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Abstract Involvement of a unique family of cysteine proteases in the multistep apoptotic process has been
documented. Cloning of several mammalian genes identifies some components of this cellular response. However, it is
currently unclear which protease plays a role as a signal and/or effector of apoptosis. We summarize contributions to the
data concerning proteases in Fas-mediated apoptosis. J. Cell. Biochem. 64:43–49. r 1997 Wiley-Liss, Inc.
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Interest in the role of intracellular proteases
during apoptosis was markedly stimulated by
the observation that both the Caenorhabolitis
elegans cell death gene, ced-3, and its mamma-
lian homologue, interleukin-1b-converting en-
zyme (ICE), contain a conserved pentapeptide
domain at the active site (Yuan et al., 1993).
Since this observation, additional members of
ICE gene family, with cysteine protease proper-
ties, have been cloned (Ich-1/Nedd-2, Mch-2,
Mch-3, and CPP32/apopain/YAMA). Overex-
pression of any one of these leads to apoptotic
cell death in various systems. Although it ap-
pears that ICE family members play a central
role in promoting apoptotic cell death, some
evidence has been advanced that other prote-
ases are also involved. This past year, several
articles have described the involvement of dif-
ferent proteases in experimentalmodels of apop-
tosis. Here we attempt to summarize the cur-
rent thinking concerning these proteases and
their involvement in Fas-mediated apoptosis.

FAS-MEDIATED APOPTOSIS: TRIGGERING
(SIGNALING MODE)

Cross linking of Fas/APO-1 (CD95), a mem-
ber of TNF receptor (TNFR) family, with anti-

body or its natural ligand (FasL), transduces an
extremely rapid apoptotic signal in a variety of
cell types. This transduction is mediated
through cytoplasmic domains of FasR (Fas re-
ceptor) and may require the binding of several
candidate cytoplasmic proteins,MORT1/FADD,
TRADD, and RIP. Each of these contain homolo-
gous protein motifs, death domains [Itoh et al.,
1993; Tartaglia et al., 1993], which are similiar
to the cytoplasmic domains required to trans-
duce TNFR-1 mediated signals [Boldin et al.,
1995; Chinnaiyan et al., 1995; Stanger et al.,
1995]. Overexpression of TRADD promotes cell
death, which is consistent with the death do-
main binding during transient overexpression
of FADD or RIP, themselves capable of bypass-
ing receptor mediated events and lead directly
to apoptosis. Varfolomeev et al. [1996] investi-
gated the interaction among MORT1/FADD,
RIP, and the FasR and proposed that it is distinct
from TRADD, RIP, and TNFR-1 interactions.
Kischkel et al. [1995] showed a cytotoxicity-
dependent requirement for a set of Fas/APO-1-
associated proteins (CAP1-4) that interact with
oligomerized but not monomeric FasR. CAP1
andCAP2were shown to be identical toMORT1/
FADD; however, the origin and role of CAP3
and CAP4 is unclear. A hypothesis put forth by
Kischkel et al. [1995] is that CAP4 maybe pro-
teolytically processed RIP. Further investiga-
tions will be required to clarify the death-
domain and CAP protein involvement in the
Fas-induction pathway.
FasR cross linking results in an increase of

cellular tyrosine phosphorylation events
[Eischen et al., 1994]. FAP-1, a tyrosine phos-
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phatase, has been shown to interact with the
cytosolic domain of Fas [Sato et al., 1995]. The
overexpression of FAP-1 partially abolished Fas-
induced apoptosis. Therefore, FAP-1 and pro-
tein tyrosine-kinase(s)-mediated events may
regulate Fas signal transduction. This implies
the involvement of a protein tyrosine phospha-
tase/kinase system as part of the signalingmode
during Fas-mediated cytotoxicity.
Other signaling events have been suggested

for Fas-mediated apoptosis. Preliminary work
shows that elevations in the cytosolic Ca21 level
[Oshimi and Miyazaki, 1995], production of ce-
ramide [Gulbins et al., 1995], and redistribu-
tion of TIAR, a TIA-1-related RNA-binding pro-
tein [Taupin et al., 1995] are involved. No direct
evidence links these signals to either activation
(signaling) of the protease(s) or cleavage (effec-
tor) of known protein substrates.
Recent work in our laboratory has shown

that the serine protease inhibitors prevent Fas-
induced apoptosis in Jurkat cells, suggesting
that distinct proteolytic enzymes play a central
role in this type of cell death [Weis et al., 1995].
Furthermore, in Fas-mediated apoptosis, some
isoforms of PITSLRE protein kinase may be
targeted by apoptotic proteases and blocked by
inhibitors of serine proteases [Lahti et al., 1995].
Although both studies point to serine protease
activation as early events in Fas-activated cells,
neither can specify which particular proteases
are involved in this form of apoptosis.

IS ICE INVOLVED IN FAS-MEDIATED
APOPTOSIS?

By using the tetrapeptide YVAD, two groups
independently demonstrated a dose-dependent
inhibition of the anti-Fas initiated apoptotic
process [Enari et al., 1995b; Los et al., 1995].
Fas rapidly stimulated the proteolytic cleavage
of the test ICE-like substrate. Overexpression
of ICE strongly potentiated Fas-mediated cell
death. Transient expression of antisense ICE
resulted in an inhibition of Fas-induced apopto-
sis by 50% [Los et al., 1995]. However, it is
necessary to point out that inhibitors and sub-
strates used in these studies could delineate
the activity of ICE and of ICE-like proteases
[Lazebnik et al., 1994]. This idea was supported
by the finding that ICE-deficient mice exhibit
few defects in apoptotic cell death and proceed
through development normally in contrast with
ced-3mutants of C. elegans [Kuida et al., 1995;
Li et al., 1995]. Moreover, cell lines with unde-
tectable level of ICEwere sensitive to Fas treat-

ment, and Fas-mediated apoptosis in these cells
was not inhibited by the ICE inhibitors [Ha-
segawa et al., 1996]. In addition, secretion of
IL-1b occurs from monocytes, mediated by ac-
tive ICE at the plasma membrane, with no
demonstrable evidence of apoptosis. Singer et
al. [1995] concluded that IL-1b secretion does
not involve apoptotic machinery, and apoptosis
itself is probably driven by other distinct ICE-
like proteases under tight regulatory control.

ROLE OF VIRAL PROTEINS

ICE appears to be inhibited by crmA, a pox
virus protein that apparently mediates the vi-
rus block of host-cell suicide. CrmA, a member
of the serpin family, inhibits ICE by forming an
active site-directed complex. Therefore, it was
hypothesized that crmA might have antiapop-
totic activity in addition to its ability to inhibit
processing of IL-1b. Transfection of crmA into
different cell types conferred resistance to apop-
totic activity of anti-Fas antibody [Enari et al.,
1995b; Los et al., 1995; Tewari and Dixit, 1995].
This inhibition by crmAwas ‘‘transfection’’ dose
dependent [Enari et al., 1995b]. In this case,
the stochiometry of crmA and effected cellular
proteins cannot be determined. The dose-depen-
dent inhibition of substrate cleavage shows that
crmA is a 10,000-fold more effective inhibitor of
ICE mediated IL-1b cleavage than is CPP32
cleavage of poly(ADP-ribose)polymerase (PARP)
[Nicholson et al., 1995]. It is still unclear which
steps of apoptosis are most susceptible to the
crmA inhibitory effect.
CrmA is not the only viral protein shown to

block apoptosis. Evidence for the baculovirus
protein p35 inhibition of ICE-like protease activ-
ity was shown in an enzymatic assay [Bump et
al., 1995; Beidler et al., 1995; Xue and Horwitz,
1995]. Inhibition of enzymatic activity corre-
lated with the formation of a stable protease–
p35 complex [Bump et al., 1995]. As with crmA,
the coexpression of p35 gene product inhibits
virally induced apoptosis, programmed cell
death in C. elegans and Drosophila, neuronal
cells death, and TNF and Fas-mediated apopto-
sis. However, unlike crmA, p35 has no effect on
granzyme B [Bump et al., 1995]. The ability of
crmA and p35 to block apoptosis in distantly
related organisms suggests a conserved role for
ICE-like proteases and a negative regulatory
role for these viral proteins at sites of conver-
gence in the signaling mode.
Adenovirus E1B 19-kDa protein confers cellu-

lar resistance to cytotoxicity from TNF and
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anti-Fas antibody [Hashimoto et al., 1991]. The
molecular basis of this inhibition was poorly
understood; however, Chiou et al. [1994] showed
a functional similarity between Bcl-2 and the
E1B 19-kDa protein that suggests a similar
mechanism of action for these death-defending
proteins. E1B 19 kDa alone protects cells from
apoptosis, which suggests that E1B 19 kDa
may target certain cellular proteins. Farrow et
al. [1995] identified three proteins that bind
E1B 19 kDa. One of these is Bak, a member of
the Bcl-2 family. Overexpression of Bak acceler-
ates several types of apoptosis and blocks the
protective effect of E1B 19 kDa. Conversely,
increased levels of E1B 19 kDa is sufficient to
block the apoptotic response mediated by Bak.
Whether this interaction is common for all types
of apoptosis or restricted to apoptosis mediated
by Neuronal growth factor withdrawal [Farrow
et al., 1995] remains to be determined.

ROLE OF ONCOPROTEINS

Overexpression of Bcl-2 oncoprotein sup-
presses apoptosis by different inducers [for re-
view, see Korsmeyer, 1992]. Purified recombi-
nant Bcl-2 and Bcl-2-containing cell lysate
inhibit in vitro apoptosis induced by Fas-
activated cell lysates [Enari et al., 1995a; Mar-
tin et al., 1995b]. However, inhibition of Fas-
induced cell death by Bcl-2 overexpression was
demonstrated to be only partially effective [Itoh
et al., 1993]. Coexpression of Bcl-2 and Bag-1
(the Bcl-2 binding protein) completely inhibits
Fas-mediated apoptosis [Takayama et al., 1995].
Whether Bag-1 enhances the inhibitory activ-
ity of Bcl-2 in vitro is still unknown. It is inter-
esting to note that purified recombinant ICE
specifically cleaves Bcl-x, but not Bcl-2 or Bax
(J.M. Hardwick, personal communication). The
fate of Bag-1 is unknown. These data provide
evidence for a direct interaction between effec-
tors of cell death and survival factors by placing
Bcl-2 in the path of ICE-like protease(s) during
the execution of Fas-mediated apoptosis.
Bcl-2 is not the only oncoprotein implicated

in the regulation (protection) of apoptosis. Other
oncoproteins, such as c-ErbB-2, were able to
induce the resistance to TNF treatment
[Hudziak et al., 1988]. A recent publication by
McGahon et al. [1995] presented evidence for
the negative regulation of the Fas-mediated
apoptosis by the Abl oncoprotein. The viral ho-
mologue of the c-abl gene product is a tyrosine
kinase. Because Abl was also found to block
apoptosis mediated by ceramide, which may be

a downstream effector of the apoptotic pathway
induced by Fas, McGahon et al. [1995] believed
that Abl manifests its effects after the early
Fas-initiated signaling events. However, the
ceramide pathway involved activation of Ha-
Ras. Ras by itself is involved in the signaling
events leading to v-abl-mediated cell transfor-
mation [Stacey et al., 1991]. Whether Ras acti-
vation byAbl is an important step in the preven-
tion of Fas-induced apoptosis is still unclear.

IS FAS-MEDIATED PROTEASE A
CYTOPLASMIC ENZYME?

There is increasing evidence that the bio-
chemical machinery involved in mediating the
apoptotic process is expressed constitutively
and is subject to activation by various signals.
In fact, recent studies with enucleated cells
(cytoplasts) have suggested that the apoptotic
process can be initiated and proceed in the
absence of the nucleus and that there may be a
‘‘cytoplasmic regulator’’ of the process. Because
the nature of this regulator is yet unknown, it
could be a protease or a complex of various
proteases. By using a cell-free system, several
groups have attempted to analyze protease(s)
and determine the sequence of events predict-
ing the target proteins [Chow et al., 1995; Enari
et al., 1995a; Martin et al., 1995b]. Cell lysates
prepared from Fas-treated cells induced chro-
matin fragmentation and morphological
changes in isolated nuclei. Pretreatment with
inhibitors of serine proteases (TPCK and DCI)
or ICE-like proteases (VAD or YVAD) blocked
the induction of ‘‘cytosolic activity.’’ Addition of
purified Bcl-2, however, leads to only partial
inhibition of lysate activity. Morphological and
biochemical changes in isolated nuclei in the
presence of cytoplasmic extract were not equally
blocked by different inhibitors, suggesting the
involvement of different proteases during Fas-
mediated apoptosis. When the tetrapeptide in-
hibitor was added to activated cell lysates, it
had little effect on the progression of chromatin
cleavage [Chow et al., 1995; Enari et al., 1995a].
This result suggests that these inhibitors can
block the activation of cytoplasmic signaling
ICE-like enzymes; however, once activated, the
components of this pathway become insensitive
to certain inhibitors.

SUBSTATES FOR FAS-MEDIATED PROTEASES
(EFFECTOR MODE)

Several proteins have been suggested as po-
tential targets for protease activity. Lazebnik et
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al. [1994] showed that an enzyme with the
properties like ICE, but not ICE, is responsible
for the specific proteolytic breakdown of PARP.
Occurrence of Fas-mediated protein cleavage is
presented in Figure 1. This enzyme was puri-
fied from cells that spontaneously underwent
apoptosis [Nicholson et al., 1995] or cells treated
with TNF [Tewari et al., 1995b] or with Fas
[Schlegel et al., 1995, 1996]. In each case, the
isolated enzyme had the properties of ICE but
was able to cleave PARP quite soon after induc-
tion. PARP is involved in DNA repair and ge-
nome integrity, an activity seen predominantly
in response to treatment with DNA-damaging
agents. PARP also negatively regulates the ac-
tivity of Ca21/Mg21-dependent endonuclease,
which was implicated in the internucleosomal
chromatin cleavage [Nelipovich et al., 1988].
The loss of normal PARP function may render
this nuclease active in dying cells. However, at
least two facts make it difficult to consider
cleavage of PARP as an important early event
in the apoptotic process. First, the activity of
PARP is linked to DNA damage or cleavage,
which is a relatively late event in apoptosis.
Second, PARP is a nuclear enzyme, and the
protease that cleaves PARP should have a
nuclear location. However, there are no ICE-
like proteases that are to date known to be
nuclear. The biological meaning of PARP cleav-
age as a target of protease activity is unknown.
Another proteolytic substrate rapidly cleaved

after Fas and TNF treatment is the 70-kDa
component of the U1 small ribonucleoprotein
(U1-70 kDa) [Tewari et al., 1995a]. This cleav-
age was potentially blocked by native CrmAbut
not by its mutated form, which is also incapable
of inhibiting of ICE. Moreover, the sensitivity of
U1-70 kDa to protease inhibitors was not com-
pletely identical to that observed for PARP
cleavage in apoptotic cells. Thus, YVAD did not
prevent the cleavage of U1-70 kDa [Casciola-
Rosen et al., 1994]. When purified ICE was

added to lysates of control or apoptotic cells,
U1-70 kDa was stable. A loss of this protein
may play a role in regulating RNA splicing
during apoptosis [Casciola-Rosen et al., 1994].
U-RNP proteins have been characterized from
thematrix attachment regions (MAR) [vonKries
et al., 1994]. U-RNPmay serve a dual function:
first, as a component of hnRNP particles impor-
tant for splicing and, second, as an element in
the higher order organization of chromatin. A
second potential proteolytic target in the MAR
playing an important role in the binding of
chromatin is nuclear lamin.
Lamin proteolysis was observed in many ex-

perimental systems [Kaufmann 1989; Lazeb-
nik et al., 1995, Neamati et al., 1995; Zhivoto-
vsky et al., 1995], including Fas-mediated
apoptosis [Zhivotovsky et al., submitted]. In
Fas-treated cells, the cleavage of PARP and
lamin was detected at 15 min and 1 h, respec-
tively. Studies using a panel of proteinase inhibi-
tors have provided evidence that the lamin and
PARP proteinases have distinct enzymatic ac-
tivities [Lazebnik et al., 1995]. The lamin pro-
teinase appears to play an important role; when
its activity is inhibited, the pathway of morpho-
logical changes is blocked at the stage of chro-
matin condensation [Lazebnik et al., 1995; Nea-
mati et al., 1995; Zhivotovsky et al., 1995]. As
discussed under the Role of Viral Proteins sec-
tion, the adenovirus E1B 19-kDa protein con-
fers cellular resistance to Fas-induced cytotox-
icity. E1B 19 kDa protein has been observed to
colocalize with the nuclear lamina in different
types of cells [White and Cipriani, 1989; Far-
row et al., 1995]. The significance of this inter-
action is unknown but suggests that E1B 19
kDa may participate in the regulation of MAR
function and possibly inhibit lamin cleavage.
A homology search of proteins containing

cleavage sites next to P1 asparagine has re-
vealed that at least one other nuclear protein,
Rel B, could be cleaved by an ICE-like protease.
Rel B is a member of the NF-kB/Rel family of
transcription factors. We have found [Zhivoto-
vsky et al., submitted] that in Fas-treated cells
Rel B underwent proteolysis relatively quickly,
preceding biochemical and morphological
changes in nuclei. In contrast, another member
of this family, Rel A, which does not contain the
potential cleavage site, was stable during the
experiment. The biological meaning of Rel B
cleavage is currently unknown.
Thus, these resident nuclear proteins (PARP,

U1-70 kDa, lamins, and Rel B) contribute toFig. 1. Occurrence of substrate cleavage in Fas-treated cells.
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maintaining structural and functional integ-
rity of the nucleus and represent specific tar-
gets for ICE-like protease(s). Proteolysis of these
proteins will eventually result in an irrevers-
ible loss of genome access and could block virus
propagation. Cleavage of these proteins, regard-
less of time, seems to be an effector consequence
of apoptosis rather than part of induction.
Recently, it was demonstrated that cleavage

of a-fodrin accompanied apoptosis, induced by
different stimuli including Fas [Martin et al.,
1995a; Vanags et al., submitted]. a-Fodrin cleav-
age during apoptosis may be related to the
process of membrane blebbing seen during this
process. Data from our laboratory show that
a-fodrin cleavage accompaniesmembrane blebb-
ing and a significant increase in the exposure of
phosphatidylserine (PS) on the surface of Fas-
treated Jurkat cells [Vanags et al., submitted].
Because calpain activity has been observed dur-
ing certain instances of apoptosis (Squier et al.,
1994), it seemed reasonable to test calpain in-
hibitors and inhibitors of other proteinases in
this system. Calpain inhibitors I and II did not
protect against either a-fodrin cleavage, PS ex-
posure, blebbing, or chromatin fragmentation
[Vanags et al., submitted]. In contrast, all these
steps of Fas-mediated apoptosis were signifi-
cantly protected byVADcmk,which again points
to the critical role of ICE-like protease in the
effector consequence of apoptosis in this sys-
tem. The precise role of calpain in Fas-medi-
ated apoptosis remains to be elucidated.

IS CPP32 A FAS-MEDIATED PROTEASE?

Experiments using a reconstituted in vitro
system containing cytosolic extracts from cells

undergoing Fas-induced apoptosis were under-
taken not only to characterize but also to purify
a protease that promotes apoptotic changes in
isolated nuclei [Schlegel et al., 1995, 1996].
This proteolytic activity was inhibited by two
serine protease inhibitors, iodoacetamide and
VAD-cmk, whereas E64was not inhibitory. This
inhibitor profile is consistent with the protease
being a member of the ICE family. Recent ex-
periments performed in our group show that
this protease cleaves PARP with high efficiency
and specificity. Both PARP proteolysis and the
proapoptotic effects of the protease were inhib-
ited by nanomolar concentrations of a selective
inhibitor of CPP32/apopain (Ac-DEVD-CHO),
whereas an inhibitor of ICE (Ac-YVAD-CHO)
required micromolar concentrations for the in-
hibition of the isolated protease. Kinetic analy-
sis of the isolated protease reveals constants
similar to those reported for apopain [Nichol-
son et al., 1995]. The isolated protease was
recognized by antibodies specific for CPP32/
apopain but not by an anti-ICE antibody. These
results provide strong evidence that CPP32/
apopain is activated in Fas-mediated apoptosis
and plays a key role in the signaling of apop-
totic events in this experimental system. Sche-
matic representation of the possible involve-
ment of proteases in Fas-mediated apoptosis is
presented in Figure 2.
Are proteases a component of signaling or

effector modes in cells undergoing apoptosis?
One can speculate that different proteases are
involved in consecutive steps. Activation of one
can lead to processing either molecules of the
same or different proteases, thus leading to an
activation of a cascade of proteases. For ex-

Fig. 2. Schematic representation of the possible involvement of proteases in Fas-mediated apoptosis.
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ample, precursor CPP32 is proteolytically but
not autocatalytically processed to form a holoen-
zyme composed of 17-kDa and 12-kDa subunits
[Nicholson et al., 1995]. It is likely that an
unknown enzyme cleaves CPP32 and initiates
the proteolytic cascade, thus becoming the ear-
liest step in induction of apoptosis. A possible
candidate is a protein from the ICE family. In
vitro granzyme B cleaves CPP32 [Darmon et
al., 1995]. If an unknown protein from the ICE
family effects the same cleavage as granzyme
B, activating CPP32/apopain, it is likely that
the former is an initiator in vivo. Currently,
activated CPP32/apopain represents a proteo-
lytic ‘‘point of no return,’’ the first effector in
this cascade.

NOTE ADDED IN PROOF

During the four months between the accep-
tance of this paper in May 1996 and the receipt
of proofs in August 1996, two very important
papers have contributed to understanding the
links betweenFasR and ICE-like proteases (Bol-
din M et al., 1996, Cell, 85:803–815: Muzio M.
et al., 1996, Cell, 85:817–827).

ACKNOWLEDGMENTS

This work was supported by grants from the
SwedishMedical ResearchCouncil (Project 03X-
2471). We thank S. Thorold, Ms. E. Wakeman,
andMs.A.C. Hellerqvist for the excellent assis-
tance with the preparation of the manuscript.

REFERENCES

Beidler DR, Tewari M, Friesen PD, Poirier G, Dixit VM
(1995): The baculovirus p35 protein inhibits Fas- and
tumor necrosis factor-induced apoptosis. J Biol Chem
270:16526–16528.

Boldin MP, Varfolomeev EE, Pancer Z, Mett IL, Camonis
JH, Wallach D (1995): A novel protein that interacts with
the death domain of Fas/APO-1 contains a sequence
motif related to the death domain. J Biol Chem 270:7795–
7798.

Bump NJ, Hackett M, Hugunin M, Seshagiri S, Brady K,
Chen P, Ferenz C, Franklin S, Ghayur T, Li P, Licari P,
Mankovich J, Shi L, Greenberg AH, Miller L, Wong WW
(1995): Inhibition of ICE family proteases by baculovirus
antiapoptotic protein p35. Science 269:1885–1888.

Casciola-Rosen LA, Miller DK, Anhalt GJ, Rosen A (1994):
Specific cleavage of the 70-kDa protein component of the
U1 small nuclear ribonucleoprotein is a characteistioc
biochemical feature of apoptotic cell death. J Biol Chem
269:30757–30760.

Chinnaiyan AM, O’Rourke K, Tewari M, Dixit VM (1995):
FADD, a novel death domain-containing protein, inter-
acts with the death domain of FAS and initiates apopto-
sis. Cell 81:505–512.

Chiou SK, Tseng CC, Rao L, White E (1994): Functional
complementation of the adenovirus E1B 19-kDa protein
with Bcl-2 in the inhibition of apoptosis in infected cells.
J Virol 68:6553–6566.

Chow SC,WeisM, Kass GEN, Holmström TH, Eriksson JE,
Orrenius S (1995): Involvement of multiple proteases
during Fas-mediated apoptosis in T lymphocytes. FEBS
Lett 364:134–138.

DarmonAJ, Nicholson DW, Bleackley RC (1995):Activation
of the apoptotic protease CPP32 by cytototic T-cell-
derived granzyme B. Nature 377:446–448.

Enari M, HaseA, Nagata S (1995a):Apoptosis by a cytosolic
extract from Fas-activated cells. EMBO J 14:5201–5208.

Enari M, Hug H, Nagata S (1995b): Involvement of an
ICE-like protease in Fas-mediated apoptosis. Nature 375:
78–81.

Eischen CM, Dick CJ, Leibson PJ (1994): Tyrosine kinase
activation provides an early and requisite signal for
Fas-induced apoptosis. J Immunol 153:1947–1954.

Farrow SN, White JH, Martinou I, Raven T, Pun KT,
Grinham CJ, Martinou JC, Brown R (1995): Cloning of a
bcl-2 homologue by interaction with adenovirus E1B
19K. Nature 374:731–733.

Gulbins E, Bissonnette R, Mahboubi A, Martin S, Baier G,
Baier-Bitterlich G, Byrd C, Lang F, Kolesnick RN, Alt-
man A, Green D (1995): Fas-induced apoptosis is medi-
ated via a ceramide-initiated RAS signaling pathway.
Immunity 2:341–351.

Hashimoto S, Ishii A, Yonehara S (1991): The E1b oncogebe
of adenovirus confers cellular resistance to cytotoxicity of
tumor necrosis factor and monoclonal anti-Fas antibody.
Int Immunol 3:343–351

Hasegawa J, Kamada S, Kamiike W, Shimizu S, Imazu T,
Matsuda H, Tsujimoto Y (1996): Involvement of CPP32/
YAMA(-like) proteases in Fas-mediated apoptosis. Can-
cer Res 56:1713–1718.

Hudziak RM, Lewis GD, Shalaky MR, Eessalu TE, Aggar-
wal BB, UllrichA, Shepard HM (1988): Amplified expres-
sion of the HER2/ERBB2 oncogene induces resistance to
TNF a in NIH 3T3 cells. Proc NatlAcad Sci USA85:5102–
5106.

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

Itoh N, Tsujimoto Y, Nagata S (1993): Effect of bcl-2 on
Fas-mediated cell death. J Immunol 151:621–627.

Kaufmann SH (1989): Induction of endonucleolytic DNA
cleavage in human acute myelogenous leukemia cells by
etoposide, camptothecin, and other cytotoxic anticancer
drugs: a cautionary note. Cancer Res 49:5870–5878.

Kischkel FC, Hellbardt S, Behrmann I, Germer M, Pawlita
M, Krammer PH, Peter ME (1995) Cytotoxicity-depen-
dent APO-1/Fas/CD95-associated proteins form a death-
inducing signaling complex (DISC) with the receptor.
EMBO J 14:5579–5588.

Korsmeyer SJ (1992): Bcl-2 initiates a new category of
oncogenes: Regulators of cell death. Blood 80:879–886.

Kuida K, Lippke JA, Ku G, HardingMW, Livingston DJ, Su
MS-S, Flavell RA (1995): Altered cytokine export and
apoptosis in mice deficient in interleukin-1b converting
enzyme. Science 267:2000–2003.

Lahti JM, Xiang J, Heath LS, Campana D, Kidd VJ (1995):
PITSLRE protein kinase activity is associated with apop-
tosis. Mol Cell Biol 15:1–11.

48 Zhivotosky et al.



Lazebnik YA, Kaufmann SH, Desnoyers S, Poirier GG,
EarnshawWC (1994): Cleavage of poly(ADP-ribose) poly-
merase by a proteinase with properties like ICE. Nature
371:346–347.

Lazebnik YA, Takahashi A, Moir RD, Goldman RD, Poirier
GG, Kaufman SH, Earnshaw WC (1995): Studies of the
lamin proteinase reveal multiple parallel biochemical
pathways during apoptotic execution. Proc Natl Acad Sci
USA92:9042–9046.

Li P, Allen H, Banerjee S, Franklin S, Herzog L, Johnston
C, McDowell J, Paskind M, Rodman L, Salfeld J, Towne
E, Tracey D, Wardwell S, Wei F-Y, Wong W, Kamen R,
Seshardi T (1995): Mice deficient in IL-1b-converting
enzyme are defective in production of mature IL-1b and
resistant to endotoxic shock. Cell 80:401–411.

Los M, Van de Craen M, Penning LC, Schenk H, Westen-
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