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Many cells die with apoptotic morphology and with
documented activation of an effector caspase, but there
are also many exceptions. Cells frequently display
activation of other proteases, including granzymes,
lysosomal cathepsins, matrix metalloproteinases, and
proteasomal proteases, and others display morphologies
that are not fully consistent with classical apoptosis. In
some experimental situations, evidence of caspase-depen-
dent death is indirect, demonstrating that the cell can
activate caspases rather than that it does. In other
situations, such as involution of mammary or prostate
tissue, many cells display autophagic or other morphology
different from apoptosis, and there is considerable
evidence for the activation of a lysosomal system. Prior
to total collapse and necrosis, cells that are in trouble can
activate numerous physiological pathways toward self-
destruction. Intrinsic or extrinsic routes to effector
caspase activation are frequently the most rapid and
efficient. If neither of these routes is immediately
available, owing to mutation, genetic manipulation,
inhibitor, or the biology of the cell, other routes may be
followed, leading to variant forms of cell death that may
display one or more characteristics of apoptosis. Experi-
mental and therapeutic procedures must account for this
possibility.
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Introduction

Apoptotic cell death has been a very powerful and
fructuous paradigm. The original generalization was
that most cell deaths displayed a characteristic and
common morphology (Kerr, 1971; Kerr et al., 1972).
Exploration of this generalization, coupled with the
brilliant genetic analysis of programmed cell death in
the nematode Caenorrhabditis elegans (Horvitz et al.,
1983; Yuan and Horvitz, 1990; Horvitz et al., 1994;
Xue et al., 1996), led to a molecular basis of the common
morphology, heavily deriving from what are essentially
highly conserved restriction endopeptidases, the caspase
family of proteases, and thence to an equally exciting
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analysis of the control, activation, and inhibition of
these enzymes. Most of this story is discussed elsewhere
in this issue and will not be further explored here.

The clarity of the caspase story has rendered it
an outstanding paradigm that has now achieved the
hoary authority of being diagrammed or outlined in
textbooks. However, it is far from the only story in cell
death. As other papers in this issue argue, at least
one other prominent form of cell death exists: autopha-
gic cell death. Many authors have attempted to define
the several morphological forms of physiological
cell death and necrosis. Among the clearest definitions
are those of Schweichel and Merker (1973), Clarke
and Clarke (Clarke, 1990), and, most recently for
lymphocytes, Jaitteld and Tschopp (2003). These
reviews should be consulted. Here, we attempt to
address some generalizations, most importantly the
issues that, first, the presence of a caspase does not
prove that cell death is caspase dependent; second, a
lack of phenotype resulting from knockout of a caspase
or caspase regulator does not eliminate the possibility of
compensation by other caspases; and, third, caspase
activation does not always mean death (Perfettini and
Kroemer, 2003) and does not preclude the activity of
other lethal mechanisms. Often, caspase activation
appears to be the preferred mode of execution, but in
its absence or failure, there are many other default
pathways.

Cell death is not synonymous with the activation of
hydrolytic enzymes

Proteolytic damage by any of several proteases, not
uniquely caspases, can trigger cell death. Thus, there are
examples of death associated with the activation of
lysosomal and proteasomal proteases, as well as
granzyme B and matrix metalloproteinases. In some
instances, lysosomal or proteasomal proteases trigger
apoptosis by proteolytically activating caspases (Boya
et al., 2003), but in other cases they act by undermining
primary cell structure. Cleavage of cytoskeletal proteins
or necessary enzymes such as PARP may be highly
destructive in the absence of caspase activation. Also,
activation of a protease is not necessarily synonymous
with cell death. Caspase inhibitors and caspase knock-
outs often produce phenotypes that cannot be explained
by the absence of cell death. Autophagy is more often



associated with reduction of cell volume than cell death,
and autophagy may even help protect a cell against
death by sequestering mitochondria and preventing
the release of cytochrome ¢ (Bauvy et al., 2001; Elmore
et al., 2001). Third, there is sporadic evidence for
caspase function in various situations not related
to cell death, such as mitosis. Fourth, very sick cells will
die by one means or another. A severely injured cell in
which, for instance, protein synthesis or respiration is
blocked simultaneously with the blockage or absence of
an initiator caspase, will still fail. Most typically,
its death is slightly delayed and may follow a route
such as autophagic or another type of death. Fifth, there
is far more inter-relationship among the types of
cell death than is generally acknowledged. For instance,
cells can be protected from necrosis by bel-2 (Kane et al.,
1995; Vaux et al., 1996; Zamzami et al., 1997; Kroemer
et al., 1998). Either bcl-2 is a more general protectant,
maintaining reduction potential, or necrosis and apop-
tosis have some pathways in common. Finally, recogni-
tion of apoptosis depends to a great deal on the
environment of a cell. This idea is best illustrated by
the statement that, in vitro, the common fate of a cell is
ultimately necrosis. Apoptotic cells in vivo are generally
rapidly phagocytosed. In vitro, where phagocytes may
not be found, an apoptotic cell will persist until its ion
pumps have completely failed. At this time it is likely to
swell, rupture, or show signs of a rise in [Ca’"];, leading
to the precipitation of proteins in the cell. We assume
that we can quantify apoptosis as opposed to necrosis in
vivo, but the assumption depends on the ability of
phagocytes to reach the scene. In many instances, access
of phagocytes is severely limited. For instance, a
thrombus can limit access. In bone and a few other
restricted sites, very limited circulation delays the arrival
of phagocytes. Drugs or pathologies that directly affect
phagocytes, or massive, overwhelming cell death (as
perhaps in chemotherapy), can also limit the arrival of
phagocytes or overwhelm them. Dying cells may well
initiate apoptosis but ultimately succumb to alternative
pathways to death.

Physiological cell deaths that are not clearly apoptotic

There are many programmed or at least physiological
cell deaths exist that do not appear to be classical
apoptosis or dependent on the activity of caspases
(Clarke and Clarke, 1996; see Figure 2). These include
the maturation death of osteoblasts (Manolagas, 2000)
in maturing bone, the differentiation of keratinocytes
(Norsgaard et al., 1994; Polakowska et al., 1994;
Tamada et al., 1994; Mammone et al., 1998), and the
more equivocal, death-like processes of organelle
elimination in cells such as lens fibers (Dahm et al.,
1997; Counis et al., 1998; Ishizaki et al., 1998; Wride
et al., 1999) and erythrocytes (Sasaki er al., 1993;
Bratosin et al., 2001b). The death of plant cells in many
physiological situations is also not apoptotic or caspase
dependent, but will not be discussed in a journal devoted
to understanding cancer. Likewise, caspases may have
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roles other than in cell death, for instance, in the
differentiation of osteoblasts (Mogi and Togari, 2003)
or of monocytes into macrophages (Sordet et al., 2002).
There is some evidence that caspase activity down-
regulates epidermal growth factor receptor signaling
(Zhuang et al., 2003), and cells such as muscle fibers or
some hormone-dependent glands or tissues can atrophy,
using autophagic, proteasomal, or other means of mass
reduction, without dying. These atrophic tissues may
regenerate at a later date.

It is also not often recognized that some markers of
apoptosis are not uniquely diagnostic: cells dying by
autophagy and necrosis also display mitochondrial
permeability transition (Lemasters ez al., 1998, 2002)
and in Alzheimer’s disease and others, the number
of TUNEL-positive cells is far higher than the number
of dying cells (Cotman et al., 1998; Jellinger and
Stadelmann, 2001). In cleaving mammalian embryos,
caspase inhibitors cause abnormalities long before the
first cell deaths are expected (Zakeri and Lockshin, in
preparation). Finally, one point is often overlooked in
the effort to have clear, linecar, comprehensible
sequences of biological processes: it requires no specific
skill or mechanism to die. Phrased differently and in a
manner more suggestive of research direction, even
if caspase activity is for some reason blocked, a cell
that is in deep trouble for any reason can still fail.
Blocking caspases will not preserve the cell. For
instance, death of T-lymphocytes is very important
during the resolution of an immune response and in
eliminating autoreactive lymphocytes. This death is
often classical apoptosis, with the activation of caspases.
However, as described in an excellent review by Jaatteld
and Tschopp (2003), many deaths can be defined as
apoptosis-like programmed cell death (an active process
dependent on signaling events in the dying cell, not
necessarily driven by caspase activation and often
lysosomal) or necrosis (in which loss of control occurs
before proteases such as caspases or cathepsins have
organized the death of the cell). The interest of the
researcher is to find and relieve the stress on the cell, and
to determine how the threshold at which it commits to
death is established.

Most studies that analyse the importance of caspases
rest on one or more experimental paradigms and
assumptions, the validity of which may be questioned.
Some studies measure or force the upregulation of
caspase transcripts, although in the acute situation
caspase activation is not a matter of transcription.
Others rely on the use of caspase inhibitors, often at
concentrations in which they are relatively nonspecific
(Schotte et al., 1999). Finally, although the assumption
is probably valid that activation of effector caspase-3 or
-7 by activator caspase-8 or -9 is the major pathway,
knockout, knockin, or upregulation of experiments
typically address one caspase only and do not address
the possibility that other caspases or caspase-like
enzymes can act instead of the affected enzyme.

The issues that should be raised are therefore the
following: For each, there is some evidence but not full
experimental or intellectual comprehension.
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1. How do specialized cells such as osteoblasts and
keratinocytes die?

2. What is the relationship of organelle elimination in
lens and erythrocytes to apoptosis?

3. What determines when a cell should activate caspases
or other death mechanisms?

4. How is autophagy as a protective mechanism
different from autophagic cell death?

5. At what point is a cell’s loss of physiological control
such that the cell is condemned?

Terminal differentiation is often described as a form
of apoptosis, but frequently the defense of the argument
seems a bit forced. Most typically, the fact that a cell can
undergo apoptosis is used to argue that it does. A
literature is available for many instances of terminal
differentiation, and it illustrates both that caspase
activity may result in a morphology different from
classical apoptotic morphology as described by Kerr
and Wyllie, and that many factors other than caspase
activity determine the fate of the cell. Each is discussed
in turn below.

Early vertebrate embryos

Early vertebrate embryos, prior to the maternal-zygotic
transition (MZT), putatively cannot undergo apoptosis,
and this failure has been variously attributed to the
presence of antiapoptotic molecules or the absence of
proapoptotic molecules (Hensey and Gautier, 1999).
Although it is possible to kill an embryo prior to the
MZT, in our laboratory, we find that if early zebrafish
embryos are subjected to toxins such as cycloheximide
or staurosporine, they activate apoptotic machinery
such as caspase-3, but the cells fail and lyse approxi-
mately 1h before they would be expected to undergo
apoptosis. Thus they die by necrosis, and the distinction
seems to be a matter of timing and physiology. The
situation highlights the arbitrariness of the choice of
routes to death that a cell takes (Negron and Lockshin,
submitted for publication).

With most caspase knockouts in mammals, there
appears to be either no effect on embryonic cell death or
only a very belated effect. For instance, knockout of
caspase-3 or -9 yields a catastrophic (but in develop-
mental terms modest and late — after embryonic day 10
in mouse) overgrowth of the brain (Kuida et al., 1996;
Kuida et al., 1998) and even this teratology may derive
from factors other than cell death (Oppenheim et al.,
2001). Even in these animals most other cell deaths, such
as those defining the hand palette, or during forebrain
enclosure at EDs 7-8, are normal. There are also cell
deaths in early preimplantation embryos, ED3, or
between eight-cell stage and blastula. These are un-
affected by caspase inhibitors, and caspase knockout
typically does not affect them. Thus, if caspases are
involved, there is redundancy to assure the deaths of
these cells. Overall, embryos seem well equipped to
guarantee most cell deaths by alternate routes if
necessary.
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Lens

Lens fibers are living cells that are free of organelles. The
loss of organelles — nuclei and mitochondria have been
most closely studied — appears by most criteria to be a
process related to apoptosis. For instance, upregulation
of bcl-2 can delay enucleation in chick lenses and in
lentoids (small lenses differentiating from lens epithelial
cells in culture) (Sanders and Parker, 2003). Lens
epithelial cells can undergo apoptosis and they contain
caspase-3 (Ishizaki et al., 1998; Yao et al., 2003).
Surprisingly, caspase-3 is present in lenses, and cataract
formation may be associated with a decrease in caspase-
3, suggesting either that even the differentiated lens
fiber can undergo a form of apoptosis or that caspase-3
has functions other than apoptosis (Andersson et al.,
2003).

The loss of the nucleus from the lens is characterized
by shrinkage of the nucleus and margination of the
chromatin as in apoptosis, followed by clustering of
nuclear pores (Dahm and Prescott, 2002). A lysosomal
DNase, similar to DNase II, is created by proteolysis
from a different enzyme (Counis et al., 1998; Torriglia
et al., 2001). Overexpression of bcl-2 slows denucleation
(Fromm and Overbeek, 1997; Dahm, 1999; Sanders and
Parker, 2003), and caspase inhibitors inhibit denuclea-
tion but do not reduce TUNEL-positive cells (Wride
et al., 1999; Wride, 2000). As in many apoptotic cells,
p35 is cleaved and CdkS5 is activated (Gao et al., 1997).
Thus lens denucleation is an attenuated form of
apoptosis. One interpretation suggests that caspase-9
migrates into the mitochondria after MPT and can form
an apoptosome in the cytosol, but the difference is that
there is no translocation of molecules between the
cytoplasmic compartments and the nucleus (Sanders
and Parker, 2002). However, in living zebrafish
embryos, caspase-3/7 is not detected during denuclea-
tion, although it is readily detected during stalk
separation (Abraham and Lockshin, in preparation).
Thus it is harder to document the direct activity of
caspase-3/7, at least, than to argue indirectly that lens
differentiation is apoptotic or caspase dependent.

Erythrocytes

Erythrocytes are of interest at two stages of their life
cycle: during differentiation, when they shed their
organelles, and at the end of their lives, when they are
cleared from the bloodstream in the spleen. During
erythropoiesis, nucleated precursors of erythrocytes can
clearly undergo apoptosis, as can nucleated erythrocytes
of non-mammalian vertebrates and mammalian fetuses.
Erythrocyte precursors can undergo apoptosis and
upregulate caspases. Bcl-xL can be upregulated to
protect them (Mori et al., 2003). Interestingly, tissue
inhibitor of metalloproteinases (TIMP)-lhas an anti-
apoptotic effect in an erythroleukemic cell line, indicat-
ing that proteases other than caspases can be used to
activate apoptosis (Lambert et al., 2003). The role of
caspases in these processes is complex. In vitro, the



pancaspase inhibitor zVAD.fmk can block erythropoi-
esis. Caspase-3, -6, and -7 are activated and degrade
lamin B and acinus, but they do not degrade GATA-1,
and phosphatidylserine asymmetry is not disturbed.
Erythropoiesis is normal in caspase-3 knockout mice. In
nucleated erythrocytes, experimental induction of apop-
tosis does not necessarily activate caspases and is not
necessarily prevented by zVAD.fmk (Daugas et al.,
2001). Mature, senescing erythrocytes undergo at least
those aspects of an apoptotic program that mark them
for clearance by phagocytes: increase in intracellular
Ca?", leading to exposure of phosphatidylserine, loss of
K;*, and cell shrinkage (Lang et al., 2003a, b, 2004; see
also, Macho et al., 1997). This process is at least
partially mimicked by hyperosmotic shock, which like-
wise leads to phosphatidylserine exposure. In this case,
both increase in intracellular ceramide and influx of
Ca?* participate (Lang et al., 2003a, b, 2004).

Bratosin et al. have argued that at least a partial
explanation for the conflicting data concerning mature
erythrocytes resides in the activity of cysteine proteases
other than caspases. Cysteine protease inhibitors pro-
tected erythrocytes even though caspases were not
activated (Berg er al., 2001; Bratosin et al., 2001a).
Many researchers rely heavily on caspase inhibitors to
distinguish among proteases participating in cell death,
but some of these inhibitors are relatively nonspecific at
the concentrations used (Schotte et al., 1999). One
thought-provoking suggestion (Daugas et al., 2001) is
that the mature erythrocyte is a postapoptotic mummy.
In this scenario, caspases were activated during ery-
thropoiesis, leading to the destruction of some nuclear
proteins, and elimination of nucleus and mitochondria.
However, the terminal phases of apoptosis, which would
be characterized by exposure of phosphatidylserine, for
instance, have been delayed. Daugas et al. interpret
these observations to suggest that the final death may
not be truly apoptotic but rather a common conse-
quence of an increase in entropy of a cell that can no
longer maintain itself. Alternatively, it may represent the
end of an apoptotic pathway in which a hiatus has been
interpolated between the initial events and the final
collapse. By either interpretation, the maturing and
senescing erythrocyte raises several very provocative
questions, including how it is possible to create a partial
apoptosis during erythropoiesis, how the completion is
held in abeyance, and how the final steps are finally
activated. A similar argument, suggesting a possible
mechanism of constraint of caspase activity, has been
raised for the slightly less spectacular situation of
neurons degenerating in the presence of caspase
inhibitors: they selectively eliminate all mitochondria,
thereby committing themselves to eventual death (Xue
et al., 1999, 2001; Tolkovsky et al., 2002).

Osteoblasts

Osteoblasts die when cartilage ossifies (most commonly
recognized as epiphyseal closure) and this death is most
commonly described as not appearing to be apoptotic in
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nature. However, cultured osteoblasts show some
indication of being able to undergo apoptosis: dexa-
methasone activates caspases and leads to the release
of cytochrome ¢ from mitochondria, a process that
can be prevented by Bcl-xL (Chua et al., 2003). Also,
one can find cells that appear apoptotic that have been
phagocytosed by osteoclasts (Cerri et al., 2003), and
by electron microscopy osteoclasts can appear apoptotic
(Sun et al., 2003). In differentiating bone, osteoblasts
can die a very lonely death, with phagocytes having
some difficulty in reaching them. Since at some
point apoptotic cells or cell fragments must lose control
of their ionic balance, the fate of an unphagocytosed
cell will ultimately be necrosis. In this situation
as well, there is far more indirect than direct evidence
that the death of the osteoblast is apoptotic or caspase
dependent.

Keratinocytes

The normal destiny of a keratinocyte is to differentiate
into squamous epithelium, a dead cell lacking organelles
and filled with keratin. Keratinocytes, mostly repre-
sented by HaCAT cells (a spontancously immortalized
aneuploid human keratinocyte cell line capable of
differentiation) or primary cultures from the human
foreskin, undergo apoptosis when subjected to high
levels of UV-B. These types of cells are frequently
subjected to apoptosis-inducing regimens such as UV-B
and exposure to free radicals or other reactive oxygen
species. In these conditions, produced to mimic sunburn
or potential generation of melanomas, keratinocytes
clearly undergo apoptosis, as documented by positive
TUNEL assays, a defensive increase in transcrip-
tion from antiapoptotic genes, morphology, and
activation of one or more caspases. However, the issue
is more complex. First, apoptosis is produced at only
low doses of UV, 5-20mJ/cm? and this level permits
differentiation of the cells into mature keratinocytes;
but above 20 mJ/cm?, both differentiation and apoptosis
are inhibited and the cells undergo necrosis (Gandarillas
et al., 1999; Mammone et al., 2000). Some of the
confusion concerning the effect of UV-B derives
from failure to compare doses. The situation for
differentiation of keratinocytes is even more equivocal.
Earlier literature reported that during differentiation,
the cytoskeleton and nuclear matrix were rearranged;
that caspases were activated during normal differentia-
tion; and that inhibition of caspases resulted in retention
of the nucleus (Norsgaard et al., 1994; Bolognia, 1995;
Well et al., 1999; Gniadecki et al., 2001; Weisfelner
and Gottlieb, 2003). However, it is difficult to conclude
from current evidence that the normal differentiation
of keratinocytes is a form or variant of apoptosis.
Differentiating keratinocytes do not appear apoptotic
by morphology; TUNEL assays are subject to high
background; and DNA ladders, complicated by
the presence of keratin, are not very clean (Gandarillas
et al., 1999). Furthermore, p53-null mice, which might
be expected to show decreased apoptosis, have
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normal skin (Sanchez-Prieto et al., 1995; Weinberg et al.,
1995).

More recent information suggests that, as for
erythrocytes, keratinocyte differentiation may be an
example of a constrained apoptosis. Differentiating
keratinocytes express and process caspase-14 but
not caspase-3, -6, or -7, whereas the opposite is true
for experimentally provoked apoptosis (Lippens
et al., 2000). Thus differentiation as opposed to induced
apoptosis of keratinocytes appears to involve a selection
of which caspases to activate. Allombert-Blaise et al.
detected activation of caspase-3, -8, and -9 in differ-
entiating skin and found that, in a skin-like model,
zVAD.fmk prevented normal differentiation of
the stratum corneum (Allombert-Blaise et al., 2003).
They argue that caspase activation occurs in only a
few cells at a time and therefore may be missed.
Intriguingly, they present evidence that, in the large,
relatively flat differentiating epidermal cells, mitochon-
drial depolarization may not be simultaneous: within a
single cell, some mitochondria may depolarize and
release cytochrome ¢ before others. This selective
depolarization may be spatially controlled, and caspase
activation follows at a substantially later time. These
authors query the prolonged, slow progress toward
apoptosis and speculate that the upregulation of
antiapoptotic factors in differentiating keratinocytes
may stretch out what is an inherently apoptotic path-
way. Like erythrocytes, keratinocytes may represent a
highly restricted and constrained form of apoptosis,
worthy of further investigation. A similar situation may
be obtained for neurons, in which there is evidence for at
least initial confinement of apoptotic processes to
specific neurites, axons, or dendrites. This ‘partial
apoptosis’ may protect the cell body from complete
collapse (Jellinger and Stadelmann, 2001; Raff er al.,
2002).

Metamorphosing tadpole tissues

The destruction of a tadpole tail was examined many
years ago as an indication of lysosomal activity (Lock-
shin, 1969; Weber, 1969), but later the lysosomes
appeared to be confined to phagocytes. Kerr and his
co-workers identified many situations in tadpole meta-
morphosis that were clearly apoptotic (Kerr, 1971; Kerr
et al., 1972, 1974). Tadpole metamorphosis was one of
the examples used to define apoptosis as a general
phenomenon. However, the tail muscle fragments into
large ‘sarcolytes’, presumably by isolation via the T
system or sarcoplasmic reticulum, which are ultimately
consumed by phagocytes and overall the destruction of
the muscle involves considerably more than classical
apoptosis.

Metamorphosing insect tissues

Caspases and caspase-like molecules have been identi-
fied in insects (Dorstyn et al., 1999a,b; Lee and
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Baehrecke, 2000; Harvey et al., 2001; Cakouros
et al., 2002; Baehrecke, 2003) and, in culture at least,
insect cells can be forced to undergo apoptosis. There
is good evidence for apoptotic death in cells in
the central nervous system (Gorski et al., 2003;
Lee et al., 2003). However, in metamorphosing Mandu-
ca muscle and labial gland, and in Calliphora salivary
gland, death does not appear to be apoptotic (Bowen
et al., 1993; Jochova et al., 1997a,b). In muscle, by
far the greatest enzymatic activity detected is proteaso-
mal (ubiquitin-driven) proteolysis (Haas et al,
1995), closely followed by the activity of lysosomal
cathepsins (Halaby et al., 1994; Jochova et al., 1997a, b).
Nuclear condensation occurs very late, long after
all cytoplasmic organelles have disappeared into
autophagosomes and myofibrils have been destroyed
by other proteases (Zakeri et al., 1990; Halaby et al.,
1994; Jochova et al., 1997a,b). In Manduca labial
gland and the homologous Drosophila salivary gland,
the most prominent early activity is rearrangement
of the cytoskeleton and autophagic destruction of
organelles. Only extremely late in the process can
one detect any indicator of apoptosis, such as positive
TUNEL reaction, formation of DNA ladders, nuclear
condensation, or phosphatidylserine exposure (Jochova
et al., 1997a,b). Caspase activity (as measured by
digestion of fluorogenic substrates) is virtually unde-
tectable or unchanged, while that of cathepsins and
proteasomal proteases rises during the period of
degeneration (Facey and Lockshin, in preparation,
Figure 1). Interestingly, matrix metalloproteinases
are upregulated in both autophagic cell death
and apoptosis, suggesting that liberation of the
cell from its environment is a key issue (Gorski
et al., 2003; Lee et al., 2003). Thus we raise the question
of whether or not caspases play significant roles in
metamorphosis, and if not, what role they play in the life
of the cell.
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Figure 1 Comparison of proteolytic activities of cathepsin B (left)
and several proteases (right) in the metamorphosing labial gland of
Manduca sexta. Metamorphosis starts at day 0; the period of major
collapse is day 2; and the gland is virtually destroyed by day 5. All
assays were conducted using fluorogenic substrates. During this
autophagic type involution, activities of caspase-1 and -3 were
virtually undetectable and unchanging; proteasomal protease fell
during the most active phase of involution; and only cathepsin B
increased in both total amount (left) and relative amount (right).
By comparison, using the same substrates, caspase-3 activity in
embryos of the zebrafish Danio rerio exposed to cycloheximide
reaches approximately 9000 U/mg protein (not shown)



Figure 2 Caspase-independent cell death? (a) Involuting labial
gland of the tobacco hornworm, Manduca sexta. Although
caspases have been documented in insects, there is little evidence
for activation or upregulation of caspases during the death of this
tissue (Figure 1) and substantial evidence for high lysosomal
activity. The segment of gland on the right is at a considerably
more advanced stage of degeneration than the segment on the left.
The tissue vacuolates (many of the vacuoles are lysosomes,
beginning on the left and advanced on the right) and nuclear
condensation are very late, although they finally do occur, and,
later than the stage illustrated, positive TUNEL reactions and
DNA laddering are observed (Zakeri et al., 1993). (b) Postlacta-
tional involution of mouse mammary gland, 4 days after weaning.
This involution is usually considered to be apoptotic, but was once
known as an autophagic involution (Helminen ef al., 1968). Many
cells are heavily vacuolated and filled with late autophagic
vacuoles, and DNA condensation is very late. (¢) Hormonoprivic
involution of prostate, 2 days after castration. Often considered to
be an apoptotic death, cells in the prostatic epithelium have
substantially increased lysosomal activity. Many of the cells are
vacuolated, and nuclei condense but do not fragment in a
classically apoptotic manner. For earlier literature on (b) and (c),
see Lockshin and Zakeri (2001)

Spermatogenesis

In insects, caspases are activated during sperm terminal
individualization. Caspase inhibitors prevent the re-
moval of bulk cytoplasm and block sperm maturation.
The sperm nucleus is protected by a ubiquitin-conjugat-
ing enzyme. Thus an apoptosis-like mechanism is
required to protect the sperm nucleus against hypercon-
densation and degeneration (Arama et al., 2003). In
mammalian spermatogenesis, apoptosis is common, and
genetic disruptions of the Bax-Bcl-2 and other regula-
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tory pathways distort spermatogenesis in usually pre-
dictable ways. However, fertility is often not completely
disrupted, and spermatogenesis occasionally continues
in the face of presumptive catastrophic interference with
apoptosis, indicating that the decision-making regula-
tion still functions and that alternative pathways can be
found (Smith et al., 1992; Zakeri et al., 1992; Knudson
et al., 1995; Miller et al., 1997; Print and Loveland,
2000; Kierszenbaum, 2001; Sinha Hikim et al., 2003).

These considerations have profound implications for
the assessment and management of tumors, and must be
considered.

Conclusions

The assumption that all programmed or physiological
deaths are apoptotic or caspase dependent is often a
bit facile. Evidence for the assumption is often indirect:
documentation that a cell can die by caspase-dependent
apoptosis does not prove that it normally follows that
route, and apoptosis-controlling molecules such as
bel-2, Bcl-xL, or bax can influence, or change in
response to, other types of death. Also, in embryos
certainly and most likely in many other instances, cells
that are under pressure to die have many options and
routes to death. If a route involving caspases is blocked,
the cell can activate other mechanisms or routes.
Researchers and clinicians expecting straightforward
results from blocking a single enzyme need to be aware
of the adaptability of cells to accomplish their own
imperatives.

Acknowledgements

The electron micrographs were taken in collaborative research
with Daniela Quaglino (Figure 2a) and Martin Tenniswood
(Figures 2b and c). The research quoted of Javier Negron,
Caroline Facey, and Nathaniel Abraham was carried out as
part of their research, supported respectively by GANN,
IMSD from the National Institutes of Health, and St John’s
University.

Boya P, Andreau K, Poncet D, Zamzami N, Perfettini JL,
Metivier D, Ojcius DM, Jaattela M and Kroemer G. (2003).
J. Exp. Med., 197, 1323-1334.

Bratosin D, Estaquier J, Petit F, Arnoult D, Quatannens B, Tissier
JP, Slomianny C, Sartiaux C, Alonso C, Huart JJ, Montreuil J
and Ameisen JC. (2001b). Cell Death Differ., 8, 1143-1156.

Bratosin D, Estaquier J, Petit F, Arnoult D, Quatannens B,
Tissier JP, Slomianny C, Sartiaux C, Alonso C, Huart JJ,
Montreuil J and Ameisen JC. (2001a). Cell Death Differ., 8,
1143-1156.

Cakouros D, Daish T, Martin D, Baehrecke EH and Kumar S.
(2002). J. Cell Biol., 157, 985-995.

Cerri PS, Boabaid F and Katchburian E. (2003). J. Periodontal
Res., 38, 223-226.

Chua CC, Chua BH, Chen Z, Landy C and Hamdy RC.
(2003). Biochim. Biophys. Acta, 1642, 79-85.

Clarke PGH. (1990). Anat. Embryol., 181, 195-213.

2771

Oncogene



Caspase-independent cell death
RA Lockshin and Z Zakeri

2772

Clarke PGH and Clarke S. (1996). Anat. Embryol., 193, 81-99.

Cotman CW, Cribbs DH, Pike CJ and Ivins KIJ. (1998). When
Cells Die: A Comprehensive Evaluation of Apoptosis and
Programmed Cell Death, Lockshin RA, Zakeri Z and Tilly
JL (eds). Wiley-Liss: New York, pp. 385-410.

Counis MF, Chaudun E, Arruti C, Oliver L, Sanwal M,
Courtois Y and Torriglia A. (1998). Cell Death Differ., 5,
251-261.

Dahm R. (1999). Ophthalmic Res., 31, 163-183.

Dahm R, Gribbon C, Quinlan RA and Prescott AR. (1997).
Biochem. Soc. Trans., 25, S584.

Dahm R and Prescott AR. (2002). Ophthalmic Res., 34, 288—
294,

Daugas E, Cande C and Kroemer G. (2001). Cell Death
Differ., 8, 1131-1133.

Dorstyn L, Colussi PA, Quinn LM, Richardson H and Kumar
S. (1999). Proc. Natl. Acad. Sci. USA, 96, 4307-4312.

Dorstyn L, Read SH, Quinn LM, Richardson H and Kumar S.
(1999). J. Biol. Chem., 274, 30778-30783.

Elmore SP, Qian T, Grissom SF and Lemasters JJ. (2001).
FASEB J., 15, 2286-2287.

Fromm L and Overbeek PA. (1997). Dev. Genet., 20, 276-287.

Gandarillas A, Goldsmith LA, Gschmeissner S, Leigh IM and
Watt FM. (1999). Exp. Dermatol., 8, 71-79.

Gao CY, Zakeri Z, Zhu Y, He H and Zelenka PS. (1997). Dev.
Genet., 20, 267-275.

Gniadecki R, Olszewska H and Gajkowska B. (2001). Exp.
Dermatol., 10, 71-79.

Gorski SM, Chittaranjan S, Pleasance ED, Freeman JD,
Anderson CL, Varhol RJ, Coughlin SM, Zuyderduyn SD,
Jones SJ and Marra MA. (2003). Curr. Biol, 13, 358-363.

Haas AL, Baboshina O, Williams B and Schwartz LM. (1995).
J. Biol. Chem., 270, 9407-9412.

Halaby R, Zakeri Z and Lockshin RA. (1994). Biochem. Cell
Biol., 72, 597-601.

Harvey NL, Daish T, Mills K, Dorstyn L, Quinn LM, Read
SH, Richardson H and Kumar S. (2001). J. Biol. Chem., 276,
25342-25350.

Helminen HJ, Ericsson JL and Orrenius S.
J. Ultrastruct. Res., 25, 240-252.

Hensey C and Gautier J. (1999). Mechanisms of Cell Death,
Zakeri Z, Lockshin RA, and Benitez-Bribiesca L (eds). New
York Academy of Sciences: New York City, pp. 105-119.

Horvitz HR, Shaham S and Hengartner MO. (1994). Cold
Spring Harbor Symp. Quant. Biol., 59, 377-386.

Horvitz HR, Sternberg PW, Greenwald IS, Fixsen W and Ellis
HM. (1983). Cold Spring Harbor Symp. Quant. Biol., 48
(Part 2), 453-463.

Ishizaki Y, Jacobson MD and Raff MC. (1998). J. Cell Biol.,
140, 153-158.

Jaitteld M and Tschopp J. (2003). Nat. Immunol., 4, 416-423.

Jellinger KA and Stadelmann C. (2001). J. Alzheimers Dis., 3,
31-40.

Jochova J, Quaglino D, Zakeri Z, Woo K, Sikorska M,
Weaver VM and Lockshin RA. (1997a). Dev. Genet., 21,
249-257.

Jochova J, Zakeri Z and Lockshin RA. (1997b). Cell Death
Differ., 4, 140-149.

Kane DJ, Ord T, Anton R and Bredesen DE. (1995).
J.Neurosci. Res., 40, 269-275.

Kerr JFR. (1971). J. Pathol., 105, 13-20.

Kerr JFR, Harmon BV and Searle JW. (1974). J. Cell Sci., 14,
571-585.

Kerr JFR, Wyllie AH and Currie AR. (1972). Br. J. Cancer,
26, 239-257.

Kierszenbaum AL. (2001). Mol. Reprod. Dev., 58, 1-3.

(1968).

Oncogene

Knudson CM, Tung KSK, Tourtellotte WG, Brown GAJ and
Korsmeyer SJ. (1995). Science, 270, 96-99.

Kroemer G, Dallaporta B and Resche-Rigon M. (1998). Annu.
Rev. Physiol, 60, 619-642.

Kuida K, Haydar TF, Kuan CY, Gu Y, Taya C, Karasuyama
H, Su MS, Rakic P and Flavell RA. (1998). Cell, 94, 325—
337.

Kuida K, Zheng TS, Na S, Kuan C, Yang D, Karasuyama H,
Rakic P and Flavell RA. (1996). Nature, 384, 368-372.

Lambert E, Boudot C, Kadri Z, Soula-Rothhut M, Sowa ML,
Mayeux P, Hornebeck W, Haye B and Petitfrere E. (2003).
Biochem. J., 372, 767-774.

Lang F, Lang KS, Wieder T, Myssina S, Birka C, Lang PA,
Kaiser S, Kempe D, Duranton C and Huber SM. (2003a).
Pflugers Arch., 121, 919-927.

Lang KS, Duranton C, Poechlmann H, Myssina S, Bauer C,
Lang F, Wieder T and Huber SM. (2003b). Cell Death
Differ., 10, 249-256.

Lang KS, Myssina S, Brand V, Sandu C, Lang PA, Berchtold
S, Huber SM, Lang F and Wieder T. (2004). Cell Death
Differ., 11, 231-243.

Lee CY and Baehrecke EH. (2000). Cell Res., 10, 193-204.

Lee CY, Clough EA, Yellon P, Teslovich TM, Stephan DA
and Baehrecke EH. (2003). Curr. Biol., 13, 350-357.

Lemasters JJ, Qian T, Elmore SP, Trost LC, Nishimura Y,
Herman B, Bradham CA, Brenner DA and Nieminen AL.
(1998). Biofactors, 8, 283-285.

Lemasters JJ, Qian T, He L, Kim JS, Elmore SP, Cascio WE
and Brenner DA. (2002). Antioxid. Redox Signal., 4, 769—
781.

Lippens S, Kockx M, Knaapen M, Mortier L, Polakowska R,
Verheyen A, Garmyn M, Zwijsen A, Formstecher P,
Huylebroeck D, Vandenabeele P and Declercq W. (2000).
Cell Death Differ., 7, 1218-1224.

Lockshin RA. (1969). Lysosomes in Biology and Pathology,
Dingle JT and Fell HB (eds). North-Holland Publishing:
Amsterdam, pp. 363-391.

Lockshin RA and Zakeri Z. (2001). Nat. Rev. Mol. Cell. Biol,
2, 545-550.

Macho A, Hirsch T, Marzo I, Marchetti P, Dallaporta B,
Susin SA, Zamzami N and Kroemer G. (1997). J. Immunol.,
158, 4612-4619.

Mammone T, Gan D, Collins D, Lockshin RA, Marenus K
and Maes D. (2000). Cell Biol. Toxicol., 16, 293-302.

Mammone T, Marenus K, Maes D and Lockshin RA. (1998).
Skin Pharmacol. Appl. Skin Physiol., 11, 152-160.

Manolagas SC. (2000). Endocr. Rev., 21, 115-137.

Miller TM, Moulder KL, Knudson CM, Creedon DJ,
Deshmukh M, Korsmeyer SJ, and Johnson EM and Jr.
(1997). J. Cell Biol., 139, 205-217.

Mogi M and Togari A. (2003). J. Biol
47477-47482.

Mori M, Uchida M, Watanabe T, Kirito K, Hatake K, Ozawa
K and Komatsu N. (2003). J. Cell Physiol., 195, 290-297.
Norsgaard H, Glenting M, Kiristensen P, Clark BFC and
Rattan SIS. (1994). Arch. Gerontol. Geriat., 18, 185-196.
Oppenheim RW, Flavell RA, Vinsant S, Prevette D, Kuan CY

and Rakic P. (2001). J. Neurosci., 21, 4752-4760.

Perfettini JL and Kroemer G. (2003). Nat. Immunol., 4, 308—
310.

Polakowska RR, Piacentini M, Bartlett R, Goldsmith LA and
Haake AR. (1994). Dev. Dyn., 199, 176-188.

Print CG and Loveland KL. (2000). BioEssays, 22, 423-430.

Raff MC, Whitmore AV and Finn JT. (2002). Science, 296,
868-871.

Chem., 278,



Sanchez-Pricto R, Lleonart M and Cajal SRY. (1995).
Oncogene, 11, 675-682.

Sanders EJ and Parker E. (2002). J. Anat., 201, 121-135.

Sanders EJ and Parker E. (2003). Differentiation,
425-433.

Sasaki K, Iwatsuki H, Suda M and Itano C. (1993). J. Anat.,
183, 113-120.

Schotte P, Declercq W, Van Huffel S, Vandenabeele P and
Beyaert R. (1999). FEBS Lett., 442, 117-121.

Schweichel JU and Merker HIJ. (1973). Teratology, 17,
253-266.

Sinha Hikim AP, Lue Y, Diaz-Romero M, Yen PH, Wang C
and Swerdloff RS. (2003). J. Steroid Biochem. Mol. Biol., 85,
175-182.

Smith FF, Mertz JR, Krebs I, Tres LL, Chae CB, Zakeri Z,
Engelhardt J, Hoover D, Tenniswood M and Kierszenbaum
AL. (1992). Mol. Reprod. Dev., 33, 363-372.

Sordet O, Rebe C, Plenchette S, Zermati Y, Hermine O,
Vainchenker W, Garrido C, Solary E and Dubrez-Daloz L.
(2002). Blood, 100, 4446-4453.

Sun JS, Huang YC, Lin FH and Chen LT. (2003). J. Biomed.
Mater. Res., 64A, 616-621.

Tamada Y, Takama H, Kitamura T, Yokochi K, Nitta Y,
Ikeya T and Matsumoto Y. (1994). Br. J. Dermatol., 131,
521-524.

Tolkovsky AM, Xue L, Fletcher GC and Borutaite V. (2002).
Biochimie, 84, 233-240.

Torriglia A, Chaudun E, Chany-Fournier F, Courtois Y and
Counis MF. (2001). Exp. Eye Res., 72, 443-453.

Vaux DL, Whitney D and Weissman IL. (1996). Microsc. Res.
Technol., 34, 259-266.

71,

Caspase-independent cell death
RA Lockshin and Z Zakeri

@

Weber R. (1969). Lysosomes in Biology and Pathology, Vol. 1.
Dingle JT and Fell HB (eds). Elsevier, North-Holland:
Amsterdam, pp. 437-461.

Weil M, Raff MC and Braga VM. (1999). Curr. Biol, 9, 361—
364.

Weinberg WC, Azzoli CG, Chapman K, Levine AJ and Yuspa
SH. (1995). Oncogene, 10, 2271-2279.

Weisfelner ME and Gottlieb AB. (2003). J. Drugs Dermatol.,
2, 385-391.

Wride MA. (2000). Apoptosis, 5, 203-209.

Wride MA, Parker E and Sanders EJ. (1999). Dev. Biol., 213,
142-156.

Xue D, Shaham S and Horvitz HR. (1996). Genes Dev., 10,
1073-1083.

Xue L, Fletcher GC and Tolkovsky AM. (1999). Mol. Cell
Neurosci., 14, 180—-198.

Xue L, Fletcher GC and Tolkovsky AM. (2001). Curr. Biol.,
11, 361-365.

Yao K, Wang K, Xu W, Sun Z, Shentu X and Qiu P. (2003).
Chin. Med. J. (Engl.), 116, 1034-1038.

Yuan J and Horvitz HR. (1990). Dev. Biol., 138, 33-41.

Zakeri Z., Alles A, Xia P, Yesner L, Kodaman N and Lockshin
RA. (1990). J. Cell Biol., 111, 337.

Zakeri Z, Curto M, Hoover D, Wightman K, Engelhardt J,
Smith FF, Kierszenbaum AL, Gleeson T and Tenniswood
M. (1992). Mol. Reprod. Dev., 33, 373-384.

Zakeri ZF, Quaglino D, Latham T and Lockshin RA. (1993).
FASEB J., 7, 470-478.

Zamzami N, Hirsch T, Dallaporta B, Petit PX and Kroemer
G. (1997). J. Bioenerg. Biomembr., 29, 185-193.

Zhuang S, Ouedraogo GD and Kochevar IE. (2003).
Oncogene, 22, 4413-4424.

2773

Oncogene



