells with MDR (multidrug resis- 
tance) phcnotype; d) Hydroxamates preferentially kill 
prostate cancer cells comp~ed to various normal cells 
including normal prostate epithelial cells; e). hi vivo exper- 
iment with small number of animals has indicated the anti- 
tumor efficacy with BMDI88, a hydroxamate lead com- 
pound;J) Preliminary data suggest that the BMD 188 specif- 
ically targets mitochondria to induce apoptosis. 

In this study, we performed a series of new experiments 
either to confirm or extend our previous observations. As 
shown in Figure 2A, BMD188 activated caspase-3 in PC3 
cells, as evidenced by the cleavage of the protein from its 
parental 32kd form to the P17 form. Using a more sensi- 
tive assay, i.e., the cleavage of a fluorogenic substrate 
(DEVD-AFC), it was shown that a low level (i.e., ~3-fold) 
of caspase-3 activation was observed at 45 rain post 
BMD188 treatment (Figure 2B). More than 10-fold acti- 
vation of caspase-3 was observed by 60 rain and the max- 
imum activation (~25 fold) was noticed at ~90 rain post 
stimulation (Figure 2B). As CPP32 was activated at 45-60 
rain post BMD188 stimulation, PARP, a known caspase-3 
substrate, was also cleaved (from 116kd to 85 kd; Figure 
2A, lower panel). By 2 h when >90% PC3 cells were apop- 
totic,l ~,13 significant CPP32 activation and nearly complete 
PARP cleavage were observed (Figure 2). 
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Figure 2. BMD188 induces PC3 cell apopt~sis by activating 
caspase-3. A. Upper panel, caspase 3 activation as revealed by 
Western blotting. The 32 kd pro-caspase-3 and the complete 
cleavage product (P17) were indicated on the right. Lower 
panel, PARP cleavage. The 116 kd-band represents the parental 
PARP protein and the 85 kd-band the cleavage product. B. 
Caspase-3 measurement using the fluorogenic substrate 
DEVD-AFC. The data were expressed as the ~ ld  activation qf 
caspase-3 over the co~ttrol (i.e., the ethauol treated PC3 cells). 
Shown are the mean + SEM derived from three independent 
experiments. 

Inhi!~ition by BMD188 qf  primarv tumor growth and 
invasion of Dul45 prostate ltlrllol" cells orthotopically 
implanted into SCID mice 

Preliminary studies indicated that PC3 tumor cells 
orthotopically implanted into SCID mice did not metasta- 
size very well; 14 Timdr et al., unpublished observations). 
Therefore, in all of our in vivo studies we used another 
human prostate cancer cell line, Du145. Du145 cells were 
more malignant than PC3 ceils in the sense that these cells 
survive the longest in the absence of trophic factors and 
they were extremely resistant to apoptosis induction by 
serum withdrawal. ~5 Previous studies with a small set of 
animals demonstrated that BMD188 given by i.p. injection 
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Figm'e 3. BMD188 administered p.o. inhibits the primary tumor 
grvwth of Du145 pwstate cancers orthotopically transplanted 
into SCID mice. Shown were tlre mean values of each group. The 
S.Ds were <10%. Indi~;~ted p values were obtained by compar- 
ing with the contlvl (i.e., O) ,~roup. 

inhibited the i ,  l,ivo growth and invasion of Du145 human 
prostate cancer tumors orthotopically implanted into SCID 
mice. L~ The in i, ivo anti-tumor effect of BMD188 was fur- 
ther evaluated in this study by oral administration. The 
experiment was initially started with 25 animals in each 
group. The animals were sacrificed after 12 oral deliveries 
of the BMD188. As shown in Figure 3, BMDI88, in a 
dose-dependent manner, inhibited the growth of the pri- 
mary tumor. The unequal number of animals in each group 
(Figure 3) was due to loss prior to drug delivery (acciden- 
tal death) or cumulative toxicity. BMD188 also appeared 
to inhibit the local invasion of Du145 tumor cells. The 
metastasis incidence was 4/4 (the control group), 0/4 (the 
25 mg/kg) group), 2/3 (the 100 mg/kg group), (the 250 
mg/kg group) and 0/5 (the 500 mg/kg group), respective- 
ly. No distant rnetastasis in lung, liver, spleen, and kidney 
was observed in any anirnal during this experiment. 

BMD188-1nduced PC3 Cell Apoptosis Invoh,es Free 
Radical Generation 

We next explored the molecular mechanism(s) of action 
for BMD188-induced PC3 apoptosis. Hydroxamate com- 
pounds were initially synthesized as leukocyte 12-1ipoxy- 
gcnase inhibitors. However, PC3 and Du145 cells do not 
express 12-1ipoxygenase mRNA as revealed by Northern 
blotting and nested RT-PCR (data not shown). These cells 
also do not express the lipoxygenase protein or metabolize 
exogenous arachidonic acid to 12(S)-HETE, the natural 
metabolic product of 12-1ipoxygenase (data not shown). 
These observations suggest that BMD188 induces prostate 
cancer cell apoptosis independently of its lipoxygenase- 
inhibitory activity. We next examined, by quantitative 
Western blotting using the protocol we recently devel- 

oped, ns the effect of BMD188 on several Bcl-2 family pro- 
teins including Bcl-2, Bad, Bak, and Bax. The results did 
not reveal any significant changes in the expression levels 
of these proteins following BMD188 treatment (Figure 4). 

Previous observations by others ~617 have demonstrated 
that hydroxamates may perturb the cellular redox home- 
ostasis. This possibility was thus tested by pretreating PC3 
cells with a panel of free radical scavengers prior to 
BMD188 treatment. The results indicated that the 
BMDI88-triggered PC3 cell apoptosis could be signifi- 
cantly blocked by PDTC (a general free radical scavenger), 
SOD (a superoxide scavenger), and tryptophan (a scavenger 
of singlet oxygen), in a dose-dependent manner, thus sug- 
gesting that 188 treatment led to free radical (e.g., superox- 
ide and singlet oxygen) generation. Subsequent expe- 
riments confirmed the generation of ROS upon BMD188 
treatment (Joshi et al., manuscript in preparation). 

Time post BMD 188 treatment (150 gM) 
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Figure 4. BMD188 does ;rot alter tire levels of the Bcl2-family 
proteins. Cultured PC3 cells were treated with BMD188 for 
various time intervals and then harvested for Western blot 
analysis of individual Bcl-2 fir proteins or for PARP. The 
blot was probed and then reprobed for Bcl-2, Bad, Bak, and Bax. 
Actin levels were used as the internal control. In this specific 
experiment, PARP was cleaved at ~1.5 h post BMD188 treat- 
ment. Note there were no dramatic alterations in any of the pro- 
reins examined after normalizing to the actin levels. 
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F(gure 5. BMD188-induced PC3 cell apoptosis can be inhibited by free radical saTvengers. A. Quantitation of ceil survival in PC3 
cells pretreated with free radical inhibitors (i.e., iron chelators). PC3 cells (2.SxlOffwell) cultured in fiat-bottom 24-well plates were 
pretreated with Desferal (100 t~M) or lactqfierrin (Lacto; 10 t~M) for 1 h prior to BMD188 treatment (50 ItM; 2 h). Apoptotic cells 
were scored with the trypan blue dye exclusion/apoptotic morphology assays as described. 8->'> The results were expressed as the % 
cell survival (the control as 100%). Shown are the mean +_ S.E from three" independent experiments. * p<O.01 compared with 
BMD188 alone. B-D, photomicrographs qfi PC3 cells treated with ethanol (B), BMD188 (Q 50 t~M x 2 h) or Iactoferrin (10)tM x 
1 h)followed by BMD188 (D; 50 lIM x 2 h). Original magnification: x200. 

Previous studies have also suggested that hydroxamates 
disrupt the cellular rcdox homeostasis by interfering with 
iron metabolism, m'~7 therefore, the involvement of iron in 
BMD188-induced cell death was examined. PC3 cells 
were pretreated with Desferal, an iron-selective chelator ~8 
or lactoferrin (which blocks the conversion of Fe ~+ to 
Fe3+; ~) followed by BMD188 treatment. As shown in 
Figure 5A, both inhibitors, at the doses tested (see 
Materials & Methods), delayed apoptotic response and 
significantly extended PC3 cell survival. Morphological 
observations demonstrated that in BMD188-treated cul- 
tures there existed numerous apoptotic cells with shrunk- 
en cell bodies and membrane blebbings (Figure 5C). In 
contrast, cells pretreated with lactoferrin (Figure 5D) or 
Desferal (not shown) mostly showed normal morphologies 
except for easily recognizable cytoplasmic vacuoles, 
which represented the earliest microscopic changes upon 
BMD 188 treatment. 

BMD188 Alters the Morphological Distribution 
of Mitochondria prior to Apoptosis Induction 

Our previous experiments (Joshi et al., manuscript in 
preparation) have documented that BMD188-induced 
apoptosis absolutely requires functional mitochondria. 
This conclusion is based on the following observations: 
1). BMD188 induces rapid ROS generation in mitochon- 
dria. This increased ROS production is required for 
apoptosis induction since ROS inhibitors/scavengers sig- 
nificantly retard the BMD 188-induced cell death. 2). The 
BMD188-induced apoptosis can be blocked by mito- 
chondrial inhibitors such as cyclosporine A and rutheni- 
um red as well as complex-specific chemical inhibitors 
including rotenone (complex 1 or NADH-ubiquinonc 
reductase inhibitor), antimycin A (complex III or ubiqui- 
nol-cytochrome c reductase inhibitor), cyanide (complex 
IV or cytochrome c oxidase inhibitor), and oligomycin B 
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(complex V or ATP synthase inhibitor). In contrast, 
TTFA, a complex II or succinate-ubiquinone reductase 
inhibitor, does not affect the BMDI88-induced cell 
death. These results indicate that the BMD188 acts on 
the NADH pathway (but not the succinate-FADH2 path- 
way) of the electron transport. 3). BMD188 induces an 
early-phase (i.e., within 10 rain) increase in the mito- 
chondrial membrane potential, which appears to be 
important for apoptosis induction. Thus, prior treatment 
of cells with valinomycin which dissipates the mitochon- 
drial membrane potential blocks the apoptotic effect of 
BMDI88.  Finally, mitoci]ondrial respiration-deficient 
cells are much more resistant to apoptosis induction by 
BMD188. 

To support for the involvement of mitochondria in the 
BMD188-induced apoptotic response, PC3 cells treated 
with the compound demonstrated dramatic morphological 
alterations (Figure 6). In control PC3 cells, mitochondria, 
which were labeled as dark brown precipitates due to the 
metabolism of MTT, generally were distributed in the per- 
inuclear region (Figure 6A, arrowheads). In sharp contrast, 

cell apoptosis was effectively inhibited by TPCK and 
TLCK, but not by iodoacetamide or ALLN. ~3 On the other 
hand, all three caspase inhibitors, i.e., zVAD-fmk (a broad- 
spectrum inhibitor of caspases), DEVD-CHO (a relatively 
specific inhibitor of caspase-3), YVAD-CHO (a relatively 
specific inhibitor of ICE or caspase- 1), inhibited the PARP 
cleavage induced by BMD188 (Figure 8B). Quantitation 
of apoptosis revealed that zVAD at 5 luM reduced apopto- 

there was a drastic decrease in the intensity of the mito- 
chondria labeling 3{) min post BMD188 treatment (Figure 
6B), suggesting the impairment of the mitochondrial func- 
tion. Furthermore, the morphology of mitochondria 
appeared different: it became more dot-like (Figure 6B) 
instead of fibrous (Figure 6A). The physiological function 
of mitochondria is to generate ATP via electron transport. 
Therefore, we measured ATP levels following BMD188 
treatment. As a positive control, HL60 cells were simulta- 
neously treated with BMD188 and measured for the intra- 
cellular levels of ATP as a function of time. As shown in 
Figure 7, BMDI88 induced PC3 cell apoptosis without 
affecting the ATP levels. By contrast, HL60 cells demon- 
strated a significant decrease in the ATP levels upon 
BMD188 treatment. 

BMD188-1nduced PC3 Cell Apoptosis Requires Protease 
Activatio~ 

Proteases (serine proteases, caspases, and endonucleas- 
es) arc intimately associated with apoptosis induction in 
various models. To explore what protease(s) are involved 
in BMDl88-induced cell death, PC3 cells were pretreated 
for 45 min with the lollowing specific chemical/peptide 
inhibitors: TPCK (an irreversible inhibitor of chy- 
motrypsin-likc serine protease), TLCK (an irreversible 
inhibitor of trypsin-like serine protease), iodoacetamide (a 
conventional cysteine protease inhibitor), or ALLN (an 
inhibitor of calpains). Then PC3 cells were treated with 
BMDI88 (50 ~M; 2 h). As shown in Figure 8A, BMD188- 
induced PC3 cell PARP cleavage was effectively inhibited 
by TPCK and TLCK, but not significantly by iodoac- 
etamide or ALLN. Expectedly, BMD188-induced PC3 

Figure 6. BMD188 effect on the PC3 ceil mitochondriaI activ- 
ity. PC3 cells were treated with either ethanol (A) or BMD188 
(40 uM) for 30 rain (B). Following washing, cells were incu- 
bated with MTT as described in Materials and Methods. Note 
that in control cells the mitochondria were mostly labeled as 
dark brown precipitates in the perinuclear regions (A, arrow- 
heads) while in the BMD188-treated cells there was a sign!fi- 
cant decrease in the mitochondrial labeling (B). Original mag- 
nification: xlO0. 
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Figure Z BMD188 decreases the intracellular ATP levels of 
HL 60 cells but not PC3 cells. ATP levels were determined as 
detailed in Materials and Methods. 

sis to 30% and at 50 pM to 20%. DEVD-CHO at 5 }aM 
reduced PC3 cell apoptosis to 25% and YVAD-CHO at 5 
and 50 pM reduced apoptosis to 46% and 15%, respec- 
tively (~3; data not shown). 

Discussion 

The present study, together with previous observations 
(~ ~,,3, Joshi et al., manuscript submitted), demonstrates that 
BMDI88, a newly synthesized cyclic hydroxamic acid 
compound, inhibits the growth of prostate cancer cells in 
vitro and in vivo by inducing caspase-3-dependent apopto- 
sis. Subsequent studies of the molecular mechanism(s) of 
action revealed three essential parameters in the apoptosis- 
inducing effects of BMD188: mitochondria, ROS, and pro- 
teases, which have all previously been implicated in apop- 
tosis. 2~ Detailed time course studies using various 
inhibitors as well as by direct measurement of individual 
parameters (i.e., electron transport, ROS and caspase) have 
allowed us to compile the sequence of molecular events in 
PC3 cells upon BMDI88 treatment, culminating in apop- 
totic cell death (Figure 9). BMDI88, a 6 member-ring 
hydroxamic acid with a 8-C hydrocarbon tail which is 
structurally related to a fatty acid side chain (Figure 1), 
upon entering cells, appears to target mitochondria. More 
specifically, the chemical appears to target or "activate" the 
NADH pathway of the electron transport since the 
BMD188-induced PARP cleavage and apoptosis can be 
effectively prevented by inhibitors of complex I, lI[, and IV 
(Figure 9). In contrast, the complex II inhibitor (TTFA) 
does not affect the BMD188 effect (unpublished observa- 
tions) suggesting that the FADH2 as electron donors is not 
involved. Suffice it to say that the electron transport func- 
tion of mitochondria is required for the apoptotic effect of 
BMD188. This conclusion gains further support from the 

observations that respiration-deficient (i.e., 9 ~ cells whose 
mitochondria lack elctron transfer capacities are resistant to 
BMD188-induced caspase-3 activation and apoptosis 
(Joshi et al., manuscript submitted). Many apoptosis induc- 
ers such as TNF-R cause cell death by directly damaging 
mitochondria. >~ The BMD188 effect, in contrast, appears to 
be very unique since the mitochondria function is required 
for cell death. In this regard, the BMD188 effect resembles 
that of short-chain fatty acid, butyrate, whose apoptosis- 
inducing effect on colon epithelial cells also can be pre- 
vented by several mitochondrial respiration inhibitors. 3~ 

+BMD188 (50 ~tM; 2 h) 

O 

i i 

�9 

. . . . . . . . . . . . . . . . . . . . . .  85 k d  

+BMD188 (50 pM; 2 h) 

I I 

tr~ I~j 

'! ili~i 

_ 
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Figure 8. Protease involvement in BMD188-induced PC3 cell 
death. A. Effects of protease inhibitors on BMD188-induced 
PC3 cell apoptosis. PC3 cells were pretreated with various con- 
centrations of TPCK, TLCK, ALLN, Iodoacetamide, or with 
ethanol (control) for 45 rain fi~llozoed by BMD188 treatment 
(50 I~M; 2 h). At  the end of the treatment cells were harvested 
for PARP ch'avage assays. B. Effects of caspase inhibitors on 
BMD188-induced PC3 cell apoptosis. PC3 cells were pretreat- 
ed with various concentrations of zVAD, DEVD, or YVAD, or 
with ethanol (control)for 1 h fi)llowed by BMD188 treatment 
(50 ItM; 2 h). At  the end of the treatment cells were harvested 

for PARP cleavage assays. Note that a low level of PARP cleav- 
age was detected in the control. 
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F~gure 9. The sequence of molecular events for BMD188 induced PC3 cell apoptosis. See text for details. The sites of inhibitors 
(italicized) are indicated. "+", increase. 

Fow cytometric analysis with AhUm-sensitive fluo- 
rochrome rhodamine123 reveals that BMD188 induces a 
rapid (within 1 min) increase in PC3 cell AW,,1 which peaks 
at -10 rain and then gradually returns to the basal level 

(Figure 9; Joshi et al., manuscript submitted). It is well 
accepted that the AhU,n is established from the "pumping 
out" of protons from matrix to intermembrane space, as a 
result of the electron transport through the respirato W 
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chain complexes. Therefore, the increased zXW.,, at early 
time point, again, suggests that BMD188 is enhancing the 
electron transport activity, which is consistent with the 
inhibition of the BMD188 effect by complex-specific 
inhibitors (Figure 9). Significantly, the early increase in 
the A~  m apparently is essential for the apoptotic process 
since prior dissipation of the membrane potential with 
valinomycin eliminates the apoptotic effect of BMD188 
(Fi~vure 9, Joshi et al., manuscript submitted). Interesting- 
ly, oligomycin, which reduces the ATP levels by inhibiting 
the FIF0 ATPase, also blocks the BMD188-induced apop- 
tosis. This suggests that BMD188 is initiating an apoptot- 
ic program not by decreasing intracellular ATP levels, 
which is also supported by the direct measurement (Figure 
7). In fact, depleting ATP in PC3 cells by longer exposure 
to oliogomycin never triggers apoptosis but rather induces 
homogeneous necrosis (unpublished observation), which 
is consistent with observations on other cell systems. 3~':~2 
The precise mechanism whereby oligomycin inhibits 
BMD188-induced PC3 cell apoptosis merits further scien- 
tific exploration. However, it is quite likely that this 
inhibitory effect results from decreased proton motive 
force (inhibition of the ATP synthase will decrease the 
number of protons flowing back to the matrix which even- 
tually will result in the stagnation and collapse of proton 
gradient) and/or from inhibition of some ATP-dependent 
steps (e.g., caspase activation) in the apoptotic process. 3~'32 

At the same time frame (i.e., within 10 min) when the 
k ~  m is increased, enhanced ROS generation is also obser- 
ved, most likely due to BMD188-induced increase in the 
mitochondrial respiratory chain activities (Figure 9; Joshi 
et al., manuscript submitted) since mitochondrial respira- 
tion normally involves the generation of various species of 
ROS and mitochondria represent one of the major sources 
of ROS production inside cells) 3 -~s Direct measurement by 
cytochrome c reduction assays and by DHR 123 flow cyto- 
metric analysis confirmed increased ROS production 
(Joshi et al., manuscript submitted). The overproduction in 
mitochondrial ROS apparently is important for the apop- 
totic response since tryptophan (which preferentially scav- 
enges singlet oxygen), lactoferrin (which prevents produc- 
tion of hydroxyl radicals by blocking the Fenton reaction), 
and several general free radical scavengers or inhibitors 
(such as PDTC) significantly delay the 188-induced PC3 
cell apoptosis (this study and Joshi et al., manuscript sub- 
mitted). That BMD 188-induced PC3 apoptosis can be par- 
tially blocked by lactoferrin and Desferal also suggests the 
inw)lvement of iron in the death process. Intracellular 
"free" iron (i.e., non-protein bound) is an active transition 
metal thought to contribute to (e.g., in Fenton reactions) 
the formation of highly reactive free radicals of multiple 
species. 3<37 Regardless, the fact that various general or 
specific ROS scavengers/inhibitors block the apoptosis- 
inducing effect of BMDlg8  strongly suggests that 

increased ROS generation in mitochondria is a key 
"death" factor (Figure 9). 

The BMD188-induced PC3 cell death can also be 
blocked by other inhibitors of mitochondrial functions such 
as cyclosporine A (CSA) and ruthenium red (RR) (Joshi et 
al., manuscript submitted). RR blocks the uptake of Ca =+ 
into mitochondria while CSA inhibits the membrane per- 
meability transition. 2~ 3s-40 The results with RR suggest that 
BMD188 may induce excessive calcium cycling across the 
mitochondria inner membrane which may have resulted 
from the increased A~P,~, since the uptake of calcium into 
mitochondria by the uniporter is driven by the membrane 
potential) s-4~ The possibility of excessive calcium entry 
into mitochondria (or calcium cycling) is also supported by 
the inhibition of BMDI88-induced PC3 cell death by 
EGTA (Figure 9; unpublished observations). The results 
with CSA suggest that BMD 188 induces the opening of the 
mitochondrial membrane permeability transition (or PT) 
pores, most likely as a consequence of increased ROS gen- 
eration (Figure 9). PT has been proposed as a central regu- 
lator of nuclear as well as cytoplasmic apoptosis. 4~42 CSA 
may also inhibit the BMDI88 effect by preventing the 
decrease of 2x'tJ,,, which is observed at -45 min following 
stimulation (Figure 9). Decreased A~Pm may result from a 
combination of excessive calcium cycling, ROS genera- 
tion, and PT (Figure 9,'41"!2). 

Proteolysis plays a crucial role in cell death. Multiple 
proteolytic enzymes such as serine proteases, 22 calpains, ~-~ 
endonucleases, e4 proteosomes, 25~'6 as well as various cas- 
pases -';'-'s are involved in the execution stage of apoptosis. 
Recent experimental data implicate protease cascade in 
the apoptotic process. 2s Not surprisingly, BMD188- 
induced PC3 cell apoptosis requires activation of several 
different types of proteases. Specifically, the BMDI88 
effect can be blocked by TPCK, TLCK, DEVD, YVAD, 
and zVAD, suggesting the requirement for serine proteas- 
es and caspases (Figure 9). Caspase activation during 
BMD188-triggered apoptosis is also supportcd by specif- 
ic cleavage of PARP, a substrate for most caspases. 
Eventually, the substrate proteolysis by activated caspas- 
es, together with ROS-induced membrane peroxidation 
and DNA damage, results in full-blown apoptotic pheno- 
type (Figure 9). It is interesting to note that BMDI88 
demonstrates a 2-5 fold preferential killing of prostate 
cancer cells versus normal cells.L3 This relative specifici- 
ty of  action may be related to well-documented observa- 
tions that tumor cells very frequently exhibit abnormal 
mitochondrial activities. The present work demonstrates 
that BMDI88,  in a mitochondria-, ROS-, and protease- 
dependent fashion, triggers potent apoptotic death of hor- 
mone-refractory human prostate cancer cells. The com- 
pound also demonstrates good in vivo efficacy against 
human prostate cancer cells orthotopically implanted into 
SCID mice. Together, the data suggest that BMD 188 and 
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its s t ructura l  a na logs  m a y  r e p r e s e n t  nove l  c h e m i c a l  ent i -  

t ies that  are  po ten t i a l ly  usefu l  in the c l in ica l  t r e a tmen t  o f  

p ros ta te  c a n c e r  pa l ien ts .  
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