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been used to describe the coordinated series of events
Cell death, a scheduled event during development leading to cell demise. In this field the term has been

and tissue turnover, or the ultimate consequence of commonly used to allude to the existence of a genetic
toxic or pathologic insults seems to involve a relatively program for cell death. In fact, there may exist various
limited number of execution pathways. This reflects transcriptionally controlled programs involved in sig-the evolution of an organized sequence of events per- naling or in the initiation of cell death. However, thehaps converging onto final common pathways that are

elements of a core program controlling the proper exe-used to dispose of unwanted or injured cells. In many
cution phase of cell death seem to be constitutivelycases, the ordered execution of this internal death pro-
expressed in virtually every cell. A definition of thisgram leads to typical morphological and biochemical
core program would include the series of self-regulatorychanges that have been termed apoptosis. Apoptosis,
elements/subroutines, beyond the signaling phase, thatoften equated with developmental or programmed cell
can lead to cell demise.death, has been opposed to unscheduled or accidental

Cell death is more often defined by the use of morpho-cell lysis/necrosis. However, increasing evidence sug-
logical criteria [6, 7]. The term apoptosis introduced bygests that the two forms of cell demise share similar
Kerr and his colleagues [3] has been used to indicatecharacteristics, at least in the signaling and early pro-

gression phase. Recent studies have shown that, when cells that shrink, display surface alterations such as
the intensity of the insult is very high and/or when the exposure of molecules normally confined to the inte-
ATP generation is deficient, cells fail to execute the rior of the cell (e.g. exposure of phosphatidylserine (PS)
ordered changes ensuing in apoptosis. Then cell lysis/ on the outer surface) [8 - 11], and undergo a series of
necrosis supervenes before the processes leading to typical nuclear changes including chromatin margina-
nuclear condensation and exposure of surface mole- tion and condensation, and DNA cleavage into large
cules can be completed. Thus, apoptosis and necrosis (i.e., 50 kb) and eventually small (oligonucleosomal-
seem to represent only different shapes of cell demise, sized) fragments [12 - 14]. The whole nucleus may
resulting from a more or less complete execution of sometimes fragment into more or less small rounded
the internal death program. q 1997 Academic Press bodies containing parts of the chromatin. In the cyto-

plasm, organelles appear to be intact. This set of
changes is markedly different from the cellular break-
down seen in rapidly lytic cell death/necrosis. Notably,PROGRAMMED CELL DEATH, APOPTOSIS,
the concept of a death program is not linked to a specificAND NECROSIS
morphology. For example, in non-vertebrate systems,
programmed cell death does not always display an apo-The notion that cell differentiation and proliferation ptotic-like morphology [15].follow seemingly programmed patterns is widely ac- A major biological discriminant between apoptosiscepted. Conversely, the understanding that a similar and necrosis is the implication that death of an individ-program may control cell death is a more recent devel- ual cell or a group of cells has for its neighbours [16].opment in biology [1 - 5]. The term ‘‘programmed cell Apoptotic cells are rapidly sequestered by professionaldeath’’ adopted from developmental biology has then phagocytes or by neighbouring cells before they can
lyse, spill their contents and cause an inflammatory
reaction. This process is so efficient and rapid that the1 To whom correspondence should be addressed. Fax: /49 - 7531 -

88 4033. E-mail: Pierluigi.Nicotera@uni-konstanz.de. contribution of apoptosis to cell death in tissues has
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often been grossly underestimated. Notably, the discov- drosophila is is cell-autonomous or signaled by
reaper or hid, there is a large variety of identifiedery and characterization of pro-apoptotic genes such as

ced-3 and ced-4 in C. elegans has greatly benefited from and not yet identified signals that trigger death of
mammalian cells. This complicates the understand-the availability of genotypically altered worms, lacking

functional genes responsible for the uptake of dying ing of the sensors that link death signals to execu-
tion. Perhaps the most-extensively studied case iscells [1, 17].
that of CD95 signaling via proteins containing cell
death domains, which leads to activation of caspase-EVOLUTION OF CELL DEATH
8/10 [31, 44 - 47]. Even in this paradigm it is not yet
clear, where and how the effector phase of the deathAlthough the shape of death varies among unicellu-

lar organisms, invertebrates and various vertebrate program joins the execution part. Important findings
on mitochondrial function, Bcl-2 control, ceramidecells, the machinery for cell death seems to have been

well conserved. Thus, the study of cell death in Dro- generation and ras-activation in this process do not
yet yield a consistent picture [43, 48 - 57].sophila and C. elegans has contributed significantly to

the understanding of death in mammalian cells [18]. Some characteristics of the original cell death ma-
chinery that would affect predominantly the shapeEven in plants, bacteria, fungi and in unicellular or-

ganisms (Leishmania, Trypanosoma), elements of pro- of death may have become more significant or pre-
dominant in mammalian cells. For instance, ribo-grammed cell death have been described which seem

to be extremely well conserved [19 - 24]. E.g. overex- somal RNA-degradation [58] or DNA fragmentation
are prominent features of mammalian cell apoptosis.pression of Bax can cause cell death in yeast and over-

expression of Bcl-2 can prevent cell death induced by Oligonucleosomal DNA-fragmentation is a relatively
late event during cell death [59]. Nevertheless, al-Bax or by SOD-deficiency [25, 26].

It is not surprising that initially simple death pro- though apoptosis can occur in the absence of oligo-
nucleosomal fragmentation [57, 60 - 62], the lattergrams, developed early during phylogeny have been

largely modified and refined to yield the complex pic- may be relevant in some instances, and at specific
locations. DNA-fragmentation ensures irreversibilityture now evident from the study of mammalian cells.

The increasing complexity of higher organisms as com- and prevents the spread of possibly infectious or mu-
tated DNA. Accordingly, DNA-fragmentation is gen-pared to plants or worms has lead to the evolution of

large gene families, whose interacting and overlapping erally extensive and rapid in immune cells, in tumor
cells and in cells killed by immune mediators suchmembers provide a more intricate control of cell death,

perhaps depending on the degree of differentiation. For as TNF or CD95L, but not after the size regression
that follows liver hypertrophy [63].example, studies in C. elegans have revealed at least

three groups of genes whose activity is linked to cell Other downstream mechanisms, which have possibly
evolved in higher organisms to modify not the execu-death: the genes involved in the direct control of cell

death, those involved in phagocytosis and degradation tion, but the shape of death may include the cleavage
of Poly-(ADP-ribose)-Polymerase (PARP) [64 - 67] or ofof cell corpses, and the genes involved in the upstream

signals initiating or blocking apoptosis [1, 27]. In mam- small nuclear ribonucleoprotein-U1 (snRNP-U1) [68,
69], the translocation of phosphatidylserine [70] andmalian cells, more than a dozen homologues of C. eleg-

ans thanatogene ced-3 are now known [28 - 31], and a the export of reduced glutathione [71]. Cleavage of the
two nuclear proteins may serve to maintain cellularlarge family of mammalian homologues, which con-

tains both pro- and antiapoptotic members [32] are the energy. E.g. PARP-cleavage prevents NAD/ATP-deple-
tion, whereas dysfunction of snRNP-U1 inhibits newcounterpart of the nematode thanatoprotective gene,

ced-9. Furthermore, functions of cell death proteins protein synthesis by preventing any mRNA processing
and subsequent translocation of RNA into the cyto-may have been taken over by functionally similar pro-

teins, that may not have structural similarities. This plasm. PS-translocation favours the early phagocytosis
of apoptotic cells.may explain why many different proteases besides cas-

pases have been involved in mammalian programmed Assuming that the whole program of sequential steps
leading to cell death is highly conserved, it would notcell death [33 - 41]. Probably, expression of multiple

functional analogues in mammalian cells has so far be surprising to find out that short cuts have been de-
veloped in specific cases. One example may be theeluded the attempt to identify a homologue to the nem-

atode ced-4, which may function as general modulator death pathway triggered by cytolytic bacteria. E.g. shi-
gella invasion causes the direct activation of caspase-of the core machinery of death execution (ced-3 - depen-

dent) [2, 42, 43 ]. This function may have been taken 1 and subsequent apoptosis by binding to the inactive
proform of the enzyme [72, 73]. Possibly, the proteolyticover by different proteases or proapoptotic members of

the Bcl-2 family (e.g. Bax or caspase 8). cascade triggered by trimerisation of the CD95 receptor
also bypasses many control-elements and sensors ofAlso, effective signals have multiplied in high or-

ganisms. While most of cell death in C. elegans or in the entire program and leads directly to activation of
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the execution by caspases, although the links are not released from energized mitochondria. However, it has
yet entirely clear [44, 74 - 78]. recently been observed that cyt-c release may also fol-

Finally, in mammalian cells, proteins involved in cell low the early phase of PT [98] providing a link between
death serve also other functions. For example, indepen- the two events. Notably, cyt-c release from energized
dent of its apoptosis-inhibitory function, Bcl-2 seems mitochondria can also be prevented by Bcl-2 [95, 96].
to have a role in cell signaling or neurite outgrowth Neither the mechanism of release, nor the mechanism
after lesion [79, 80]. In addition, several caspases are whereby PT and/or AIF/cyt-c release are negatively
involved in processing of proteins required for cell sig- regulated have yet been elucidated. It is instead appar-
naling and development [81 - 83]. ent that cyt-c in conjunction with other unknown fac-

tors in the cytoplasm can activate caspases. Cells lack-
ing cytochrome c are probably not viable. This wouldARE THERE UBIQUITOUS COMMON EVENTS IN
ensure that the key step of the program for cell deathCELL DEATH?
cannot be lost by simple mutation.

(iii) Caspase activation: work on programmed cellFrom the above considerations, it seems that a possi-
death in C. elegans has led to the identification of a newbly ubiquitous cell death program may have been opti-
class of proteases with a central role in the execution ofmized and further developed to adapt to the properties
the death program [1, 99 - 101]. About a dozen differentof specialized, differentiated cells. If common denomi-
caspases have been identified in mammals [28]. Evi-nators still exist, it is likely that they have been pre-
dence for the role of caspases in cell death is based onserved because they regulate processes and/or struc-
findings that their inhibition can prevent apoptosis,tures whose function is essential for survival. There
whereas their overexpression and activation causesare several candidates for a fairly ubiquitous role in
apoptosis.cell death:

Caspases seem to be constitutively expressed in
(i) The mitochondrial permeability transition: Un- mammals, similar to Ced 3 in C. elegans and in analogy

der stressful conditions, the mitochondrial inner mem- with cyt-c or components of the PT pore [2, 17, 102,
brane can loose its impermeability to ions and other 103]. Complications in the understanding of their rolesmall molecules up to a molecular weight of ca. 2 kDa arise from the multiplicity of isoenzymes [99]. In mam-[84, 85]. Accumulating evidence supports the idea that malian cells, different sets of caspases may be recruitedPT is a controlled process, involving the formation of

in different paradigms of cell death [39, 104 - 106].pores at contact sites between the inner and outer mito-
Most studies on the involvement of specific isoenzymeschondrial membranes. Opening of these pores can be
are based on the use of peptide inhibitors such asregulated by agonists or antagonists (such as atractylo-
DEVD-CHO, that were thought to be relatively selec-side, bongkrekic acid, as well as ligands of the mito-
tive for individual members of this family, e.g. for cas-chondrial benzodiazepine receptor or mitochondrial
pase-3 related isoenzymes. In fact, they probably in-cyclophilin). In addition, pore opening can occur follow-
hibit various members of the family [107]. The vitaling a selective proteolytic step (activation of caspase-1
function of death executing caspases for the cell re-or calpain) [86 - 90]. Candidate pore-forming proteins
mains to be shown. In fact, deletion of ced-3 in C. eleg-have been isolated and reconstituted to functioning
ans has no further effect than the survival of the cellspores in liposomes [91]. Key proteins may include the
that would normally die during development [1]. Likeadenylate translocator, multimeric hexokinase and
the mitochondrial processes described above, activa-outer membrane porin. Recent evidence suggests that
tion of caspases seems to be controlled by Bcl-2 in mam-PT is closely related to cell death (apoptotic and ne-
malian cells or its homologue, Ced-9 in the nematodecrotic) induced by a large variety of different stimuli
[108 - 110]. When evaluating the role of caspases as[90 - 94]. Extensive work performed in G. Kroemer’s
ubiquitous step in programmed cell death, some cave-laboratory has shown that PT can lead to typically apo-
ats should be mentioned. Not all cell death in C. elegansptotic nuclear alterations [94], by stimulating the re-
requires functional Ced-3 (e.g. the male linker cell) [1].lease of an apoptosis-inducing factor (AIF), a protease
In mammalian cells, several forms of cell death seemof about 50 kDa. PT and the release of AIF seem to be
to be independent of caspases [39, 105, 106, 111, 112]inhibited by Bcl-2, a ubiquitous negative controller of
and other protease families have also been implicatedapoptosis [41, 87].
in cell death [99, 112, 113]. It is tempting to speculate(ii) The release of holocytochrome c (cyt-c) from mito-
that if caspases are absent or inhibited, death may stillchondria: Another process that seems to be conserved
occur through activation of other proteases, if the stim-from amphibians to mammalian cells is the release of
ulus for cell death is intense enough. Evidence for thecyt-c from mitochondria [95 - 97]. Cyt-c is a small, 13
role of caspases in the fine tuning of the shape of cellkDa protein that is loosely attached to the outer surface
death comes from studies showing, that general inhibi-of the inner mitochondrial membrane. In contrast to

the mechanisms operating after PT, cyt-c may also be tion of caspases does not alter the extent of pro-
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grammed cell death but rather the form of demise [39, portant to generate the link from extracellular signals
to the execution phase of cell death.106, 39].

(iv) Overriding Bcl-2’s antiapoptotic effect: Bcl-2 the
Intracellular protein localization or transport maymammalian homologue of the C. elegans protein Ced-9

also be relevant to determine the shape of cell death.[114] seems to function upstream of both mitochondrial
Some death signals (e.g. those activated after irradia-alterations and caspase activation, even in CD95-sig-
tion or treatment with topoisomerase inhibitors) arenalled cell death, where a linear protease cascade has
predominantly generated within the nucleus. Sincebeen suggested [108]. Recent data show that Bcl-2 may
controllers and execution systems are believed to bebe physically linked to caspases via the C. elegans gene
located in the cytoplasm/mitochondria [43, 57], thenproduct of ced-4 [43]. As mentioned above, although
yet unknown death signals have to be transmitted fromced-4 is actively inducing apoptosis in mammalian cells
the nucleus to these compartments. Conversely, mostif overexpressed, its real mammalian counterpart has
caspases seem to be localized in the cytoplasm, whereasnot yet been identified [115]. One or more of the pro-
important substrates may be located in mitochondriaapoptotic Bcl-2 family members may be suitable candi-
and the nucleus. Thus, the permeability of the nucleardates. Indeed, ced-4 shares an important feature with
pore and/or the accessibility of mitochondrial sites maythe Bcl-2 family. It may be proapoptotic (in its full-
be a relevant factor in apoptosis [131].length form) or antiapoptotic (as a shortened splice-

variant) [17, 42, 116]. While pro- and antiapoptotic
APOPTOSIS AND NECROSIS: TWO DIFFERENTfunctions may be combined in the single ced-9 gene in
MODES OF CELL DEATH?C. elegans, in mammalian cells, a whole family of Bcl-

2-like proteins may be required. Some of these proteins
would prevent cell death (e.g. Bcl-2, Bcl-xL) and others Apoptosis and necrosis have been regarded as mor-

phologically and conceptually distinct modes of cellwould interfere with this function or induce cell death
themselves (e.g. Bax, Bad, Bcl-xS) [32, 117]. Since all death. Nevertheless, there is increasing evidence that

typical apoptosis and necrosis represent only the ex-the members of this protein family seem to be able to
form homo- and heterodimers (or possibly multimers) treme ends of a wide range of possible morphological

and biochemical deaths. The two classical types of de-the balance between death and survival could be de-
cided by the amount of the individual proteins. Other mise can occur simultaneously in tissues or cell cul-

tures exposed to the same stimulus, and often the in-factors may control the function of these proteins and
their interaction. The activity of Bcl-2-like proteins can tensity of the same initial insult decides the prevalence

of either apoptosis or necrosis. This suggests that thenbe modulated by phosphorylation [118]. One example is
the recruitment of the kinase Raf to the mitochondrial some early events may be common to both types of cell

death. Downstream controllers may be requiredmembrane by Bcl-2 [119] followed by Raf phosphoryla-
tion of Bad, which results in its inactivation. In line to direct cells towards the organized execution of

apoptosis or cell lysis/necrosis.with this observation, the protection by Bcl-2 from
apoptosis is greatly attenuated in cells lacking func- Early definitions of apoptosis emphasized the differ-

ence between cell death caused by physiological stimulitional Raf [119]. The mitochondrial localization of Bcl-
2 seems to be critical for its protective effect [41, 43, (i.e., apoptotic) from that caused by accidental, toxic or

‘‘catastrophic’’ insults (necrosis). There is now convinc-120, 121], although Bcl-2 also exerts anti-apoptotic ef-
fects by transcriptional regulation [122] and by control- ing evidence that apoptosis can be elicited by toxins

or during disease processes. In fact, many signals asling Ca2/ pools [123, 124]. The observations that Bcl-2
knockout animals are viable [125, 126], and that diverse as heat shock [132], viruses [133], protein syn-

thesis inhibition [134], oxidative stress [135], hypoxiaapoptosis may eventually proceed also in Bcl-2 overex-
pressing cells [117, 127] is a further indication that a [136] or toxic challenge with Ca2/ ionophore, radiation

[137], glutamate [138] or nitric oxide [139] can inducehigh degree of redundancy preserves cell ability to con-
trol death. Accordingly, Bcl-2 overexpressing animals both apoptosis and necrosis. Not only the trigger, but

also activators/second messengers and also steps fur-are marked by neuronal hypertrophy due to defective
apoptosis during development [128], but they do not ther downstream may be common to either form of cell

death. For example, second messengers like Ca2/ ordisplay a generalized inability to undergo cell death.
(v) Transcriptional control: transcriptional control stress-dependent transcription factors such as c-Fos

have been implicated in both modes of cell death. Themay be important in signaling some forms of cell death.
Genes that have been involved include c-fos, p53 or the same applies to cellular structures that might act as

sensors for irreversible damage such as mitochondriaproduct of ces-2 in C. elegans [27, 129, 130]. It is un-
likely that such factors have a universal role, since or the cytoskeleton. Recent findings show that even

signaling molecules thought to be highly specific forthere is an overwhelming number of examples of cell
death that take place in the absence of transcription apoptosis, such as caspase-8/10 participate in necrosis

[140]. This is exemplified by the finding that stimula-[102]. However, transcriptional activation may be im-
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tion of ATP-depleted T-cells by CD95 leads to necrosis, of possible shapes of cell death, and necrosis may be
the result of an aborted apoptosis [140].which is inhibitable by inhibitors of caspases, including

caspase 8. Thus, at least some of the effector molecules, In agreement with this assumption, it has been
shown that increasing the intensity (exposure time orthose active upstream in the death program may have

a role in both types of demise [140 - 142]. In fact, the concentration) of the insult, cell death changes its
shape from apoptotic to necrotic. In the case of gluta-role of proteases as effectors of necrosis has been shown

long before the discovery of caspases and their role in mate, nitric oxide, reactive oxygen species (ROS) and
many other toxins this overstimulation leads to recruit-mammalian cell death [143, 144].

Another criterion used to distinguish apoptotic from ment of additional lethal reactions, which cause cell
lysis prior to the completion of the ‘‘default’’ apoptoticnecrotic cell death has been the sensitivity of apoptosis

to Bcl-2 control [61]. On the other hand, several studies program [135, 139, 138,]. Notably, it has been observed
that intracellular energy levels are rapidly dissipatednow show that overexpression of Bcl-2 can inhibit also

necrotic cell death elicited by stimuli as diverse as vi- in necrosis, but not in apoptosis [135, 138]. These re-
sults suggest that while initial events may be commonruses [133], hypoxia [141], oxidative stress [145, 146]

or exposure to toxicants [147, 148]. to both types of cell death, certain metabolic conditions
would be required to activate downstream controllers,The removal of the corpses/remnants of apoptotic

cells by phagocytosis remains perhaps the most rele- which direct cells towards the organized execution of
apoptosis.vant biological discriminant between apoptosis and ne-

crosis Cells dying by apoptosis display on the outer
surface molecular components, which are normally INTRACELLULAR ENERGY LEVEL AND THE SHAPE
masked or restricted to the cell interior [16]. This facili- OF CELL DEATH
tates phagocytosis of the dying cell by professional mac-
rophages or neighbouring cells before the plasma mem- To investigate whether the same insult (i.e. same

intensity) could still produce either form of cell deathbrane lyses. Necrotic cells seem to be removed only
after lysis of the cell membrane. The difference in the an alternative strategy has been used: individual parts

of the death program have been blocked by manipulat-time course of phagocytosis has major implications for
the surrounding tissue and it is assumed that apoptosis ing the intracellular ATP level. In this study, when

ATP levels were reduced, typically apoptotic stimulioccurs generally without ensuing inflammation. How-
ever, under certain conditions, apoptotically dying cells resulted in cell necrosis [140]. ATP could be depleted

and repleted to defined levels and for defined periodsmay be able to elicit inflammatory responses and per-
haps extended immune responses, which would be of of time. Therefore, it has been possible to identify a

period of 90 min after the exposure of cells to apopto-importance for the elimination of invading pathogens.
This is suggested by the observation that apoptosis- genic stimuli such as staurosporin or an agonist anti-

CD95 monoclonal antibody as the energy-dependentexecuting caspases are important for the processing of
pro-IL-1 and IFN-g-inducing factor, two proinflamma- period for the completion of the apoptotic program. If

ATP concentrations were markedly reduced during thistory cytokines [82, 149]. By this mechanism, on the
other hand, pathogens like Shigella flexneri induce an period, activation of caspases and the induction of typi-

cally apoptotic changes were prevented. Stimulated‘‘apoptotic inflammation’’ to break the tissue barrier
and invade the intestine [72, 150, 151]. cells died nonetheless. However, death had necrotic

features. These findings provide direct evidence that
the complete apoptotic program involves energy-re-INCREASING THE INTENSITY OF THE INSULT
quiring steps. An interesting corollary of these observa-CHANGES THE SHAPE OF DEATH
tions is that proteolytic degradation of lamin B typical
of apoptosis did not occur in necrosis. Lamin cleavage isIf indeed common events are shared by apoptosis

and necrosis, what is the significance of these different effected by the activation of caspases or other proteases
during apoptosis [37, 152 - 154]. This suggests that atmodes of cell death? In their most typical appearance

apoptosis and necrosis have little similarity and are least one component of cell death execution may be
specific for apoptosis. In agreement with the conceptclearly distinguishable mechanistically and morpho-

logically [6]. However, it can be argued that the death that caspases may be in certain cases responsible for
the fine-tuning of the shape of cell death without modi-program may not be uniformly progressing in all condi-

tions. If left undisturbed, the death program would fication of the death rate, cells treated with a caspase-
inhibitor and subsequently exposed to an apoptogenicpredominantly yield an apoptotic-like morphology,

whereas when elements of the program are disturbed stimulus died by necrosis [39, 106].
Several forms and subroutines of the death programor inhibited, or when the insult is so high that some of

the subroutines cannot be terminated, then the shape in mammals might have evolved because of their sig-
nificance for tissues and organs and may not be intelli-of death can change. According to this view apoptosis

and necrosis may be seen as extremes of a continuum gible from in vitro studies. Since most of the cited work
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Maki, M., Schröter, M., Becherer, J. D., Irmler, M., Tschopp,6. Searle, J., Kerr, J. F. R., and Bishop, C. J. (1982) Pathol. Ann.
J., and Martinou, J.-C. (1996) EMBO J. 15, 3845–3852.17, 229–259.

34. Wright, S. C., Wei, Q. S., Kinder, D. H., and Larrick, J. W.7. Wyllie, A. H., Kerr, J. F., and Currie, A. R. (1980) Int. Rev. Cy-
(1996) J. Exp. Med. 183, 463–471.tol. 68, 251–306.

35. Squier, M. K. T., Miller, A. C. K., Malkinson, A. M., and Cohen,8. Vanags, D. M., Pörn-Ares, M. I., Coppola, S., Burgess, D. H.,
J. J. (1994) J. Cell. Physiol. 159, 229–237.and Orrenius, S. (1996) J. Biol. Chem. 271, 31075–31085.

36. Nath, R., Raser, K. J., Stafford, D., Hajimohammadreza, I.,9. Fadok, V. A., Voelker, D. R., Campbell, P. A., Cohen, J. J., Brat-
Rosner, A., Allen, H., Talanian, R. V., Yuen, P., Gilbertsen,ton, D. L., and Henson, P. M. (1992) J. Immunol. 148, 2207–
R. B., and Wang, K. K. W. (1996) Biochem. J. 319, 683–690.2216.

37. Zhivotovsky, B., Gahm, A., Ankarcrona, M., Nicotera, P., and10. Martin, S. J., Reutelingsperger, C. P. M., McGahon, A. J.,
Orrenius, S. (1995) Exp. Cell. Res. 221, 404–412.Rader, J. A., van Schie, R. C. A. A., LaFace, D. M., and Green,

38. Henkart, P. A. (1996) Immunity 4, 195–201.D. R. (1995) J. Exp. Med. 182, 1545–1556.
11. Martin, S. J., Finucane, D. M., Amarante-Mendes, G. P., 39. Sarin, A., Williams, M. S., Alexander-Miller, M. A., Berzofsky,

J. A., Zacharchuk, C. M., and Henkart, P. A. (1997) ImmunityO’Brien, G. A., and Green, D. R. (1996) J. Biol. Chem. 271,
28753–28756. 6, 209–215.

6

AID BBRC 6890 / 6931$$$$44 06-24-97 10:24:51 bbrcg AP: BBRC



Vol. 236, No. 1, 1997 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

40. Grimm, L. M., Goldberg, A. L., Poirier, G. G., Schwartz, L. M., 66. Nicholson, D. W., Ali, A., Thornberry, N. A., Vaillancour, J. P.,
Ding, C. K., Gallant, M., Gareau, Y., Griffin, P. R., Labelle, M.,and Osborne, B. A. (1996) EMBO J. 15, 3835–3844.
Lazebnik, Y. A., Munday, N. A., Raju, S. M., Smulson, M. E.,41. Susin, S. A., Zamzami, N., Castedo, M., Hirsch, T., Marchetti,
Yamin, T.-T., Yu, V. L., and Miller, D. K. (1995) Nature 376,P., Macho, A., Daugas, E., Geuskens, M., and Kroemer, G.
37–43.(1996) J. Exp. Med. 184, 1331–1341.

67. Lazebnik, Y. A., Kaufmann, S. H., Desnoyers, S., Poirier, G. G.,42. Yuan, J., and Horvitz, H. R. (1992) Development 116, 309–320.
and Earnshaw, W. C. (1994) Nature 371, 346–347.43. Golstein, P. (1997) Science 275, 1081–1082.

68. Casciola-Rosen, L., Nicholson, D. W., Chong, T., Rowan, K. R.,44. Wallach, D., Boldin, M., Goncharov, T., Goltsev, Y., Mett, I.,
Thornberry, N. A., Miller, D. K., and Rosen, A. (1996) J. Exp.Malinin, N., Adar, R., Kovalenko, A., and Varfolomeev, E.
Med. 183, 1957–1964.(1996) Behring Inst. Mitt. 97, 144–155.

69. Casciola-Rosen, L. A., Miller, D. K., Anhalt, G. J., and Rosen,45. Duan, H., and Dixit, V. M. (1997) Nature 385, 86–89.
A. (1994) J. Biol. Chem. 269, 30757–30760.

46. Boldin, M. P., Goncharov, T. M., Goltsev, Y. V., and Wallach,
70. Van den Eijnde, S. M., Boshart, L., Reutelingsperger, C. P. M.,D. (1996) Cell 85, 803–815.

De Zeeuw, C. I., and Vermeij-Keers, C. (1997) Cell Death Differ.47. Muzio, M., Chinnaiyan, A. M., Kischkel, F. C., O’Rourke, K., 4, 311–316.Shevchenko, A., Ni, J., Scaffidi, C., Bretz, J. D., Zhang, M.,
71. van den Dobbelsteen, D. J., Nobel, C. S. I., Schlegel, J., Cot-Gentz, R., Mann, M., Krammer, P. H., Peter, M. E., and Dixit,

greave, I. A., Orrenius, S., and Slater, A. F. (1996) J. Biol.V. M. (1996) Cell 85, 817–827.
Chem. 271, 15420–15427.48. Castedo, M., Hirsch, T., Susin, S. A., Zamzami, N., Marchetti,

72. Guichon, A., and Zychlinsky, A. (1996) Biochem. Soc. Trans.P., Macho, A., and Kroemer, G. (1996) J. Immunol. 157, 512–
24, 1051–1054.521.

73. Chen, Y., Smith, M. R., Thirumalai, K., and Zychlinsky, A.49. Gulbins, E., Bissonnette, R., Mahboubi, A., Martin, S., Nishi-
(1996) EMBO J. 15, 3853–3860.oka, W., Brunner, T., Baier, G., Baier-Bitterlich, G., Byrd, C.,

Lang, F., Kolesnick, R., Altman, A., and Green, D. (1995) Immu- 74. Greidinger, E. L., Miller, D. K., Yamin, T.-T., Casciola-Rosen,
nity 2, 341–351. L., and Rosen, A. (1996) FEBS Letters 390, 299–303.

50. Cifone, M. G., De Maria, R., Roncaioli, P., Rippo, M. R., Azuma, 75. Zhivotovsky, B., Burgess, D. H., Schlegel, J., Pörn, M. I., Va-
M., Lanier, L. L., Santoni, A., and Testi, R. (1993) J. Exp. Med. nags, D., and Orrenius, S. (1997) J. Cell. Biochem. 64, 43–49.
177, 1547–1552. 76. Schlegel, J., Peters, I., Orrenius, S., Miller, D. K., Thornberry,

51. Redondo, C., Flores, I., Gonzalez, A., Nagata, S., Carrera, A. C., N. A., Yamin, T.-T., and Nicholson, D. W. (1996) J. Biol. Chem.
Merida, I., and Martinez-A, C. (1996) J. Clin. Invest. 98, 1245– 271, 1841–1844.
1252.

77. Enari, M., Hug, H., and Nagata, S. (1995) Nature 375, 78–81.
52. Skowronski, E. W., Kolesnick, R. N., and Green, D. R. (1996)

78. Los, M., van de Craen, M., Penning, L. C., Schenk, H., Westen-Cell Death Differ. 3, 171–176.
dorp, M., Baeuerle, P. A., Dröge, W., Krammer, P. H., Flers,
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