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Intracellular ATP Levels Determine Cell Death Fate by Apoptosis or Necrosis'
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Abstract

Although apoptosis and necrosis are morphologically distinct manifes-
tations of cell death, apoptosis and some necroses share common features
in the death signaling pathway involving functional steps of death-driving
interleukin 1B-converting enzyme family proteases and anti-cell death
protein Bcl-2. One evident physiological difference in cells undergoing
apoptosis versus necrosis is in intracellular levels of ATP. In this study, we
specifically addressed the question of whether apoptosis depends on in-
tracellular ATP levels, since longer incubation under ATP-depleting con-
ditions results in necrotic cell death. Incubation of cells in glucose-free
medium with an inhibitor of mitochondrial F F,-ATPases reduces intra-
cellular ATP levels and completely blocks Fas/Apo-1-stimulated apopto-
sis. ATP supplied through glycolysis or oxidative phosphorylation restores
the apoptotic cell death pathway. ATP depletion also leads to a block in
Fas-induced activation of CPP32/Yama(-like) proteases, and when ATP is
depleted after the activation of the proteases, subsequent apoptosis is
significantly blocked. Thus, ATP-dependent steps exist both upstream and
downstream of CPP32/Yama(-like) protease activation in apoptotic signal
transduction. Treatment with the calcium ionophore induces apoptosis
under ATP-supplying conditions but induces necrotic cell death under
ATP-depleting conditions, indicating that ATP levels are a determinant of
manifestation of cell death.

Introduction

Apoptosis accounts for most physiological cell death and is mor-
phologically distinguishable from necrosis (1, 2). Apoptotic cells are
defined by fragmented nuclei with condensed chromatin, fragmented
or condensed cytoplasm, and formation of apoptotic bodies, whereas
necrotic cells are characterized by electron-lucent cytoplasm, mito-
chondrial swelling, and loss of plasma membrane integrity without
severe damage to nuclei.

Apoptosis requires tightly regulated cell death pathways. Cysteine
proteases encoded by Caenorhabditis elegans ced-3 (3) and its mam-
malian homologue represented in the ICE* (caspase-1) gene family,
including CPP32/Yama (caspase-3, also called apopain), appear to
play a key role in driving apoptosis (4, 5). On the other hand, the
proto-oncogene bcl-2 (6-8), whose C. elegans homologue is ced-9
(9), has the ability to inhibit apoptosis induced by a variety of stimuli
(10, 11), indicating that Bcl-2 negatively regulates a key event in a
common pathway of apoptosis.

We recently showed that chemical hypoxia achieved by inhibiting
the mitochondrial respiratory chain and glycolysis induces necrotic
cell death (12), yet the same cells undergo apoptosis when other
stimuli are used, including Fas/Apo-1 stimulation, tumor necrosis
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factor, DNA-damaging reagents, Ca*>* ionophore, and serum deple-
tion (13, 14). Both apoptosis and chemical hypoxia-induced necrotic
cell death were inhibited by the presence of Bcl-2 or CrmA (caspase
inhibitor encoded by cowpox virus), or by treatment with the tetrapep-
tide ICE inhibitor, Ac-YVAD-CHO, indicating some common steps
in the death signaling pathway (12, 13). Similarly, hypoxic hepato-
cytes underwent necrotic cell death, which was associated with in-
creased activity of both ICE(-like) and CPP32/Yama(-like) proteases
and was inhibited by tetrapeptide ICE inhibitor Ac-YVAD-CHO or
CPP32/Yama inhibitor Ac-DEVD-CHO (15). Because Bcl-2 and
Bcl-x,_ function upstream of the ICE family protease cascade, includ-
ing ICE(-like) and CPP32/Yama(-like) proteases (13, 16), some
step(s) downstream of the ICE family protease cascade or activation
of different members of the ICE protease family might determine the
cell death fate, apoptosis or necrosis. One evident physiological
difference in cells undergoing apoptosis versus necrosis is in intra-
cellular levels of ATP, which are rapidly decreased in chemical
hypoxia-induced necrotic cell death but only later in apoptotic cell
death (14). Because necrotic cell death occurs in the absence of ATP
(see below), we attempted to determine whether apoptosis depends on
intracellular ATP levels. We show here that reduced intracellular ATP
levels completely block Fas/Apo-1-stimulated apoptosis, and that
ATP-dependent steps exist both upstream and downstream of CPP32/
Yama(-like) protease activation in apoptotic signal transduction.
Treatment with the calcium ionophore induces apoptosis and necrosis
under ATP-supplying and ATP-depleting conditions, respectively,
indicating that ATP levels are a determinant of manifestation of cell
death.

Materials and Methods

Cell Lines and Culture. Jurkat, a human T-cell line, and HeLa cells were
maintained in RPMI 1640 containing 10% heat-inactivated fetal bovine serum,
2 mM glutamate, 100 units/ml penicillin, and 100 ug/ml streptomycin. ATP
depletion was achieved by incubating cells in the presence of 10 uM oligo-
mycin in glucose-free DMEM (Life Technologies, Inc., Gaithersburg, MD)
supplemented with 100 mM malic acid, 2 mM glutamate, | mM sodium
pyruvate, 10 mM HEPES/Na* (pH 7.4), 0.05 mM 2-mercaptoethanol, 100
units/ml penicillin, 100 pg/ml streptomycin, and 10% dialyzed fetal bovine
serum (Life Technologies, Inc.). The absence of glucose contamination was
verified with an amperometric detector of hydrogen peroxide (E502 with a
platinum electrode, IRICA, Inc., Tokyo, Japan) combined with an immobilized
glucose oxidase column. Under these conditions, oligomycin inhibits mito-
chondrial FyF,-ATPases (17) and the depletion of glucose halts glycolysis so
that no ATP-producing machinery operates.

Death-inducing Treatments. Jurkat cells were treated with 0.1 pug/ml of
the agonistic anti-human Fas mAb CH11 (Medical and Biological Laborato-
ries, Nagoya, Japan) for various periods. HeLa cells were treated with 1 pg/ml
anti-Fas antibody, and all detached and attached cells were collected after
treatments. Cell death was also induced by treating Jurkat cells with 1 um
calcium ionophore (A23187), 50 uM etoposide (VP16), or 400 pg/ml dexa-
methasone. Apoptotic and necrotic cell death were distinguished by a method
using fluorescence microscopy with Hoechst 33342 and propidium iodide,
which we have recently developed (18): collected cells were stained with
Hoechst 33342 (10 uM) and propidium iodide (10 uM) for 3 min and analyzed
under a fluorescence microscope (BX50; Olympus, Tokyo, Japan) with exci-
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tation at UV (360 nm). Because Hoechst 33342 stains all nuclei and propidium
iodide stains nuclei of cells with a disrupted plasma membrane, nuclei of
viable, necrotic, and apoptotic cells, which were confirmed by electron mi-
croscopy and confocal fluorescence microscopy (18), were observed as blue
round nuclei, pink round nuclei, and fragmented blue or pink nuclei, respec-
tively, under a fluorescence microscope. More than 1000 cells were counted.

Measurement of Activity of CPP32/Yama(-like) Proteases. The activi-
ties of CPP32/Yama(-like) proteases were measured as described (13, 19).
Briefly, at the indicated times, cells were washed three times with PBS and
suspended in 50 mM Tris-HCI (pH 7.4), 1 mM EDTA, and 10 mm EGTA. After
addition of 10 uM digitonin, cells were incubated at 37°C for 10 min. Complete
cell lysis was verified by the amount of released lactate dehydrogenase
activity. Lysates were clarified by centrifugation at 15,000 rpm for 3 min, and
cleared lysates containing 40 ug of protein were incubated with 50 nmol of
enzyme substrate Ac-DEVD-MCA (Peptide Institute, Osaka, Japan) at 37°C
for 30 min. Levels of released 7-amino-4-methylcoumarin were measured
using a spectrofluorometer (F-3000; Hitachi, Tokyo, Japan) with excitation at
380 nm and emission at 460 nm.

Results and Discussion

Requirement for ATP in Fas-induced Apoptosis. To elucidate
the dependence of apoptosis on ATP, intracellular ATP levels were
manipulated by incubating cells in glucose-free medium with 10 um
oligomycin (an inhibitor of mitochondrial FyF,-ATPase) to inhibit the
production of ATP from both glycolysis and oxidative phosphoryla-
tion (17). Under the conditions, intracellular ATP levels were rapidly

reduced within 60 min in Jurkat cells, whereas the addition of glucose
or omission of oligomycin maintained the levels of ATP (Fig. 1A).
Similar results were obtained using HeLa (D98/AH2) cells, although
the recovery of ATP levels by omission of oligomycin was not
obvious (Fig. 1B), suggesting that HeLa cells are more dependent on
glycolysis for ATP. ATP-depleting treatments did not alter Fas-
antigen expression on the cell surface of either cell line (Fig. 1, C-H).
Fluorescence microscopy of Jurkat cells treated with an agonistic
anti-Fas mAb under ATP-depleting conditions revealed only a few
apoptotic and necrotic cells (Fig. 2, A, B, and G), whereas a large
number of apoptotic cells appeared when ATP was supplied from
glycolysis by the addition of glucose (Fig. 2, C, D, and G). The
number of apoptotic cells after ATP restoration was comparable to
that found in cultures without oligomycin in the presence of glucose
(data not shown). The large number of apoptotic cells in cultures
where ATP was supplied from mitochondria by omitting oligomycin
in glucose-free medium (Fig. 2, E-G) argues against the possibility
that the apoptosis might be glucose dependent but not ATP dependent.
Necrotic death of Jurkat cells increased gradually regardless of Fas
stimulation when incubation was continued under ATP-depleting con-
ditions for more than 24 h (data not shown). Similar results were
obtained with HeLa cells (Fig. 2H), although in the absence of glucose
and oligomycin, a significant fraction of cells underwent apoptosis
without anti-Fas antibody treatment, probably due to limited ATP
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Fig. 1. ATP depletion of cells and expression of Fas antigen. A and B, Intracellular ATP levels of Jurkat cells (A) and HeLa cells (B) were determined using the luciferin-luciferase (Sigma
Chemical, St. Louis, MO) method (31) after cells were incubated for the indicated periods with 10 um oligomycin in glucose-fre DMEM (@), with 10 pM oligomycin in 0.35%
glucose-containing DMEM (O), and without oligomycin in glucose-free DMEM (A). C-H, Expression of Fas antigen in Jurkat (C-E) and HeLa cells (F—H) under various conditions (filled
curves) was verified by fluorescein-activated cell sorting analysis using FITC-conjugated antihuman Fas antibody clone UB2 (MBL) essentially as described elsewhere (32). Cells were treated
with 10 um oligomycin in glucose-free DMEM (C and F), with 10 M oligomycin in 0.35% glucose-containing DMEM (D and G), or in glucose-free DMEM without the addition of oligomycin
(E and H) for 2 h. Fluorescence-activated cell-sorting profiles from a mouse B cell line which does not express human Fas (open curves) are also shown in C and F.
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Fig. 2. ATP dependence of Fas-induced apoptosis. A—F, Morphology of Jurkat cells cultured under ATP-supplying or ATP-depleting conditions and treated with 0.1 ug/ml anti-Fas mAb
CH11 was analyzed by fluorescence microscopy after double staining of cells with Hoechst 33342 (blue) and propidium iodide (pink) for 3 min. Cells were incubated with 10 um oligomycin
in glucose-free DMEM (A and B), with 10 um oligomycin in 0.35% glucose-containing DMEM (C and D), or in glucose-free DMEM without the addition of oligomycin (E and F) for 1 h,
and further incubated with (B, D, and F) or without (A, C, and E) anti-Fas antibody for an additional 2 h under the same conditions. G and H, Jurkat cells (G) and HeLa cells (H) were
preincubated under the conditions indicated (glucose or oligomycin) for 1 h (time 0) and further incubated with or without anti-Fas antibody for 2 h (G) and 3.5 h (H) under the same conditions.
The extent of cell death was assessed by counting viable, necrotic, and apoptotic cells under a fluorescence microscope. More than 1000 cells were counted.

supply from mitochondria. Necrotic death of HeLa cells was induced
under ATP-depleting conditions regardless of Fas stimulation (Fig.
2H). From these results, we concluded that Fas-induced apoptosis is
ATP dependent, although we cannot exclude the possibility that
depletion of ATP generates some anti-apoptotic signals.
ATP-dependent Steps in Fas-induced Apoptotic Signaling Path-
way. In an effort to localize the ATP-dependent steps within the death
signaling pathway, we examined the activity of CPP32/Yama(-like)

proteases, which are essential in driving Fas-induced apoptosis (19—
21). In both Jurkat and HeLa cells treated with anti-Fas antibody, the
activity of CPP32/Yama(-like) proteases increased under ATP-sup-
plying conditions, but the increase is greatly reduced under ATP-
depleting conditions (Fig. 3, A and B). The activation of CPP32/
Yama(-like) proteases in Fas-stimulated HeLa cells incubated in the
absence of glucose and oligomycin was not observed (Fig. 3B),
probably due to limited ATP supply from mitochondria (Fig. 1B), and
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Fig. 3. ATP-dependent steps in death signaling pathways. A and B, ATP-dependent steps upstream of the activation of CPP32/Yama(-like) proteases. Jurkat (A) and HeLa (B) cells
were preincubated for 1 h under the conditions described below, treated with anti-Fas antibody under the same conditions, and activity of CPP32/Yama(-like) proteases was measured
at the indicated times. Cells were stimulated with anti-Fas antibody in glucose-free DMEM with 10 um oligomycin (—ATP; @), in 0.35% glucose-containing DMEM with 10 um
oligomycin (+ATP from glycolysis; O), or in glucose-free DMEM without addition of oligomycin (+ ATP from mitochondria; A). Enzyme activity was expressed by the amount of
Ac-DEVD-MCA hydrolysis per min per mg of protein at 37°C. C and D, ATP-dependent steps dow of the activation of CPP32/Yama(-like) proteases. Jurkat (C) and HeLa
(D) cells were treated as described above with anti-Fas antibody in glucose-free DMEM for 1.5 h (C) or in the presence of 0.35% glucose and 10 uM oligomycin for 3 h (D) to ensure
more than 75% activation of CPP32/Yama(-like) proteases (time 0). Intracellular ATP levels were reduced by adding 10 um oligomycin (Jurkat) or by changing the medium to
glucose-free DMEM supplemented with 10 um oligomycin without anti-Fas antibody (HeLa; —ATP), or by maintaining cells in the same medium (Jurkat) or changing the medium
to include 0.35% glucose (HeLa; +ATP). The extent of cell death at time 0 and after incubation for an additional 1 h with or without ATP supply was analyzed as described in the
legend of Figure 2.

this accounts for only a little enhancement of apoptosis by Fas tosis. Treatment of Jurkat cells for 1.5 h and HeLa cells for 3 h with
stimulation under the conditions (Fig. 2H). These results strongly anti-Fas antibody in the presence of intracellular ATP to ensure more
suggest the existence of an ATP-dependent step(s) upstream of the than 75% activation of CPP32/Yama(-like) proteases (Fig. 3, A and
activation step of CPP32/Yama(-like) proteases in Fas-induced apop-  B), followed by culture under conditions that reduce intracellular ATP
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Fig. 4. Induction of necrotic cell death by apoptosis-induci imuli under ATP-depleting conditions. A-D, Morphology of Jurkat cells treated with 1 M calcium ionophore A23187

in the presence or absence of intracellular ATP. Jurkat cells wcre preincubated under the conditions described below for 30 min, treated with (B and D) or without (A and C) A23187
for 3 h, and morphology was analyzed as described in the legend to Figure 2. A and B, Cells were treated in the presence of 10 um oligomycin in glucose-free DMEM. C and D, Cells
were treated in the presence of 10 um oligomycin in 0.35% glucose-containing DMEM. E, Jurkat cells were preincubated under the conditions indicated (glucose or oligomycin) for
30 min (time 0), treated with 1 um A23187, and assessed for the extent of cell death after a 3 h-incubation as described in the legend of Figure 2.
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levels, greatly reduced the percentage of apoptotic cells during the
next 1 h as compared with the extent of apoptosis observed in the
presence of ATP supply (Fig. 3, C and D). Thus, there is also an
ATP-dependent step(s) that functions downstream of the activation
step of CPP32/Yama(-like) proteases.

Conversion of Apoptotic Signals to Necrotic Signals. Because
the apoptotic death signaling pathway contains several ATP-depend-
ent steps, some of which might determine whether cell death occurs
by apoptosis or necrosis, we tested the possibility that apoptosis-
inducing treatments under ATP-depleting conditions induce necrotic
cell death and that ATP dependency is not specific for Fas-induced
apoptosis by treating Jurkat cells with other typical apoptosis-induc-
ing reagents, calcium ionophore (A23187), etoposide, and dexametha-
sone (22), by manipulating intracellular ATP levels during the treat-
ments. Treatment with calcium ionophore induced apoptosis under
ATP-supplying conditions and necrotic cell death under ATP-deplet-
ing conditions (Fig. 4). No activation of CPP32/Yama(-like) proteases
or inhibitory effect of tetrapeptide ICE inhibitor and CPP32/Yama
inhibitor was observed in necrotic cell death (data not shown). Ap-
optosis induced by etoposide and dexamethasone was blocked by
ATP depletion, but necrosis was not stimulated (data not shown),
possibly due to ATP-dependent reactions that might exist at very early
steps in the death signaling pathways induced by these treatments.
These results strongly suggest that apoptosis is ATP dependent in
general and that cell death fate by apoptosis or necrosis is determined
by intracellular ATP levels, at least in the case of calcium ionophore
treatment.

Although the prevention of apoptosis and chemical hypoxia- and
hypoxia-induced necrotic cell death by ICE family protease inhibitors
(12-14, 18) might rest in the presence of determinants of cell death
fate downstream of the ICE protease cascade, the failure of ATP
depletion to convert Fas-induced activation of CPP32/Yama(-like)
protease family to necrotic signals raises the possibility that different
members of the CPP32/Yama(-like) proteases are activated by the
respective cell death stimuli. Alternatively, cell death fate might
also depend on additional signals that are coactivated only by some
cell death stimuli. The conversion of Ca?* ionophore-induced apop-
totic signals to necrotic signals by ATP-depletion without CPP32/
Yama(-like) protease activation suggests an alternative pathway of
necrosis that involves a protease cascade of other ICE family pro-
tease members or perhaps no such cascade.

Stimulation of Fas antigen was recently shown to recruit the novel
ICE/CED-3 family protease, MACH/FLICE (caspase-8), to form a
Fas-containing complex that transduces Fas-induced death signals
(23, 24), suggesting that a Fas-initiated death signal is transmitted
directly to the ICE protease cascade. Because ATP depletion blocked
the activation of CPP32/Yama(-like) proteases that is essential for
Fas-induced apoptosis (19-21), the activation step of MACH/FLICE
and/or the signaling pathway from MACH/FLICE to the ICE protease
cascade might involve ATP-dependent reactions. These observations
suggest that the ICE protease cascade is regulated by ATP-dependent
reactions and that the protease cascade might not proceed in an
autonomous fashion.

Because apoptosis is characterized by morphological changes in the
nucleus, the apoptotic death signals are probably transmitted from the
cytoplasm to the nucleus, and the ATP-dependent step(s) functioning
downstream of the activation step of CPP32/Yama(-like) proteases
might be an active nuclear transport mechanism which requires ATP
hydrolysis (25, 26). Indeed, we recently showed that active nuclear
transport is involved in apoptotic change of the nuclei (27). Kinases
and ATP-dependent proteases and the regulation of the cytoskeleton
might also play important roles in apoptosis.

The present findings could explain the frequent appearance of

necrotic cells mixed with apoptotic cells in pathological areas in vivo,
such as the center of solid tumors (28, 29) and ischemic nervous
tissues (30). In areas where blood flow is limited, there is rapid
exhaustion of intracellular ATP due to insufficient oxygen and rapid
consumption of glucose, inhibiting apoptosis and inducing necrotic
cell death. Thus, even in vivo, intracellular ATP levels appear to be a
factor determining cell death fate by apoptosis and necrosis.

Acknowledgments

We are grateful to M. Hoffman for editorial assistance.
References

1. Wyllie, A. H., Kerr, J. F. R, and Currie, A. R. Cell death: the significance of
apoptosis. Int. Rev. Cytol., 68: 251-306, 1980.

2. Arends, M. J,, and Wyllie, A. H. Apoptosis: mechanisms and roles in pathology. Int.
Rev. Exp. Pathol., 32: 223-254, 1991.

3. Yuan, J., and Horvitz, H. R. The Caenorhabditis elegans genes ced-3 and ced-4
act cell autonomously to cause programmed cell death. Dev. Biol., /38: 33-41,
1990.

4. Miura, M., Zhu, H,, Rotello, R., Hartwieg, E. A., and Yuan, J. Induction of apoptosis
in fibroblasts by IL-1§-converting enzyme, a mammalian homolog of the C. elegans
cell death gene ced-3. Cell, 75: 653-660, 1993.

5. Martin, S. J., and Green, D. R. Protease activation during apoptosis: death by a
thousand cuts? Cell, 82: 349-352, 1995.

6. Tsujimoto, Y., Cossman, J., Jaffe, E., and Croce, C. M. Involvement of the bcl-2 gene
in human follicular lymphoma. Science (Washington DC), 228: 1440-1443, 198S5.

7. Bakhshi, A., Jensen, J. P., Goldman, P., Wright, J. J., McBride, O. W., Epstein, A. L.,
and Korsmeyer, S. J. Cloning the chromosomal breakpoint of t(14;18) human lym-
phomas: clustering around JH on chromosome 14 and near a transcriptional unit on
18. Cell, 41: 899-906, 1985.

8. Cleary, M. L., and Sklar, J. Nucleotide sequence of a t(14;18) chromosomal break-
point in follicular lymphoma and demonstration of a breakpoint-cluster region near a
transcriptionally active locus on chromosome 18. Proc. Natl. Acad. Sci. USA, 82:
7439-7443, 1985.

9. Hengartner, M. O,, and Horvitz, H. R. C. elegans cell survival gene ced-9 encodes a
functional homolog of the mammalian proto-oncogene bcl-2. Cell, 76: 665-676, 1994.

10. Vaux, D. L., Cory, S., and Adams, J. M. Bcl-2 gene promotes haecmopoietic cell
survival and cooperates with c-myc to immortalize pre-B cells. Nature (Lond.), 335:
440-442, 1988.

11. Tsujimoto, Y. Stress-resistance conferred by high level of bcl-2A protein in human B
lymphoblastoid cell. Oncogene, 4: 1331-1336, 1989.

12. Shimizu, S. Eguchi, Y., Kamiike, W., Waguri, S., Uchiyama, Y., Matsuda, H., and
Tsujimoto Y. Retardation of chemical hypoxia-induced necrotic cell death by Bcl-2
and ICE inhibitors: possible involvement of c di in ic and

ic signal ductions. Oncog 12: 2045-2050, 1996.

13. Shimizu, S., Eguchi, Y., Kamiike, W., Matsuda, H., and Tsujimoto, Y. Bcl-2 expres-
sion prevents activation of the ICE protease cascade. Oncogene, /2: 2251-2257,
1996.

14. Shimizu, S. Eguchi, Y., Kamiike, W., Waguri, S., Uchiyama, Y., Matsuda, H., and
Tsujimoto Y. Bcl-2 blocks loss of mitochondrial membrane potential while ICE
inhibitors act at a different step during inhibition of death induced by respiratory chain
inhibitors. Oncogene, 13: 21-29, 1996.

15. Shimizu, S., Eguchi, Y., Kamiike, W., Akao, Y., Kosaka, H., Hasegawa, J., Matsuda,
H., and Tsujimoto, Y. Involvement of ICE family proteases in apoptosis induced by
reoxygenation of hypoxic hepatocytes Am. J. Physiol. 271: G949-G954, 1996.

16. Chinnaiyan, A. M., Orth, K., O'Rourke, K., Duan, H., Poirier, G. G., and Dixit, V. M.
Molecular ordering of the cell death pathway. Bcl-2 and Bcl-x;_ function upstream of
the CED-3-like apoptotic proteases. J. Biol. Chem., 27/: 4573-4576, 1996.

17. Lee, C., and Emster, L. Competition between oxidative phosphorylation and energy-
linked pyridine nucleotide transhydrogenation in submitochondrial particles. Bio-
chem. Biophys. Res. Commun., 23: 176181, 1966.

18. Shimizu, S., Eguchi, Y., Kamiike, W, Itoh, Y., Hasegawa, J., Yamabe, K., Otsuki, Y.,
Matsuda, H., and Tsujimoto, Y. Induction of apoptosis as well as necrosis by hypoxia
and predominant prevention of apoptosis by Bcl-2 and Bcl-X, . Cancer Res., 56:
2161-2166, 1996.

19. Hasegawa, J., Kamada, S., Kamiike, W., Shimizu, S., Imazu, T., Matsuda, H., and
Tsujimoto, Y. Involvement of CPP32/Yama(-like) proteases in Fas-mediated apop-
tosis. Cancer Res., 56: 1713-1718, 1996.

20. Enari, M., Talanian, R. V., Wong, W. W, and Nagata, S. Sequential activation of
ICE-like and CPP32-like p during Fas-mediated apoptosis. Nature (Lond.),
380: 723-726, 1996.

21. Schilegel, J., Peters, 1., Orrenius, S., Miller, D. K., Thomberry, N. A., Yamin, T. T., and
Nicholson, D. W. CPP32/apopain is a key interleukin 1 beta ¢ ing enzyme-like
protease involved in Fas-mediated apoptosis. J. Biol. Chem., 271: 1841-1844, 1996.

22. Thompson, C. B. Apoptosis in the pathogenesis and treatment of disease. Science
(Washington DC), 267: 1456-1462, 1995.

23. Boldin, M. P., Goncharov, T. M., Goltsev, Y. V., and Wallach, D. Involvement of
MACH, a novel MORT 1/FADD-interacting protease, in Fas/APO-1-and TNF recep-
tor-induced cell death. Cell, 85: 803-815, 1996.

24. Muzio, M., Chinnaiyan, A. M., Kischkel, F. C., O'Rourke, K., Shevchenko, A., Ni,
J., Scaffidi, C., Bretz, J. D., Zhang, M., Gentz, R., Mann, M., Krammer, P. H., Peter,
M. E., and Dixit, V. M. FLICE, a novel FADD-homologous ICE/CED-3-like prote-

Latd

1839

Downloaded from cancerres.aacrjournals.org on March 8, 2020. © 1997 American Association for Cancer Research.


http://cancerres.aacrjournals.org/

25.

26.

27.

28.

29.

REQUIREMENT FOR ATP IN APOPTOSIS

ase, is recruited to the CD95 (Fas/APO-1) death-inducing signaling complex. Cell,
85: 817-827, 1996.

Melchior, F., and Gerace, L. Mechanisms of nuclear protein import. Curr. Opin. Cell
Biol., 7: 310-318, 1995.

Pante, N., and Aebi, U. Toward the molecular dissection of protein import into nuclei.
Curr. Opin. Cell Biol., 8: 397-406, 1996.

Yasuhara, N., Eguchi, Y., Tachibana, T., Imamoto, N., Yoneda, Y., and Tsujimoto, Y.
Essential role of active nuclear transport in apoptosis. Genes Cells, 2: 55-64, 1997.
Ledda-Columbano, G. M., and Columbano, A. Apoptosis and hepatocarcinogenesis.
In: L. D. Tomei and F. O. Cope (eds.), Apoptosis: The Molecular Basis of Cell Death,
pp. 101-119. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press. 1991.
Szende, B., Schally, A. V., Comaru-Schally, A. M., Redding, T. W., Srkalovic, G.,
Groot, K., Lapis, K., Timar, J., Neill, J., and Mulchahey, J. Cellular and molecular

30.

31

32

aspects of apoptosis in experimental tumors of animals treated with analogs of LHRH
and somatostatin. /n: L. D. Tomei and F. O. Cope (eds.), Apoptosis: The Molecular
Basis of Cell Death, pp. 139-155. Cold Spring Harbor, NY: Cold Spring Harbor
Laboratory Press, 1991.

Charriaut-Marlangue, C., Aggoun-Zouaoui, D., Represa, A., and Ben-Ari, Y. Apop-
totic features of selective neuronal death in ischemia, epilepsy and gp120 toxicity.
Trends Neurosci., 19: 109-114, 1996.

Kane, A. B., Petrovich, D. R., Stem, R. O., and Farber, J. L. ATP depletion and loss
of cell integrity in anoxic hepatocytes and silic d P388D1 macrophages. Am. J.
Physiol., 249: C256-C266, 198S.

Itoh, N., and Nagata, S. A novel protein domain required for apoptosis. Mutational
analysis of human Fas antigen. J. Biol. Chem., 268: 10932-10937, 1993.

Downloaded from cancerres.aacrjournals.org on March 8, 2020. © 1997 American Association for Cancer Research.


http://cancerres.aacrjournals.org/

PAGCR i e
Cancer Research

The Journal of Cancer Research (1916-1930) | The American Journal of Cancer (1931-1940)

Intracellular ATP Levels Determine Cell Death Fate by Apoptosis
or Necrosis
Yutaka Eguchi, Shigeomi Shimizu and Yoshihide Tsujimoto

Cancer Res 1997;57:1835-1840.

Updated version  Access the most recent version of this article at:
http://cancerres.aacrjournals.org/content/57/10/1835

E-mail alerts  Sign up to receive free email-alerts related to this article or journal.

Reprints and  To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Subscriptions Department at pubs@aacr.org.

Permissions  To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/57/10/1835.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on March 8, 2020. © 1997 American Association for Cancer Research.


http://cancerres.aacrjournals.org/content/57/10/1835
http://cancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerres.aacrjournals.org/content/57/10/1835
http://cancerres.aacrjournals.org/



