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Cancer cells escape apoptosis by intrinsic or acquired mech-
anisms of drug resistance. An alternative strategy to circumvent
resistance to apoptosis could be through redirection into other
death pathways, such as necrosis. However, necrosis is a nonspe-
cific, nontargeted process resulting in cell lysis and inflamma-
tion of both cancer and normal cells and is therefore not a viable
alternative. Here, we report that a C-terminal peptide of p53,
called p53p-Ant, induced targeted necrosis only in multiple
mutant p53 human prostate cancer lines and not normal cells,
because the mechanism of cytotoxicity by p53p-Ant is depend-
ent on the presence of high levels of mutant p53. Topotecan- and
paclitaxel-resistant prostate cancer lines were as sensitive to
p53p-Ant-induced targeted necrosis as parental lines. A massive
loss of ATP pools and intracellular generation of reactive oxy-
gen species was involved in the mechanism of targeted necrosis,
which was inhibited by O; scavengers. We hypothesize that tar-
geted necrosis by p53p-Ant is dependent on mutant p53, is
mediated by O3 loss and ATP, and can circumvent chemother-
apy resistance to apoptosis. Targeted necrosis, as an alternative
pathway for selective killing of cancer cells, may overcome the
problems of nonspecificity in utilizing the necrotic pathway.

The currently accepted paradigm is that most anticancer
agents, at clinically relevant concentrations, act by inducing cell
death in cancer cells via pathways of apoptosis. Therefore, anti-
cancer agents are developed to maximize apoptosis. However,
cancer cells eventually become resistant to therapeutic agents
that induce caspase-dependent apoptosis. There are multiple
specific mechanisms that may contribute to resistance to apo-
ptosis not only in prostate cancer cells but virtually all cancer
cells, which include changes in Bcl-2 (1), p53 (2, 3), p21 (4), and
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amyriad of other changes (5, 6). Therefore, disabling just one of
the prior mechanisms of resistance may not render sensitivity
to cancer cells, because of the multiple, redundant anti-apopto-
tic mechanisms that exist concomitantly within cancer cells (7).

In the search for more effective therapies, possible avenues to
examine are alternate death pathways, which bypass resistance
mechanisms of apoptosis. Necrosis is one alternate pathway,
with fewer mechanisms of resistance compared with apoptosis.
But because it is a nonspecific process resulting in cell lysis and
inflammation of cancer and normal cells, necrosis has not gen-
erally been considered a viable alternative to apoptosis. How-
ever, it maybe possible to exploit necrosis, specifically against
cancer cells, by induction of what we termed “targeted necrosis”
(8). Targeted necrosis has potential clinical utility, because its
cell death mechanism retains the cancer cell specificity of apo-
ptosis and bypasses apoptotic resistance by redirection into
necrosis.

The molecular mechanisms of necrosis have not been well
defined, but it can occur as a result of an incomplete execution
of apoptosis (9). Necrosis and apoptosis share some common
pathway elements (10), and often the same stimulus can direct
a cell into either mode of death (11). Apoptosis requires energy
through ATP, whereas necrosis is an ATP-independent mech-
anism of cell death. Therefore, one primary factor that deter-
mines whether a cell follows an apoptotic or necrotic pathway is
the intracellular concentration of ATP (9, 12). The absence of
sufficient energy reserves can switch cells from an apoptotic to
a necrotic form of death. Poly(ADP-ribose) polymerase
(PARP)? has been proposed as one of the switch points that
determines whether a cell undergoes apoptosis (when PARP is
cleaved and inactivated, not depleting ATP pools), or necrosis
(when PARP is not cleaved and remains active) (13). Lack of
PARP cleavage through inhibition of caspases (14) or activation
of PARP can ultimately cause necrosis by depletion of ADP-
ribose leading to decreased ADP pools to form ATP (13).

2The abbreviations used are: PARP, poly(ADP-ribose) polymerase; Anx V,
Annexin V; Ant, 17-amino acid peptide from D. antennapedia homeobox
domain; BOC-Asp-FMK, tertiary-butyloxycarbonyl-aspartate-fluorometh-
ylketone; LDH, lactate dehydrogenase; DCFDA, 5(and 6) carboxy-2',7'-di-
chloro-dihydrofluorescein diacetate; MNTMPyP, Manganese (Ill) tetrakis
(1-methyl-4-pyridyl) porphyrin; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyl tetrazolium bromide; O3, superoxide free radical; PAC, Paclitaxel; PI,
propidium iodide; ROS, reactive oxygen species; aa, amino acid(s); wt, wild
type; TUNEL, deoxynucleotidyltransferase-mediated dUTP nick end label-
ing; PBS, phosphate-buffered saline; shRNA, small hairpin RNA.
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Targeted Necrosis by a p53 Peptide

TABLE 1
Peptide amino acid sequences
Peptide Sequence
Ant N-KKWKMRRNQFWVKVQRG-C (17 aa)
p53p N-**!GSRAHSSHLKSKKGQSTSRHKK>*2-C (22 aa)
p53p-Ant” N-GSRAHSSHLKSKKGQSTSRHKKWKMRRNOFWVKVQORG-C (37 aa)

p53p-Ant-RhoB
p53p-AntCONT

N-GSRAHSSHLKSKKGQSTSRHKKWKMRRNQFWVKVQRGK-(RhoB)-C (38 aa)
N-*2KKGQSTSR* "KKWKMRRNQFWVKVQRG-C (25 aa)

“ p53p-Ant has 37 aa instead of 39 aa because the last two aa of p53p and the first two aa of Ant are KK; thus the KK of Ant was deleted. The p53p-ANTCONT has the full 17-aa

sequence of Ant.

Our laboratory has been investigating the action of a p53
C-terminal 22-aa peptide (p53p, aa 361-382), linked to a trun-
cated 17-aa peptide from the Drosophila antennapedia
homeobox domain (Ant) to facilitate cellular uptake (p53p-
Ant). This peptide induced classical apoptosis in several colon
and breast carcinoma and Burkitt's lymphoma lines with
mutant p53 (15-17). We found the mechanism of apoptosis by
p53p-Ant was through a nontranscriptional/nontranslational,
Fas/caspase-3 and -8-dependent pathway with cleavage of
PARP (17). p53p-Ant induced classical apoptosis in multiple
human carcinoma cell lines expressing mutant p53 but not in
null p53 tumor lines. Nonmalignant human colon and breast
cell lines expressing low levels of wt p53 were unaffected by
peptide, but premalignant, mutant p53 colon and breast cell
lines underwent Fas-mediated apoptosis from peptide (17, 18).
Thus, the ability of the peptide for induction of apoptosis was
directly correlated to levels of endogenous p53. We found that
the binding target site of the peptide was at the tetramerization
domain of p53 (18). Further studies in our lab with peptide and
purified wt and mutant p53 in surface plasmon resonance (Bia-
core) studies revealed potent dissociation constants (K, =
~10"'2 M) for mutant p53, whereas the K, for wt p53 was
weaker (~10"'° m). This may explain why p53p-Ant was not
toxic to null p53 cells, normal cells, and CD34+ pluripotent
marrow stem cells, which have either no p53 or low levels of wt
p53 (18).

In this paper we report that p53p-Ant, when exposed to hor-
mone-refractory, mutant p53 prostate cancer cell lines,
induced primarily necrosis with some aborted features of apo-
ptosis (9). Our hypothesis is that the mechanism of targeted
necrosis is specific for mutant p53 prostate tumor cells and can
overcome resistance to apoptosis by redirection to a necrotic
pathway whose mechanism depends on the generation and
toxic effects of superoxide (O5).

EXPERIMENTAL PROCEDURES

Materials—C-terminal p53 peptide (aa 361-382) (p53p),
Ant, p53p-Ant, and p53p truncated control (aa 372-379) (p53-
AntCONT) peptides were chemically synthesized by Research
Genetics (Huntsville, AL) and high pressure liquid chromatog-
raphy-purified to more than 95% pure as previously described
(17). p53p-Ant-Rhodamine B (RhoB) was synthesized by Syn-
Pep (Dublin, CA). Table 1 shows the peptides respective aa
sequences. Peptide stocks (4 mm) were prepared in distilled
water and stored in aliquots at —80 °C. Chemical antioxidants
included Tiron (Aldrich) and MnTMPyP (Calbiochem, San
Diego, CA). The antibodies included the N-terminal-derived
human anti-p53 monoclonal antibody (clone DO-1, epitope:
11-25 aa), anti-PARP (F-2) (Santa Cruz, CA), and C-terminally
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derived anti-p53 monoclonal antibody (clone PAb421, epitope:
aa residues 371-380) (Calbiochem, San Diego, CA).

Cell Culture—We worked with nine different human pros-
tate cell lines and types. The human androgen-independent
prostate cancer cell lines PC-3 (null p53), DU-145 (mutant p53,
Leu-223 and Phe-274), 22Rv1 (mutant p53, Arg-331), VCaP
(mutant p53, Trp-248), and LNCaP (wt p53) were obtained
from ATCC (Manassas, VA). The stably transfected, tempera-
ture-sensitive mutant p53 PC-3 cell line was made in our lab as
described below under “Plasmids and Stable Transfection.” P69
immortalized normal prostate cells were generously supplied
by Dr. Paul Fisher (Columbia University). P69 cells were
allowed to adhere to cell culture dishes for up to 4 h in RPMI
medium containing 5% fetal bovine serum, 2 mm glutamine, 50
ng/ml gentamycine (Invitrogen), 0.1 uM dexamethasone, and
ITS premix (BD Biosciences). The medium was then changed
to RPMI containing 2 mMm glutamine, 50 png/ml gentamycine,
0.1 um dexamethasone, ITS premix, and 1 pg/liter EGF (BD
Biosciences). DURC-1 cells were generously supplied by Dr.
Panayotis Pantazis (University of Miami). The DURC-1 cell line
were parental DU-145 cells made resistant to camptothecin
(CPT-11) and topotecan (19). Paclitaxel (PAC)-resistant
DU-145 (DU-Tax-R) cells were generated in our lab by increas-
ing the concentration of PAC in the medium over several
months. Monolayer cultures were maintained in RPMI 1640
medium (Invitrogen) supplemented with 10% heat-inactivated
fetal bovine serum (Atlanta Biologicals, Norcross, GA), 100
units/ml penicillin G, 100 pg/ml streptomycin, and 2 mmM gluta-
mine (Invitrogen) at 37 °C in a humidified atmosphere of 5% CO,.
For experiments, the cells were trypsinized and allowed to adhere
overnight prior to treatment in medium containing 5% fetal
bovine serum. For caspase inhibition experiments, the pan-
caspase inhibitor BOC-Asp-FMK (Enzyme Systems Products, Liv-
ermore, CA) or Me,SO vehicle control (final concentration,
=0.1%) was added 30 min prior to treatment with peptide.

Plasmids and Stable Transfection—Plasmids of pCMV and
pCMV/mutant temperature-sensitive p53-143 were a kind gift
of Dr. Albert Deisseroth (Sidney Kimmel Cancer Center, La
Jolla, CA). The plasmids were transfected into PC-3 cells by
using Lipofectamine (Invitrogen). The selection of clones was
carried out for 2 weeks with 800 ug/ml G418 (Invitrogen). The
insertion of the temperature-sensitive p53-143 cDNA was
determined by Western blot. The cells were maintained at
37 °C (mutant p53 conformation).

Western Blotting Analysis—Following treatment, the cells
were collected by centrifugation at 2,000 X g for 5 min. The cell
lysates were prepared in lysis buffer (20 mm Tris-Cl, pH 7.6, 1
mMm EDTA, pH 8.0, 150 mm NaCl, 1% Triton X-100, 10 ug/ml
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incubated with PI staining buffer
(10 pg/ml PI and 250 pug/ml RNAse
A) (Sigma) for 30 min at 25 °C. For

q -ﬁga TUNEL analysis, the cells were fixed

in 4% paraformaldehyde for 30 min

-“d -50 on ice, washed, and fixed in ice-cold
kDa 70% ethanol, washed, and incubated

with fluorescein-dUTP and termi-
nal deoxynucleotidyl transferase
using the Mebstain apoptosis kit
direct (MBL International, Water-
town, MA). For ROS measure-

CONTpS53p p53p-
Ant

2 min

FIGURE 1. p53p-Ant uptake. A, DU-145 or PC-3 cells exposed to 30 um p53p-Ant for up to 10 min. Anti-p53
pAb421 antibody (epitope 371-380 aa) detects peptide. The blots were stripped and reprobed with anti-p53
DO-1 antibody (epitope 11-25 aa) to confirm endogenous p53 status. B, DU-145 cells were untreated (CONT) or
incubated with 30 um p53p or p53p-Ant for 10 min. The cell lysates were analyzed as above. C, DU-145 cells
incubated with 30 um p53p-Ant-RhoB and fluorescence monitored by confocal microscopy. The same group of
cells was followed for up to 10 min. Untreated cells showed no staining. Low intensity fluorescence is repre-
sented by gray (background color), medium intensity is white, and high intensity is black.

aprotinin, 1 mM benzamidine, 50 ug/ml leupeptin, 10 pg/ml
pepstatin A, and 1 mm phenylmethylsulfonyl fluoride) for 15
min on ice and centrifuged at 10,000 X g for 10 min. The lysates
(50 ug) were boiled in SDS sample buffer and loaded on SDS-
PAGE. After transferring, immunoreactive products were
detected by ECL system (Amersham Biosciences). Actin or
a-tubulin was used as a control.

Peptide Uptake—p53p-Ant uptake into cells was determined
by Western blotting and by monitoring uptake of rhodamine
B conjugated to the C terminus of the peptide (p53p-Ant-
RhoB). The cells were placed on a confocal microscope with
30 uM p53pAnt-RhoB, and uptake was monitored over time.
Thirty um p53pAnt was the IC,, concentration for induction
of apoptosis in human mutant p53 breast and colon cancer
lines (17, 18).

shRNA—shRNA constructs pAd/U6/p53-shRNA and pAd/
U6/shuffled-p53-shRNA were inserted into an E1/E3-deleted
adenovirus vector (20) and propagated in 293A cells according
to the manufacturer’s instructions (Invitrogen). The virus par-
ticle titer after filtration-based concentration (Adeno-X virus
purification kit; Clontech) was 1 X 10° pu/ml as determined by
plaque titration assay in 293A cells. DU-145 cells in log phase
were infected for 48 h with pAd/U6/p53-shRNA or pAd/U6/
shuffled-p53-shRNA at a multiplicity of infection of 4, 10, or 20.
After infection, the cells were split, allowed to adhere overnight,
and exposed to p53p-Ant for 6 h, and annexin V (Anx V) anal-
ysis was performed (see below).

Flow Cytometric Analysis for PI, TUNEL, ROS, Anx V, and
Cell Surface Fas—The cells were incubated in the indicated
concentration of peptides for up to 6 h unless otherwise stated.
Following treatment, floating and adherent cells were har-
vested, washed, and resuspended in PBS. For PI analysis, the
cells were fixed in ice-cold 70% ethanol, washed in PBS, and

SEPTEMBER 14, 2007 - VOLUME 282+NUMBER 37

ments, 10 um DCFDA (2',7'-dichlo-
rodihydrofluorescein diacetate or
10 uMm dihydroethidium (DHE)
(Molecular Probes, Eugene OR) (for
: O;) was added in the final 30 min of
o - : incubation. The cells were then

scraped off the plate, washed, and
resuspended in PBS. Fluorescein
isothiocyanate-conjugated mouse
anti-human monoclonal Fas/
CD95 antibody (PharMingen, San
Diego, CA) were used to deter-
mine cell surface Fas. For com-
bined Anx V/PI analysis, floating and trypsinized cells were
pooled and exposed to Alexa Fluor 488 (Molecular Probes) in
binding buffer. PI stain was added (final concentration, 3.3
pg/ml) for 1 min and analyzed on a FACSCalibur flow cytom-
eter (Becton Dickinson) and quantified using CELLQuest
software. The fluorescent intensity of 10,000 cells were ana-
lyzed for PI, and 5000 cells were analyzed for TUNEL, ROS,
Anx V, and Fas.

Assays for Nucleosomes, Caspase-3 and 8 Activity, ATP, LDH,
and MTT—For all assays, the cells were seeded overnight and
then incubated with peptides as indicated. All of the assays uti-
lized pooled floating and trypsinized adherent cells and were
performed according to the manufacturer’s instructions. Cyto-
plasmic mono- and oligonucleosomes were determined using
the enzyme-linked immunosorbent assay for nucleosomes
(Roche Applied Science). Caspase-3 or caspase-8 protease
activity were determined using colorimetric assay kits (MBL
International, Watertown, MA). For intracellular ATP deter-
mination, the cells were collected and resuspended in ddH,O
and boiled for 5 min. Intracellular ATP levels were determined
using a TD 20/20 luminometer (Turner Designs, Sunnyvale
CA) at 560 nm using an ATP determination kit (Molecular
Probes). The LDH assay was performed using a CytoTox 96
nonradioactive cytotoxicity assay for LDH release into the
extracellular space (Promega). The maximal LDH release con-
trol was obtained by two rounds of freeze-thawing of cells,
which fractured the plasma membrane of virtually all cells
under the microscope. The MTT assay was performed using a
cell proliferation kit (Roche Applied Sciences).

Cytotoxicity Analysis by Fluorescence Viability Assay—For
determination of necrotic cells after peptide treatment, the cells
were initially seeded onto poly-p-lysine-coated coverslips (Bec-
ton Dickinson). At the indicated times after peptide treatment,

JOURNAL OF BIOLOGICAL CHEMISTRY 26677

8T0Z ‘TT 4800100 U0 AIq17DAD Xyl g usydeis e /B1o-oq [ mmmy/:diy woly papeojumoq


http://www.jbc.org/

Targeted Necrosis by a p53 Peptide

the coverslips were removed and exposed to Calcein AM and
Ethidium homodimer-1 using a live/dead viability/cytotoxicty
kit (Molecular Probes) according to the manufacturers’ instruc-
tions with pictures taken under a fluorescence microscope, and
at least 300 cells were counted per time point by a blinded
observer.

Confocal and Electron Microscopy—For confocal micros-
copy, the cells were initially seeded for 24 h in glass-bottomed
plates (MatTek Corporation). Following treatment with 30 um
p53p-Ant-RhoB for the indicated times, the cells were viewed
(Zeiss LSM 410 confocal laser scanning microscope). For elec-
tron microscopy, adherent and floating cells were collected,
washed in PBS, and fixed with 2.5% gluteraldehyde-PBS. The
fixed cells were rinsed in a 0.1 M phosphate buffer (pH 7.3),
postfixed in 2% osmium tetroxide-PBS (pH 7.3), dehydrated in
a graded series of ethanol and propylene oxide, and embedded
in Epon 812. Sections were cut at 700 A, stained with uranyl
acetate and lead citrate, and examined with a Jeol JEM 1010
transmission electron microscope.

RESULTS

Uptake of p53p-Ant—Ant transduces peptides across plasma
and nuclear membranes in a non-cell type-specific manner.
Therefore, we investigated by Western blotting whether p53p-
Ant could transduce DU-145 cells using the anti-p53 antibody
PAb421. Immunoblotting of p53p-Ant alone without cells pro-
duced a band of 4.4 kDa (data not shown). A 4.4-kDa band was
detected in DU-145 lysates. Similar results were found for PC-3
cells (Fig. 1A). The 4.4-kDa band was not observed in DU-145
cells incubated with p53p alone without Ant (Fig. 1B). The blots
were stripped and reprobed with the anti-p53 N-terminal DO-1
antibody, which recognizes p53 but not the p53p-Ant epitope.
This confirmed p53 expression in DU-145 cells, which has
mutant p53, and confirmed that PC-3 cells were null for p53
(Fig. 1, A and B).

To determine subcellular localization of p53p-Ant, live cells
were incubated with p53p-Ant-RhoB, and fluorescence was
monitored in DU-145 cells by confocal microscopy over 10 min
(Fig. 1C). p53p-Ant-RhoB rapidly crossed the plasma mem-
brane, with cytoplasmic, nuclear and nucleolar localization
within 1 min, followed by more intense and diffuse accumula-
tion. Similar results were detected in the PC-3 cells (data not
shown).

Morphological Changes and Cell Viability in DU-145 Cells
Treated with p53p-Ant—DU-145 cells were incubated with
p53p-Ant, or Ant or p53p alone, or p53AntCONT peptides,
and morphology was observed by phase contrast microscopy.
Rapid and distinct morphological changes were observed (Fig.
2A) that were not seen in control Ant or p53p or p53AntCONT
alone-treated cells. Loss of the typical cobblestone-like appear-
ance was observed, with cells rounding and detaching from the
plate at less than 1 h post-treatment. Both plasma and nuclear
membranes became more distinct, associated with subsequent
swelling. In contrast, PC-3 cells (null p53) showed an initial
rounding and plasma membrane ruffling by 1 h, but then the
great majority of PC-3 cells regained the appearance of
untreated cells by 6 h with ~10% rounded and detached cells
observed (Fig. 24). As shown by MTT assay, p53p-Ant, but not
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FIGURE 2. Morphological changes and growth inhibition induced by
p53p-Ant treatment. A, DU-145 or PC-3 cells were untreated (CONT) or
exposed to 30 um p53p-Ant. The cells were photographed under phase con-
trast microscopy for up to 6 h. B and C, DU-145 (B) or PC-3 (C) cells were
untreated (CONT) or exposed to 30 um Ant, p53p, or p53p-Ant for 3to 24 h or
to 10, 20, or 30 um p53p-Ant for 6 h. For Band C, cell viability was determined
by MTT assay. The results represent mean absorbance = S.D. (n = 3). D, trypan
blue cell death in PC-3 cells or PC-3 stably transfected cells expressing a tem-
perature-sensitive p53-143 at 37 °C (mutant p53) or 32 °C (wt p53) for 3 h. At
least 200 cells were counted in triplicate.
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(Fig. 2D). This is consistent with
BIACORE data showing that p53p-
Ant binds wt p53 with 100-fold
lower affinity than mutant p53.
Measurement of Apoptotic Cell
Death Induced by p53p-Ant—We
reported that p53p-Ant induced
apoptosis without necrosis in mu-
tant p53 but not null p53 breast
cancer cell lines (17). Therefore, we
examined apoptotic markers in
p53p-Ant-induced cytotoxicity. A
concentration- and time-dependent

ODU-145
mPC-3

p53p p53p-Ant

Log FL-3

4
3
2
1
0

sub-G, peak (typically 30 -50%) was
detected by flow cytometry of
PI-stained cells but not with the
controls Ant or p53p alone. Minor

cytotoxicity of ~7% from p53p-Ant

Log FL-1

FIGURE 3. Apoptotic markers in p53p-Ant-treated cells. A, DU-145 or PC-3 cells = 30 um Ant, p53p, or
p53p-Antfor 6 h. The cells were analyzed for Pl-stained DNA content by flow cytometry. The percentage of cells
with sub-G; DNA content are indicated. B, nucleosomes in cytoplasmic fractions of DU-145 and PC-3 lysates
treated with Ant, p53p, or p53p-Ant peptides (Table 1) determined using an enzyme-linked immunosorbent
assay. The results represent the mean absorbance = S.D. (n = 3). C, Anx V and Pl staining time course. DU-145
cells were exposed to 30 um p53p-Ant for up to 1 h and analyzed by flow cytometry. Dot plots indicate
Pl-positive (necrotic) cells (FL-3) and Anx V-positive cells (FL-1). The percentage of cells in each quadrant is

indicated.

the controls Ant or p53p alone, induced a reduction in viability
as early as 3 h and up to 24 h after treatment (Fig. 2B). p53p-Ant
was significantly more inhibitory to DU-145 than PC-3 cells at
all time points tested. After 3 h, the PC-3 cells showed only a
marginal toxicity of less than 8% compared with DU-145 cells,
which exhibited more than 75% toxicity after the same treat-
ment (Fig. 2C). Thereduction in cell viability was concentration-
dependent with an approximate IC, of 30 wMm, similar to the
IC,, concentration previously found in breast cancer cells
exposed to p53pAnt (Fig. 2B) (17). In contrast, concentrations
up to 50 um of control peptide p53-AntCONT did not show any
inhibition of proliferation, in either PC-3 or DU-145 cells (data
not shown).

Additional experiments found that 30 uMm p53p-Ant
increased the percentage of trypan blue-positive cells from
2.2 = 0.6 to 31.5 £ 1.8% (14.3-fold) in DU-145 and 4.2 = 1.0
to 8.9 = 1.1% (2.1-fold) in PC-3 cells, consistent with the
results from the viability assay and phase contrast micros-
copy. In addition, trypan blue-positive cells increased from
12.7 = 0.7 to 20.5 = 0.8% (1.6-fold) in the wt p53 prostate
cancer cell line LNCaP; from 6.1 = 2.2 to 10.7 = 0.7% in the
immortalized, nonmaligant prostate cell line P69; and from
5.3 = 0.3 to 45.6 = 3.1% (8.6-fold) and 7.2 = 1.0 to 48.9 =
2.3% (6.8-fold) in the mutant p53, prostate cancer cell lines
22Rv1 and VCaP, respectively.

To further confirm that p53p-Ant-induced cell death was
dependent on the presence of mutant p53, cell death in stably
transfected temperature-sensitive PC-3 cells expressing
mutant p53-143 at 37 °C and wild type p53 at 32 °C was deter-
mined. The cells were more sensitive to p53p-Ant at the mutant
p53 temperature (37 °C) than at the wt p53 temperature (32°)
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was observed in null p53 PC-3 cells
(Fig. 3A). DU-145 cells showed a
5.7-fold increase nucleosomal DNA
fragments (mono- and oligosomes)
in cytoplasmic fractions after a 6-h
exposure to p53p-Ant but not to
Ant (1.4-fold) or p53p alone
(0.9-fold) (Fig. 3B). In contrast,
PC-3 cells did not show any accu-
mulation of nucleosomal fragments after a 6-h exposure to
p53p-Ant (Fig. 3B). When DU-145 cells were stained simulta-
neously with Anx V and PI, p53p-Ant induced an increase in
Anx V+/PI— cells (apoptotic), within 0.5 min, which became
Anx V+/PI+ cells (necrotic), after 5 min, indicating that p53p-
Ant first induced apoptosis which was later switched to necro-
sis (Fig. 3C). In contrast, PC-3 cells, did not show significant cell
death.

p53p-Ant-induced Death Is Independent of Fas and Caspase
Activation—We reported that a 1-h exposure of breast cancer
cells to p53p-Ant increased Fas expression without mRNA or
protein synthesis, activation of caspase-8 and 3, and PARP
cleavage (17). Therefore, we investigated whether prostate can-
cer cell death by p53p-Ant also involved Fas and caspase acti-
vation. Treatment with p53p-Ant for 1 h failed to increase Fas
membrane expression by fluorescence-activated cell sorter
analysis (Fig. 44). However, the same treatment increased Fas
expression in mutant p53 MDA-468 human breast cancer cells,
consistent with our previous findings (17). The PARP cleavage
product was also not observed in DU-145 cells under condi-
tions of maximal cell death by peptide. However, DU-145 cells
treated with 50 nm PAC induced classical apoptosis (21) with
PARP cleavage (Fig. 4, B and C). This demonstrated that under
conditions that induced apoptosis (PAC treatment), PARP
cleavage does occur in DU-145 cells. Additionally, PAC, but not
p53p-Ant, increased caspase-3 and -8 activities in DU-145 cells.
The lack of caspase-3 activation from p53p-Ant was confirmed
in low passage DU-145 cells from ATCC. In addition, pretreat-
ment of DU-145 cells with the pan-caspase inhibitor, BOC-
Asp-FMK, significantly blocked the apoptotic effects of PAC
(sub G, fraction), but not the p53p-Ant-induced sub-G, frac-
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FIGURE 4. Apoptosis in p53p-Ant-induced DU-145 cell death. A, Fas
expression changes from p53p-Ant in DU-145 cells or MD-468 breast cancer
cells = 30 or 50 um p53p-Ant for 1 h. The results are expressed as fluorescent
intensity of 5000 cells. B, DU-145 cells were untreated (—) or preincubated (+)
with the pan caspase inhibitor, BOC-Asp-FMK (BAF) (50 um for 20 min) and
then untreated or exposed to 30 um p53p-Ant for 6 h. The cells were analyzed
for Pl-stained DNA. The values indicate the percentages of cells with sub-G,
DNA content. C, DU-145 cells were treated as in B. Nucleosomes in cytoplas-
mic fractions of cell lysates were determined using an enzyme-linked immu-
nosorbent assay. The results represent the mean absorbance = S.D. (n = 3).
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tion (Fig. 4B) and nucleosomes (Fig. 4C). There was no change
in the basal levels of Bax, Bcl-2, Bak, or PUMA in Westerns
from p53p-Ant exposure to DU-145 cells (data not shown).

To determine whether the p53p-Ant-induced cell death in
DU-145 cells was dependent on p53 as in breast cancer cells,
DU-145 cells were treated with adenovirus-containing shRNA
against p53 or an adenovirus containing the same nucleotides
in a shuffled sequence. After treatment with shRNA (multiplic-
ity of infection of 20) containing adenovirus, p53 expression
was reduced by >90% as determined by Western blot (Fig. 4D).
Resistance to cell death-induced p53p-Ant increased in p53-
shRNA adenovirus-infected cells compared with cells treated
with the shuffled sequence (Fig. 4E), which corresponded to the
level of adenovirus treatment and the level of p53 (Fig. 4D).
Thus, p53p-Ant-induced death in DU-145 cells did not involve
the extrinsic (FAS, caspase-8) or intrinsic pathways (Bcl-2, Bax,
Bak, PUMA, or caspase-3), yet the majority of cell death was
p53-dependent.

Involvement of Necrosis in p53p-Ant-induced Death of
DU-145 Cells—Because p53p-Ant-induced cell death in
DU-145 cells was associated with incomplete features of
apoptosis, we investigated other mechanisms of cell death.
Extracellular LDH release doubled after a 10-min exposure to
p53pAnt and continued to increase over time (Fig. 54). The
release of LDH in response to p53p-Ant was confirmed in low
passage DU-145 cells. Fluorescence microscopy showed an
increase in the percentage of ethidium homodimer-stained
cells after 10 min, indicative of a porous or damaged plasma
membrane. These results were quantitated, showing a similar
slope pattern analogous to the curve for LDH release (Fig. 5B).

Intracellular energy levels (ATP) dissipate early and rap-
idly in cells undergoing necrosis but not in apoptosis (10).
Therefore, intracellular ATP levels were assessed after pep-
tide treatment. ATP levels decreased 63% from initial base-
line levels after 30 min but started as early as 5-10 min after
peptide exposure with a 43% decrease in ATP levels (Fig. 5C).
The ATP decline was not affected by the PARP inhibitor,
3-aminobenzamide (Fig. 5D). Electron microscopy showed a
mixture of necrotic and apoptotic cells, with a higher pro-
portion of necrotic cells at 30 min, characterized by swollen
cellular size and lower cytoplasmic density (Fig. 6A4). Analy-
sis at 30 min and 1 h showed definite broken plasma mem-
branes, which were consistent with a necrotic form of cell
death (Fig. 6B). At 3 and 6 h after peptide exposure, cells
showing apoptotic features were observed, characterized by
high cytoplasmic density and condensed, pyknotic DNA
(Fig. 6A). Together, the LDH release and decrease of intra-
cellular ATP with the ethidium homodimer fluorescence
and electron microscopic studies suggested that many
DU-145 cells showed features of necrosis by 10 min and
other cells developed apoptosis at 0.5 min (Anx +/PI—) and

PAC treatment (50 nm, 48 h). D, Western analysis of p53 expression in DU-145
cells using anti-p53 DO-1 antibody (epitope 11-25 aa) after pAd/U6/p53-
shRNA (p53 shRNA) or pAd/U6/shuffled-p53-shRNA treatment (66 h) done
from parallel plates at the same time as Anx V staining in E. MOI, multiplicity of
infection (number of adenovirions/number of cells present). £, Anx V staining
of pAd/U6/p53-shRNA (p53 shRNA) versus pAd/U6/shuffled-p53-shRNA = 6 h
treatment with 30 um p53p-Ant.
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C, intracellular ATP time course; cells = 30 um p53p-Ant. ATP levels were
determined on a TD 20/20 luminometer at 560 nm. The results are expressed
as percentages of untreated controls and represent mean luminosity = S.D.
(n = 3).D, ATP analysis as in C. The cells were preincubated with 3-aminoben-
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then apoptotic features at later time points. This is consist-
ent with the annexin V/PI studies showing that necrotic cells
appeared between 5 and 10 min but with an earlier apoptotic
population (annexin V+/PI—) at 0.5 min and persisting up
to and after 60 min (Fig. 3C). Thus, the majority of cell death
in DU-145 cells by p53p-Ant begins as apoptotic after 0.5
min, which is converted to necrosis after ~10 min. However,
not all cells are converted to necrosis, and some develop an
apoptotic morphology after 3 h.

Involvement of ROS in p53p-Ant-induced Death—The drop
in ATP levels suggested that mitochondrial disruption may be
animportant event in the early stages of death induced by p53p-
Ant in mutant p53 prostate cancer cells. ROS production from
p53p-Ant treatment was assessed using DCFDA and DHE.
DCEFDA detects general ROS and DHE is somewhat specific for
O; (22). Cells treated with p53p-Ant demonstrated a 9-fold
increase in DHE fluorescence (Fig. 7A) and a 5.4-fold increase
in DCFDA fluorescence (not shown) within 1 h. The increase in
DHE fluorescence was peptide dose-dependent (Fig. 7B) and
not seen in PC-3 cells (Fig. 7C). The O; scavenger, Tiron and
the superoxide dismutase mimetic MnTMPyP partially
reversed the p53p-Ant-induced DHE fluorescence (Fig. 7D), as
well as p53p-Ant-induced cell death (Fig. 7E). In contrast,
N-acetylcysteine did not have any effect on p53p-Ant-induced
death (Fig. 7E). N-Acetylcysteine mainly quenches H,0O, and
not O;. In an attempt to elucidate why the mutant p53 prostate
cancer cells underwent necrosis and the mutant p53 breast can-
cer cells undergo apoptosis from p53p-Ant exposure, O levels
were assessed. Mutant p53 human breast MD-468 cells showed
a 2.3-fold increase in O levels compared with 4.7-fold in pros-
tate DU-145 cells under conditions that induce apoptosis and
necrosis, respectively (Fig. 7F). Further examination of O}
accumulation over time indicated that O} increased as early as

1 min after exposure to p53p-Ant
and corresponded closely with
increased Anx V+/PI— cells until

after a 5-min exposure to p53p-Ant
(Fig. 7G). In addition, TUNEL+
cells increased after the rise in Anx
V+/PI— (apoptotic) cells, and after
5 min, Anx V+/PI+ (necrotic) cells
began to accumulate with fewer
Anx V+/PI— (apoptotic) cells ob-
served (Fig. 7H). We found that O3

30 min ih

FIGURE 6. Electron microscopy of p53p-Ant-treated DU-145 cells. A, DU-145 cells were untreated or
exposed to 30 um p53p-Ant for the times indicated. Representative photomicrographs are shown for each time
point. Bars, 5 um. B, higher magnifications of the plasma membrane of DU-145 cells after p53p-Ant treatment
for the indicated times. The arrows indicate breaks in the plasma membrane. Bars = 0.5 um. CONT, control.
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accumulation and Anx V+ cells
were blocked by pretreatment with
5 mm KCN, suggesting that mito-
chondria were the source of O}
accumulation in response to p53p-
Ant (Fig. 7]).

These results suggested that the
mechanism of p53p-Ant cell death in
mutant p53 DU-145 cells may be
mediated by mitochondrial ROS in
the form of O,, and p53p-Ant initially
produced apoptosis, which was con-
verted to necrosis when O accumu-
lation reached a critical level.
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FIGURE 8. Effect of p53p-Ant in DU-145 drug-resistant cells. A-C, TUNEL
analysis in DU-145, DURC-1 or DU-TaxR cells exposed for 48 h to indicated
concentrations of topotecan (A), PAC (B), 30 um p53p-Ant (3 h) (C). The per-
centage of particles gated is shown. D, LDH release in DU-145, DURC-1, or
DU-TaxR cells exposed to 30 um p53p-Ant for 1 h (see Fig. 5A). E, Intracellular
ATP levels in DU-145, DURC-1, or DU-TaxR cells exposed to 30 um p53p-Ant
for 1 h (see Fig. 5C). The experiments were performed three times, and the
means * S.D. are shown.

CD34-positive stem cell progenitors for CFU-GEMM (25) that
express low levels of wt p53. Surface plasma resonance data
(Biacore) suggested that p53p-Ant bound both purified mutant
and wt p53 with >102-fold increased binding affinity constants
for mutant p53, compared with wt p53.> Mechanistically, p53p-
Ant binds to mutant p53, which alters its three-dimensional

3Y.Li, R. Rosal, Y. Mao, P. Brandt-Rauf, and R. L. Fine, unpublished data.
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conformation restoring partial wt p53 functional activity for
nontranslational/nontranscriptional Fas-mediated apoptosis
(17, 18). Studies in our lab suggest that the binding site for the
peptide is the p53 tetramerization domain of p53 (aa
326-353).°

In this study, we have investigated the effects of p53p-Ant in
nine prostate cell lines concentrating on mutant p53 (DU-145
cells) or null p53 (PC-3 cells). In DU-145, but not PC-3 cells,
p53p-Ant induced rapid morphological and biochemical
changes typical of necrosis. Anx V/PI studies at early time
points (0.5 min) showed that there was an initial increase in Anx
V+/PI— (apoptotic) cells, many of which became rapidly
necrotic starting after ~10 min. Electron microscopy studies
found the presence of both apoptotic and necrotic cells, with a
greater proportion of necrotic cells after 30 min. This is con-
sistent with many cells switching to the necrotic pathway
within 30 min and not having enough time to develop an apo-
ptotic morphology. Cells that did not switch to the necrotic
pathway developed an apoptotic morphology consisting of high
cytoplasmic density and condensed pyknotic DNA, which was
observed after 3 or 6 h (17). Also, the p53-null PC-3 cells were
relatively resistant to the effects of p53p-Ant, and p53-shRNA
reversed p53p-Ant-induced Anx V+ cells, suggesting that both
apoptosis and necrosis were p53-dependent.

In previous results, the apoptosis in breast cancer cell lines
was associated with increased extracellular expression of Fas,
activation of caspase-8, and cleavage of PARP. No significant
expression changes were seen in apoptotic regulators such as
Bax, Bak, Bcl-XL, and PUMA, suggesting that the extrinsic
pathway but not the intrinsic pathway was involved in p53p-
Ant-induced death in breast cancer cells. Similarly, p53p-Ant-
treated DU-145 cells did not demonstrate changes in Bcl-2 fam-
ily members, but in contrast (17), Fas and caspase activation
were absent, and the pan caspase inhibitor BOC-Asp-FMK did
not inhibit p53p-Ant-mediated death. The data suggest that in
DU-145 cells, p53p-Ant activated neither the intrinsic or
extrinsic pathways for apoptosis to detectable levels.

Some apoptotic pathways do not require the action of
caspases. For example, p53-dependent radiation-induced neu-
ronal cell death was not blocked by caspase inhibitors (26). ROS
may induce a caspase-independent form of apoptosis, possibly
because caspases can be inhibited by a high oxidizing envi-
ronment. We found that p53p-Antincreased ROS in DU-145
cells, but not in PC-3 cells. N-Acetylcysteine, which is not a
direct O; scavenger (27), had no effect on p53p-Ant-induced
cell death, but the O} scavenger Tiron and superoxide dis-
mutase mimetic MnTMPyP partially abrogated cell death, sug-
gesting that O, was responsible for inducing caspase-independ-
ent apoptosis in mutant p53 DU-145 cancer cells. However, we
cannot yet exclude the role of novel, as yet undiscovered

FIGURE 7. 05 levels in p53p-Ant-induced DU-145 cells. A, DU-145 cells = increasing concentrations of p53p-Ant for 1 h. DHE was added to the cell culture in
the last 30 min of incubation. The values indicate the relative percentage of cells demonstrating DHE fluorescence (superoxide accumulation). B, plot of data
in A. C, DU-145 or PC-3 cells were treated with or without 60 um p53p-Ant for 1 h and DHE (O3 levels) fluorescence determined. D, cells were preincubated for
30 min with either Tiron (5 mm) or MNTMPyP (30 uMm) prior to p53p-Ant (60 um) for 1 h and DHE fluorescence was analyzed as in A. E, trypan blue analysis of
DU-145 cells treated as in D. At least 600 cells were counted per sample. All of the experiments were repeated. F, DHE fluorescence of DU-145 versus MD-468
after 5 min of incubation with p53p-Ant under conditions that induce necrosis and apoptosis, respectively. G, DHE fluorescence and Anx V+ time course in
DU-145 cells. H, time course of apoptotic cells (Anx V+/Pl—) and necrotic cells (Anx V+/PI+) and TUNEL-positive cells. /, Anx V+ and DHE fluorescence after 5
min = 30 um p53p-Ant = 5 mm KCN. Cont, control.
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caspases, which were not inhibited by BOC-Asp-FMK or ROS
and that are independent of the Fas and Bcl-2 family path-
ways in the mechanism of p53p-Ant-mediated apoptosis in
DU-145 cells (28). Alternatively, expression of inhibitory
protein(s) at the apex of the caspase activation cascade that
prevent activation of caspase-8 may occur (29, 30). An exam-
ple of this is the action of overexpressed c-FLIP, which inhib-
its caspase-8 activation. However, we found no evidence of
c-FLIP overexpression in DU-145 cells by Western blot (data
not shown).

One explanation for necrosis induction may be an incom-
plete execution of the mechanisms of apoptosis as a conse-
quence of a limited supply of intracellular ATP (9). The aborted
mechanisms of apoptosis may explain why some features of
apoptosis were detected without signs of classical apoptosis in
the intrinsic or extrinsic pathways. Anx V+/PI— (apoptotic) in
DU-145 cells were observed within 0.5 min, and necrosis (Anx
V+/PI+) occurred within 10 min after the addition of peptide
(Figs. 3C and 5, A and B). The ATP levels in DU-145 cells
dropped precipitously within 10 min after peptide exposure
(43-63%), and PARP was not inactivated. However, incubation
with the PARP inhibitor 3-aminobenzamide did not block the
ATP decline in peptide-treated DU-145 cells, suggesting that
continued PARP activity was not responsible for the decline in
ATP (Fig. 5D). Another explanation for necrosis is that the ATP
loss occurred from plasma membrane rupture. p53p-Ant was
found to induce rapid membrane ruffling in both DU-145 and
PC-3 cells, and it has been predicted that Antennapedia is inter-
nalized by a penetration mechanism (31). Thus, necrosis could
be from entry of the peptide through the plasma membrane.
However, contrary to this idea, both prostate cancer lines dis-
played rapid and equal penetration of Ant-p53p-RhoD into all
cellular compartments, yet only the DU-145 cells underwent
cell death, whereas the PC-3 cells recovered and showed only
8-10% cytotoxicity with no decrease in ATP levels. In addition,
Ant alone, and the control peptide p53-AntCONT, which pen-
etrated membranes, did not produce significant ATP or LDH
loss or cytotoxicity. We have found in other studies that Ant
with p53p produced a hydrophobic structure with a high den-
sity of positive charges from the multiple basic, positively
charged aa residues that, when passing through the plasma
membrane, caused a transient loss of integrity and nonapo-
ptotic death in a minority of cells (<10%) (32). However,
Tiron, an O, scavenger, and the superoxide dismutase
mimetic MnTMPyP partially abrogated p53p-Ant-induced
cell death. Because these inhibitors are unlikely to block pen-
etration of p53p-Ant, this result argues that O, accumula-
tion may be important for the mechanism of necrosis
induced by p53p-Ant. Necrosis was found to occur at the
peak of O; accumulation (10 min) in our study. Other studies
have proposed that ROS at low concentrations trigger apo-
ptosis but at higher concentrations trigger necrosis (33).

Some studies have found ROS to be downstream mediators
of wt-p53-dependent apoptosis (34), suggesting that functional
p53 can regulate the intracellular redox state for induction of
apoptosis. This regulatory function of p53 may explain our pre-
vious findings where p53p-Ant restored partial functional
activity to mutant p53 (17) and the involvement of O, in p53p-
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Ant-induced necrosis. We hypothesize that p53p-Ant may be
restoring partial wt p53 activity to mutant p53 in multiple pros-
tate cancer cell lines. This functional, mutant p53 may induce
O; formation and subsequent cell death. The findings that ROS
is not formed in null p53 PC-3 and that this cell death is
caspase-independent are consistent with this model. ROS has
been found to induce a form of cell death lacking features of
classical caspase-dependent apoptosis (35, 36).

However, ROS has also been found to trigger classical apo-
ptosis (37, 38) or necrosis, dependent upon its levels (33). We
have found that p53p-Ant induced a lower level of ROS in
mutant p53 breast cancer cells (MDA-468), which undergo
only extrinsic (Fas-mediated) apoptosis from p53p-Ant (data
not shown). However, the level of induction of ROS may not
totally explain why DU-145 cells are directed more into necro-
sis and breast cancer cells are directed more into apoptosis
from p53p-Ant. As we found, p53p-Ant may induce different
levels of ROS in different cell types. In addition, different cell
types may be more or less sensitive to different levels of ROS
because of intrinsic differences in levels of free-radical scaven-
gers. In addition, the basal level of ATP or recovery of ATP
levels may be an important determinant for apoptosis versus
necrosis. In fact, p53p-Ant exposure in MB-468 breast cancer
cells produced a 42% decline in intracellular ATP but recovered
to basal ATP levels after 4 h, whereas p53p-Ant exposure to
DU-145 cells produced a 67% decline, which did not recover to
basal levels after 4 h.* This lack of ATP recovery may be vital for
the commitment to necrosis. This may also explain the mixture
of necrotic and apoptotic DU-145 cells that were observed.
Within the DU-145 cell population there may be cells that have
ahigher or lower sensitivity to ROS levels because of differences
in free radical scavengers and/or basal ATP levels, driving some
toward apoptosis and some toward necrosis. However, the
major difference between DU-145 and PC-3 cells is the null p53
status; thus, the target for p53p-Ant is missing and explains the
lack of cell death, ATP decline, and ROS accumulation in PC-3
cells.

Importantly, this report is the first to show that peptide-me-
diated restoration of wt function to mutant p53 in cells can
cause necrosis, suggesting that wt p53 may induce necrosis, as
well as apoptosis, but associated with differential levels of ROS
(i.e. low O, apoptosis high; O, necrosis from loss of ATP).

The induction of targeted necrosis in our model can bypass
apoptotic resistance. Two DU-145 cell lines made resistant to
topotecan or PAC-induced apoptosis retained sensitivity to
p53p-Ant. This suggests that p53p-Ant has the potential for
circumventing resistance to classical apoptosis by eliciting
targeted necrosis. In addition, targeted necrosis induced by
p53p-Ant is specific to cells expressing mutant p53, which
may obviate the major problem in utilizing the necrotic death
pathway in cancer therapy, namely its inflammatory reaction
and lack of specificity for cancer and normal cells. Thus, tar-
geted necrosis by p53 peptide can potentially retain the speci-
ficity of apoptosis for mutant p53 tumor cells and bypass resist-
ance mechanisms for apoptosis. The determinant for whether a

4R.D. Dinnen and R. L. Fine, unpublished data.
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FIGURE 9. Pathways of nonspecific necrosis, targeted necrosis, and
apoptosis. Wild type p53, through the action of ROS, Fas, or Bcl-2 family of
proteins, activates caspases, resulting in apoptosis. Necrosis is activated
by injury or perfusion defects, leading to generation of ROS. Alternatively,
p53p-Ant preferentially binds to mutant p53 and alters its conformation
resulting in functional p53. The functional mutant p53 may mediate gen-
eration of ROS leading to DNA nicks, nucleosomal degradation, and mito-
chondrial membrane damage with loss of ATP pools but without
caspase-3 activation. This leads to targeted necrosis because it will only be
activated in mutant p53 cancer cells, which express sufficient threshold
p53 target for the peptide and decreased ATP, which commits the cell to
undergo necrosis. Alternatively, functional p53 may act via the Fas/FADD
pathway leading to apoptosis, as in breast cancer cells, which do not
undergo massive loss of ATP.

cell undergoes apoptosis or targeted necrosis may depend upon
its ability to recover ATP levels before there is an irreversible
commitment to necrosis. This, at least in our cell model, seems
to occur at ~10 min. Thus, this report adds to the previous
report by Ha and Snyder (13) demonstrating that the “switch”
point for turning apoptosis into necrosis was through inhibi-
tion of PARP cleavage, which lowered ATP pools. In our study
the increased ROS O levels induced mitochondrial damage,
causing a precipitous drop in ATP pools inducing the switch
from apoptosis to necrosis. Thus, caspase inhibition and O can
lead to lower ATP pools, inducing the switch.

In conclusion, this study demonstrated that p53p-Ant
induced significant cell death only in mutant p53 prostate
cancer cells, in a p53-dependent and caspase-independent
manner via ROS-associated loss of mitochondrial ATP. The
form of cell death may be dependent upon the cell type and
suggests the possibility of an unknown pathway leading to
activation of targeted necrosis (Fig. 9). These data also impli-
cate a possible role for functional mutant or wt p53 in the
death pathway of necrosis. Because p53p-Ant can induce
multiple mechanisms of cell death dependent on cell type, it
may provide an interesting tool to investigate the mecha-
nisms of targeted necrosis and the switch from apoptosis to
necrosis. If this switch can be definitively identified, it may
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become possible to induce targeted necrosis in cancer cells
resistant to apoptosis. One possible way to regulate this deci-
sion point is by generating high levels of ROS (O;) and mod-
ulating ATP pools or their recovery so that the cell is com-
mitted to necrosis after exposure to an inducer of apoptosis.
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