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Abstract. The process of programmed cell death, or apoptosis, has become one of the most intensively studied
topics in biological sciences in the last two decades. Apoptosis as a common and universal mechanism of cell death,
distinguishable from necrosis, is now a widely accepted concept after the landmark paper by Kerr, Wyllie and
Currie in the early seventies [1]. Different components of the death machinery in eukaryotes are discussed in this

issue.
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Introduction

Cell division, growth, differentiation and finally death
are highly regulated events during the normal develop-
ment of cells. Studies on dying cells reveal two distinct
types of death, ‘necrosis’ and ‘programmed cell death’.
The two processes are fundamentally different in their
nature and their biological significance. Necrosis, or
‘accidental’ cell death, is the nonphysiological or passive
type of cell death [2], and it 1s usually caused by extreme
trauma or injury to the cell [1]. During necrosis chro-
matin adapts a highly flocculated form, and the DNA
from these cells is digested randomly to give a smear
when analysed by agarose gel electrophoresis. The main
feature of necrosis is an increase in cell volume. This
occurs because of the loss of control of ion flux result-
ing in changes in osmotic pressure as Na*, K+, Ca?*
and Mg>* move down their respective concentration
gradients. This in turn leads to uptake of water, giving
rise to high amplitude swelling of the cell and its or-
ganelles. Irreversibility of the changes that occur in the
cell is usually heralded by disruption of the mitochon-
drial structure. The rapid increase in cell volume results
in membrane rupture and cell lysis [3]. Release of the
dying cells’ contents into the extracellular space can
cause further injury or even death of neighbouring cells,
and may result in inflammation or infiltration, leading
to further tissue damage [4].

The concept of a programmed physiological cell death,
on the other hand, was suggested since the early days of
developmental biology and embryology, and refers to
the type of cell death that occurs at a specific time
during the development of the organism. Glucksmann
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clearly emphasized the existence of this phenomenon for
the first time in 1951 [5]. In the 1960s the concept of
programmed cell death was revived. So-called physio-
logical cell death was reported by many groups to occur
during development under a wide range of circum-
stances and conditions [6—11]. Subsequently, hormones
and/or growth factors were identified as the chemical
signals required for this type of cell death without
having a toxic effect on nonresponsive cells [12].

The first direct evidence for the existence of two distinct
types of cell death came from histochemical studies of
lysosomal changes in hepatic ischemia by Kerr and
co-workers in the 1960s and 1970s [1, 13, 14]. Kerr
observed development of rounded masses in dead hep-
atic tissue and noted morphological differences between
this form of cell death and necrosis. These differences
initially caused some confusion, and the process was
mistaken for a variation of necrosis and was called
‘shrinkage necrosis’ [13]. The following year Kerr, Wyl-
lie and Currie proposed the name ‘apoptosis’ [1].

Intracellular alterations during apoptosis

Apoptosis is the most popular and fashionable death
mechanism from the research point of view [for reviews,
see refs 15-20]. It has been described as a form of
cellular suicide, since death appears to result from in-
duction of active processes within the target cells [21].
The term ‘apoptosis’ was derived from a Greek word
that describes the process of leaves falling from a tree or
petals from a flower [1]. The process of apoptosis
is morphologically and biochemically distinct from ne-
crosis. Classical apoptosis involves margination and
condensation of nuclear chromatin at early stages (py-
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Figure 1. Morphological features of HL-60 cells undergoing
apoptosis. Cells were treated for 4h with 5pug/ml of camp-
tothecin. N = normal cells, A = apoptotic.
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knosis), cytoplasmic shrinkage, membrane blebbing,
nuclear fragmentation and finally formation of apop-
totic bodies. Considerable biochemical changes occur
within the apoptotic cell to facilitate neat packaging and
removal of apoptotic bodies by the neighbouring cells
(fig. 1).

One of the cellular modifications occurring in apoptotic
cells is in the cytoskeleton. The plasma membrane
becomes untethered and undergoes rapid blebbing or
zeiosis [22]. There is some evidence suggesting the in-
volvement of microfilaments and microtubules, two
components of the cytoskeleton, in the progression of
apoptosis. Inhibition of protein kinase C (PKC), which
is involved in the assemblage of microfilaments, by
staurosporine and cytochalasin B prevents formation of
apoptotic bodies [23]. Microfilaments are composed of
actin filaments; in the absence of actin polymerization,
cells undergoing apoptosis, lose cell volume but do not
fragment into apoptotic bodies [23]. On the other hand,
disruption of microtubules is also reported to induce
apoptosis [24].

Tissue transglutaminase, Ca®*-dependent protein-glu-
tamine y-glutamyltransferase, has also been shown to
be induced and activated in liver hyperplasia and gluco-
corticoid-treated thymocytes [25]. This enzyme cross-
links cytokeratin, a component of cytoskeleton, through
&-(y-glutamyl)lysine bonds. During apoptosis there is a
significant increase in transglutaminase mRNA, protein,
enzyme activity and protein-bound (y-glutamyl) lysine
[25]. It is thought that transglutaminase activity may
stabilize apoptotic cells and inhibit membrane leakage
by forming a shell around the cell.

A critical part of apoptosis is the efficient recognition
and removal of these cells by phagocytes [26—30]. This
involves rearrangement and biochemical alteration of
the plasma membrane in the dying cell. There are a
number of different biochemical changes which occur in
the membrane of apoptotic cells; one such change re-
sults in alteration of carbohydrates on the plasma mem-
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brane, helping preferential binding of macrophages to
apoptotic cells [26]. Recognition of apoptotic cells by
macrophages can also be mediated via the vitronectin
receptor (CD36) [30]. Another significant change in the
membrane of apoptotic cells is the loss of membrane
phospholipid asymmetry, detected by externalization of
phosphatidylserine at the surface of cells that enables
their recognition by macrophages [27]. Development of
fluorescently labelled Annexin V, which binds specifi-
cally to phosphatidylserine residues, enables detection
of this externalization in cells undergoing apoptosis
[31]. However, it should be noted that in in vitro culture
conditions where phagocytic cells are absent, apoptotic
cells and their fragments lyse in a process very similar to
necrosis. This is termed secondary necrosis.

Cell volume shrinkage during apoptosis is due to bud-
ding of the endoplasmic reticulum. Vesicles thus gener-
ated migrate and fuse to the plasma membrane and
release their contents into the extracellular region. This
process requires energy [adenosine triphosphate
(ATP)), since water is moved against the osmotic gradi-
ent and up to 30-50% of the cell volume is reduced
[22]. Mitochondria, which remain structurally and func-
tionally intact during this process, provide the necessary
energy.

Some of the active processes in the dying cell include
specific patterns of DNA, rRNA and protein degrada-
tion. Three patterns of DNA degradation are already
recognized to occur during apoptosis. One or more of
these may occur during the progression of apoptosis in
a single cell. These are single strand nicks [32, 33], large
DNA fragmentation of 50—200 kbp [34, 35] and finally
nucleosome size fragments of 180200 bp size [36-38].
Internucleosomal DNA fragmentation was first demon-
strated in glucocorticoid-induced apoptosis in thymo-
cytes [37]. It is now suggested that at early stages of
apoptosis single strands of DNA are nicked; this is
followed by fragmentation into 50-200 kbp (large frag-
ments) and eventually into nucleosomal fragments (i.e.
size of DNA wrapped around a histone octamer). The
ladder pattern produced at the late stage during most
apoptotic cell deaths is a result of cleavage of internu-
cleosomal linker DNA, and is suggested as the bio-
chemical hallmark of apoptosis [37]. One or more
nuclear endonucleases are suggested to be responsible
for this pattern of DNA fragmentation, since isolated
nuclei can be induced to produce the same pattern
[39-41]. A number of endonucleases have been iden-
tified in different cell systems with different ion require-
ments for activity. For example, in thymocytes the
endonuclease is Ca?+/Mg? +-dependent, whereas the en-
donuclease in HL-60 cells appears to function indepen-
dently of these ions [41]. Figure 2 demonstrates a
typical internucleosomal DNA ladder on agarose gel.
A selective and specific cleavage of 28S rRNA, with no
effect on 18S rRNA, has been reported in a number of
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Figure 2. Photograph of a 1.5% agarose gel electrophoresis
of DNA extracted from HL-60 cells. Lane I, untreated; lane 2,
cells treated with S pg/ml of camptothecin for 4 h. The ladder
pattern is a result of ~200 bp internuclosomal DNA fragmenta-
tion.

cell systems [42, 43]. While working on gene expression
during c¢AMP-induced apoptosis in IPC-81 cells,
Houge and co-workers first observed this peculiar pat-
tern of rRNA fragmentation [42]. This selective rRNA
fragmentation has been shown to correlate positively
to internucleosomal cleavage of DNA in a number of
cell lines studied [42, 43].

A role for proteases in the apoptosis machinery has
also been suggested [44]. The initial evidence for such
involvement came from studies on apoptosis induced
by cytotoxic T lymphocytes (CTL) and natural killer
(NK) cells. These cells induce apoptosis by attaching
themselves to target cells and releasing the contents of
their granules, which contain a number of serine
proteases. One such enzyme, granzyme B/fragmentin-2,
has been shown to cleave at Asp residues [45]. More
recently, several mammalian proteases have been dis-
covered that have homology to ced-3 [46], which is one
of the death genes of the much investigated nematode
Caenorhabditis elegans. These proteases include inter-
leukin-1p converting enzyme (ICE), CPP-32/apopain,
ICHI1/Nedd-2, TX/ICH-2, MCH-2, -3 and -4 and
MIH-1, all of which induce apoptosis when transfected
into cells. Some of the substrates of these proteases,
which have been shown to be cleaved during apoptosis
include poly-(ADP-ribose) polymerase (PARP), lama
B1, a-fodrin, topoisomerase | and the 70-kDa protein
component of the small nuclear ribonucleoprotein Ul
[44, 47, 48]. Of these, PARP, which is a substrate of
CPP-32, has received considerable attention in recent
years. The PARP enzyme is involved in DNA repair; it

Experientia 52 (1996), Birkhduser Verlag, CH-4010 Basel/Switzerland

935

is activated by DNA nicks and is recruited to sites of
damage where it activates DNA repair enzymes [49].
PARP is cleaved rapidly during apoptosis induced by a
variety of agents, suggesting that this may be an inte-
gral event in the apoptosis process. Cleavage of PARP
prevents its DNA binding ability and thus compro-
mises the response to DNA damage [50, 51]. Further-
more, PARP has a negative regulatory effect on the
Ca?+/Mg?*-dependent endonuclease [52] which cleaves
DNA during apoptosis.

Cellular signalling during apoptosis

An elaborate network of signalling systems leads to the
regulation of physiological processes such as cell-cell
communication, proliferation and differentiation. Sig-
nal transduction is also thought to play a key role in the
onset of apoptosis, and this may be mediated by an
increase in intracellular Ca’* levels, PKC or cAMP/
PKA. One example is that of activation-induced cell
death (AICD) in T-cell lymphocytes. AICD is so called
because many hematopoictic, or myeloid, cells can be
induced to undergo apoptosis by cross-linking specific
receptors or Ags with specific antibodies. AICD i
many cell types is accompanied by the morphological
features of apoptosis [53—56]. The response of T cells to
CD3-ligand binding is proliferation in post-thymic cells,
whereas in intrathymic cells the response is apoptosis
[57, 58]. Early observations by Kaiser and Edelman in
1977 showed that glucocorticoid-induced cell death in-
volved Ca®* influx in lymphocytes [59]. Later they
demonstrated that this type of cell death can be mim-
icked using calcium ionophores [60]. Based on these
observations, it appears that intracellular Ca?* levels
may initiate the signal for cell death in this system.
The role of protein kinases and phosphatases in apopto-
sis is unclear. Protein kinases transfer the terminal
phosphate group of ATP to serine/threonine or tyrosine
residues in substrate proteins, while phosphatases re-
move phosphate from these proteins. One of the classi-
cal signalling pathways is that of PKC [61], a
multifunctional serine/threonine, proteolytically acti-
vated, phospholipid-dependent protein kinase that re-
sponds to increased intracellular levels of Ca®* and
utilizes diacylglycerol as second messenger [62].

Kizaki and colleagues reported that treatment of mouse
thymocytes with phorbol esters, which activate PKC,
induces apoptosis and that the PKC inhibitor H7 inhib-
ited apoptosis induced by A23187 [63]. However, most
of the evidence to date indicates that PKC activation
inhibits apoptosis. An example of this is inhibition of
thymocytes by PKC to undergo apoptosis induced by
glucocorticoids, A23187 and anti-CD3 antibody [57,
64]. On the other hand, Martin and Cotter reported that
PKC may not be involved in apoptosis of certain cell
lines like HL-60 [24].
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Similarly, the role of protein phosphatases (PPs) during
apoptosis is not clear-cut. Boe and co-workers [65]
reported that a number of cell lines react to okadaic
acid (OA) by undergoing morphological changes typical
of apoptosis. These findings were in line with WQrk
carried out by Samali and Cotter on a number of
leukemic cell lines (unpubl. observ.), while others [66]
reported that inhibition of PP activity biocks apoptosis_
in some other cell lines. ‘
These reports appear to suggest that the role of PKC
and PPs in apoptosis is cell-type dependent and that
protein activation/modification rather than de novo
protein synthesis may play an important role in the
mechanism of apoptosis.

Apoptosis may also be induced by activation of Fas
signal [56, 67, 68]. Apo-1/Fas (CD95) is a transmem-
brane molecule belonging to tumour necrosis factor
(TNF) and the nerve-growth-factor receptor family
characterized by cysteine-rich extracellular domains
[69]. Cross-linking of Fas molecule with anti-Fas anti-
body or its natural ligand (Fas ligand) can result in a
rapid and massive induction of apoptosis. Cross-linking
of Fas is suggested to result in activation of specific
signals which are thought to involve production of
ceramides. Ceramides are the product of sphingomyelin
hydrolysis in response to extracellular stimuli and are
thought to be a possible mediator of cell death {70].

Oxygen radicals and antioxidants in apoptosis

Oxygen is a necessary molecule for a number of
metabolic processes, but its by-products are highly
toxic. Reactive oxygen species (ROS), like peroxides,
superoxide and hydroxyl radicals, are suggested as me-
diators of apoptosis [71-73]. ROS are known to induce
cell death under a variety of conditions [22]. Interest-
ingly, many of the agents commonly used to induce
apoptosis also induce oxidative stress in the cell, and a
number of antioxidants, radical scavengers and metal-
ion chelators have been shown to inhibit characteristic
features of this type of cell death [74-76].

Genetic control of apoptosis

Since the early years of the ‘apoptotic age’, the pro-
grammed nature of apoptosis suggested the existence of
one or more death genes. In the 1980s, work by Cohen
and others [38, 39, 77] demonstrated that DNA frag-
mentation associated with apoptosis could be inhibited
by pretreating cells with inhibitors of macromolecular
synthesis. This suggested a requirement for novel
protein synthesis in apoptosis, at least in the immune
system. Subsequent work by Martin and co-workers
demonstrated that both actinomycin-D and cyclohex-
imide by themselves could induce apoptosis in a number
of cell lines [78]. Taken together, these observations
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suggested that apoptosis can occur via both macro-
molecular-dependent and -independent pathways.
Identlﬁcatlon of deathless mutants of C. elegans ini-
tiated the search for mammalian equivalents of a cell
death gene (ced). Central to the process of programmed
cell death in C. elegans are the ced-3 and ced 4 genes.
The mutant deathless worms had abnormal ced-3 and
ced-4 genes, suggesting that the product of normal
genes must activate cell death (see ref. 79 for reyiew).
The ced-3 gene was found to show significant homology
to human ICE, ectopic expression of which induced
apoptosis in fibroblasts [80]. This suggests that ICE and
ced-3 are both functionally and structurally related.

In recent years enough evidence has been gathered to
suggest a role for the protein products of a number of
proto-oncogenes and tumour suppressor genes in the
regulation of apoptosis. These can be grouped into
genes whose products are positive or negative regulators
of apoptosis. For example, wild-type p53 and c-myc are
both inducers of apoptosis [81-84]. These two genes
were originally identified because of their role in the
regulation of cell proliferation. Although deregulated
c-myc expression has a potent proliferating effect on the
cell, it may also induce apoptosis. The decision to
proliferate or die via apoptosis in c-myc overexpressing
cells depends on the presence or absence of extracellular
survival factors.

Like c-myc, p53 has also been recognized as a key
regulatory element in apoptosis. p53 is a transcription
factor which plays an important role in the mechanism
of DNA repair in normal cells. When a cell encounters
agents that cause DNA damage, p53 halts cell cycle
progression in GO/G1 by transcribing mitotic inhibitors
like p21/Wafl and Gadd45. During this time, the cell
attempts to repair its damaged DNA. If the damage to
the DNA is irreparable, p53 triggers apoptosis. But
if this regulatory function of p53 fails, cells with muta-
tions in their DNA can progress through the
cell cycle. In cancer cells with no functional p33,
restoration of normal p53 function either induces spon-
taneous apoptosis or renders the cells susceptible to
apoptosis induced by DNA-damaging agents. Normal
p33 also regulates the expression of a number of key
regulatory proteins (e.g. bcl- 2 and bax) involved in
apoptosis [85, 86].

The bcl-2 gene was identified at the chromosonal break-
point of t(14;18) bearing follicular B-cell lymphomas.
bcl-2 is a unique oncogene in that it blocks apoptosis
rather than promoting proliferation. Bcl-2 has been
localized to mitochondria, endoplasmic reticulum and
nuclear membrane. Bcl-2 appears to have antioxidant
properties and is thought to inhibit apoptosis by pre-
venting oxidative damage to cellular constituents [87].
Work by Korysmeyer’s group revealed that bcl-2 het-
erodimerizes with a homologous partner protein called
bax (bcl-2-associated X protein) [88]. It is now sug-
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gested that cell death or survival depends on the ratio
of bcl-2 to bax (i.e. overexpression of either bcl-2 or
bax induces homodimerization, thereby offsettmg the
bglance, between survival and death). Additional apop-
tosis-regulating members of this family are bcl-x,,
which represses cell death, and bel-xg which favours cell
death.

The oncogenic members of the abl family of tyrosine
kinases are also implicated in the regulation of apopto-
sis [89-93]. Experimental observations by McGahon
and co-workers, using antisene oligonucleotides to the
ber-abl fusion protein has clearly demonstrated that
ber-abl is a potent inhibitor of apoptosis [90-92]. In
another experiment they transfected HL-60 and Al.l
cells with a temperature-sensitive v-abl mutant. The
protein product of this gene at permissive temperature
adopts the wild-type conformation and confers resis-
tance to apoptosts. Furthermore, this resistance is
shown to be independent of bel-2 and bax levels [92].
The E1A and E1B oncogenes of the DNA tumour virus
adenovirus encode proteins which are potent regulators
of apoptosis. E1A initiates both cell proliferation and
apoptosis. E1A also causes p53 accumulation, which
results in the regulation of bax and bcl-2 [94]. E1B, on
the other hand, functions in a manner similar to bcl-2 to
inhibit apoptosis [95].

Members of the ras family of proteins play essential
roles in the control of normal cell growth and may
induce transformation. Certain evidence has led a num-
ber of groups to advocate that, as well as inducing
transformation, ras can also prevent cell death, like the
bel-2, bel-x; and E1B oncogenes. Overexpression of ras
is also shown to inhibit apoptosis in a number of cases
[96-98], giving us an alternative for how the ras gene
¢an become oncogenic.

The retinoblastoma gene product, Rb, was first iden-
tlﬁed as a suppressor of tumour formation and has since
been 1mphcated as a regulator of several key cellular
processes, including cell cycle arrest, differentiation and
apoptosis. The viral oncoprotein, E7, of papilloma virus
inactivates Rb function, and when E7 was expressed in
the retinas of transgenic mice, rather than developing
retinoblastomas, the retina cells underwent apoptosis at
a time when they normally would be undergoing termi-
nal differentiation {99, 100].

Adaptive response to apoptosis

In in vitro conditions cell survival or death, via apopto-
sis or necrosis, appears to be dependent on the type and
intensity of the death stimulus (fig. 3). At low lévels of
stress, cells are capable of protecting themselves by
altering their biochemistry. However, as the intensity of
the stress increases, cells activate the machinery for their
own demise. As the stress level is further increased, the
cell is no longer capable of regulating its own death,
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Figure 3. Schematic representation of dose-dependent induction
of cell death. Type and severity of stress determine the cell’s
response, that is, cell survival or death. In general at low levels of
stress molecular and biochemical changes occur within the cell
allowing cell survival. However, these changes fail to protect the
cell as levels of stress increase, and a programmed cell death is the
result. Under extreme conditions the cell is unable to regulate its
own demise and necrosis is the predominant type of cell death.

and uncontrollablé necrosis takes over. The work car-
ned aut in our own laboratory has shown that apopto-
sis may be mduced by low concentrations or levels of
almost all those stimuli that cause necrosis [101].

The ability of cells to develop resistance to changes in
the normal growth environment is well documented. A
number of different phenomena enable cells to resist the
harsh effects of a single toxic agent or exposure to
cytotoxic levels of many lethal agents. Most of the toxic
agents that cells may encounter are capable of inducing
apoptosis. Therefore, this resistance to cytotoxic agents
can be viewed as an adaptive response to apoptosis. A
good knowledge of the adaptive response to cell death is
of great importance in management of human malig-
nancies, and several groups have reported such a re-
sponse [102-104]. This adaptive response appears to be
under genetic control and demonstrates similarity to the
mechanism of drug resistance and/or thermotolerance.
A number of different genes and their protein products
appear to be involved in this response, depending on the
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type of stressor involved. These include heat shock/
stress proteins (hsp) [105], whose main function in time
of stress is to afford protection to cells. There is strong
evidence suggesting that induction of hsps coincides
with acquisition of tolerance to higher doses of the
stress which otherwise may be lethal to the cell, a
phenomenon known as thermotolerance [105]. Heat-
shocked or thermotolerant cells show a greater degree
of resistance to oxidative stress [106, 107] and to apop-
tosis induced by hyperthermia [103], growth factor
withdrawal [102] or cytotoxic drugs [104], suggesting a
possible role for heat shock-induced proteins in the
resistance mechanism,

Another group of proteins that play an important role
in cells’ resistance to metal toxicity [108] and to oxygen
radicals [109] is the metallothioneins (MT). These
proteins belong to a family of genes that encode low
molecular weight cystine-rich metal-binding proteins.
These proteins can also be induced in some mammalian
cells by glucocorticoids, interferons and stress condi-
tions.

An increase in the glutathione (GSH)-metabolizing sys-
tem provides the cell with another potential mechanism
for resistance to cytotoxic drugs. GSH is the prominent
thiol present in many cells. It appears to be involved in
resistance to cellular oxidation, since depletion of GSH
has been shown to increase the sensitivity of cells to
oxidative stress. GSH also appears to be the substrate
for many phase II-detoxifying enzymes. These include
glutathione S-transferase, glutathione reductase and
glutathione peroxidase. GSH concentration could also
be modulated by heat shock, and its intracellular levels
can modify hyperthermic toxicity [110, 111]. .
Many cells that express multidrug resistance (MDR)
also overexpress the mdr gene, which encodes P-glyco-
protein (P-gp). P-gp is a membrane-associated glyco-
protein of approximately 170 kDa that actively pumps
drugs out of cells [112, 113], enabling cells to withstand
lethal concentrations of drugs.

In a cell population the development of resistance to cell
death is a result of increased expression or activity of
one or more of these proteins {114, 115]. Some of these
proteins have very specific functions, whereas others
may have more general ‘housekeeping’ functions. Taken
together it becomes obvious that the adaptive response
to apoptosis is a result of a complex interaction between
newly synthesized or activated proteins.

Apoptosis in disease

Several diseases are associated with deregulated apopto-
sis, resulting in either inappropriate induction or sup-
pression of cell death. An increase in apoptosis is seen
in neurodegenerative diseases such as Parkinson’s dis-
case, Alzheimer’s disease, Huntington’s disease and
amyotrophic lateral sclerosis [116]. In acquired immune
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deficiency syndrome (AIDS) apoptosis is responsible
for the depletion of T cells [117-120].

Suppression of apoptosis can also lead to disease situa-
tions. In many cancers, altered gene expression results in
increased longevity of cells. In follicular lymphoma, for
example, constitutive expression of bcl-2 inhibits apopto-
sis [121]. Similarly, an activated form of c-ab/, namely
ber-abl, renders myeloid cells resistant to apoptosis in
chronic myeloid leukemia [89, 90]. Many human cancers
are associated with mutations in the p53 gene [122], which
can lead to failure of such cells to undergo apoptosis.
Autoimmune diseases may result from inhibition of apop-
tosis, allowing the persistence of self-reactive B and T
cells. A role for dysfunction of apoptosis via the Fas path-
way has been suggested for systemic lupus erythematosus
(SLE). These patients have a mutated form of Fas which
is no longer anchored in the plasma membrane [123].
Therefore, there is an elevation in the levels of soluble Fas
in the serum which can block the Fas apoptosis pathway
in these individuals. It has been postulated that in SLE
dysfunction of apoptosis could result in the inappropriate
longevity of autoreactive B cells.

Therefore, control of cell death, either its induction or
inhibition, serves as a potential strategy for therapeutic
intervention [104, 116-118, 120, 124].

Conclusion and outlook

After two decades of research and development in cell
death areas, it is now universally accepted that pro-
grammed cell death is an essential strategy for maintain-
ing the dynamic balance and equilibrium of living
systems and is observed to occur as a normal mecha-
nism in development and homeostasis. Classification of
cell death is now based on morphological and biochem-
ical criteria or their circumstantial occurrence, or a
combination of both. Although morphological charac-
terization of apoptosis and its features distinguishable
from necrosis have been well documented, our progress
in understanding the mechanisms underlying the pro-
cess has been quite slow.

The significance of apoptosis is based on the fact that
apoptotic cells tend to be ‘environmentally friendly’ and
package their contents into membrane-bound vesicles,
ready for ingestion by phagocytic cells, without releas-
ing their contents into the intracellular matrix, and
hence there is no inflammatory response. Apoptosis is
also an altruistic cell death, in that damaged or injured
cells commit suicide to allow the neighbouring cells to
continue to proliferate without being affected by the
death of the neighbour. In addition, sacrifice of individ-
ual abnormal cells benefits the whole organism.

1 Kerr J. F. R, Wyllie A. H. and Currie A. R. (1972) Apopto-
sis: a basic biological phenomenon with wide ranging implica-
tions in tissue kinetics. Br. J. Cancer 26: 1790-1794



Reviews

10

1

12

19

2

2

22

2

24

25

26

2 Trump B. F. and Ginn F. L. (1969) The pathogenesis of
subcellular reaction to lethal injury. In: Methods and
Achievements in Experimental Pathology, vol. 4, p. 1, Bajusz
E. and Jasmin G. (eds), Karger, Basel
Trump B. F., Berezesky I. K. and Osornio-Vargas A. R. (1981)
Cell death and disease process. The role of calcium. In: Cell
death in biology and pathology, pp. 209-242, Bowen I. D. and
Lockshin R. A. (eds), Chapman and Hall, New York
Haslett C. (1992) Resolution of acute inflammation and the
role of apoptosis in tissue fate of granulocytes. Clin. Sci. 83:
639648
5 Glucksmann A. (1951) Cell death in normal vertebrate ontol-
ogy. Biol. Rev. 26: 59-86
6 Fallon J. F. and Saunders J. W. (Jr.) (1968) In vitro analysis
of the control of cell death in a zone of prospective necrosis
from chick wing bud. Devl Biol. 18: 553-570
7 Lockshin R. A. and Williams C. M. (1964) Programmed cell
death. II. Endocrine potentiation of the breakdown of the
intersegmental muscles of silkmoths. J. Insect Physiol. 10:
643-649
Lockshin R. A. and Williams C. M. (1965) Programmed cell
death. I. Cytology of degradation of the intersegmental mus-
cles of the Pernyi silkmoth. J. Insect Physiol. 11: 123-133
9 Lockshin R. A. and Williams C. M. (1965) Programmed cell
death. III. Neuronal control of the breakdown of the inter-
segmental muscles. J. Insect Physiol. 11: 605610
Saunders J. W. (Jr.) (1966) Death in embryonic systems.
Science 154: 604-612
Saunders J. W. (Jr.), Gasseling M. T. and Saunders L. C.
(1962) Cellular morphogenesis of avian wing. Devl Biol. 5:
147178
Lockshin R. A. (1981) Cell death in metamorphosis. In: Cell
Death in Biology and Physiology, pp. 79— 121, Bowen 1. D.
and Lockshin R. A. (eds), Chapman and Hall, New York
Kerr J. F. R. (1965) A histochemical study of hypertrophy
and ischaemic injury of rat liver with special reference to
changes in lysosomes. J. Pathol. Bacteriol. 90: 419-435
Kerr J. F. R. (1971) Shrinkage necrosis: a distinct mode of
cellular death. J. Pathol. 105: 13--20
Boobis A. R., Fawthrop D. J. and Davies D. S. (1989)
Mechanism of cell death. TIPS 10: 275--280
Duvall E. and Wyllie A. H. (1986) Death and the cell.
Immunol. Today 7: 115-119
Schwartz L. M., Smith S. W, Jones M. E. E. and Osborne B.
A. (1993) Do all programmed cell deaths occur via apoptosis?
Proc. Natl Acad. Sci. USA 90: 980-984
Sen S. (1992) Programmed cell death: concept, mechanism
and control. Biol. Rev. 67: 287-319
Wryllie A. H., Kerr J. F. R. and Currie A. R. (1980) Cell
death: the significance of apoptosis. Int. Rev. Cytol. 68:
251-306
0 Zakeri Z., Bursch W., Tenniswood M. and Lockshin R. A.
(1995) Cell death: programmed, apoptosis, necrosis, or oth-
ers? Cell Death Diff. 2: 87-96
McConkey D. J., Orrenius S. and Jondale M. (1990) Cellular
signalling in programmed cell death (apoptosis). Immunol.
Today 11: 120-121
Saunderson C. J. (1982) Morphological aspects of
lymphocyte mediated cytotoxicity. In: Mechanisms of cell
mediated cytotoxicity, pp. 3-21, Clark W. R. and Golstein P.
(eds), Plenum, New York
3 Cotter T. G., Lennon S. V., Glynn J. M. and Green D. R.
(1992) Microfilament-disrupting agents prevent formation of
apoptotic bodies in tumour cells undergoing apoptosis. Can-
cer Res. 25: 997-1005
Martin S. J. and Cotter T. G. (1990) Specific loss of micro-
tubules in HL-60 cells leads to programmed cell death (apop-
tosis). Biochem. Soc. Trans. 18: 299301
Fesus L., Thomazy V. and Falus A. (1987) Induction and
activation of tissue transglutaminase during programmed cell
death. FEBS Lett. 224: 104-108
Duvall E., Wyllie A. H. and Morris R. G. (1985)
Macrophage recognition of cells undergoing cell death (apop-
tosis). Immunology 56: 351-358

L8]

£

o0

—

—_

Experientia 52 (1996), Birkhduser Verlag, CH-4010 Basel/Switzerland

27

28

29

30

31

32

33

34

35

36

37

38

39

40

4

—

42

43

44

45

939

Fadok V. A., Voelker D. R., Campbell P. A., Cohen J. I,
Bratton D. L. and Henson P. M. (1992) Exposure of phos-
phatidylserine on the surface of apoptotic lymphocytes trig-
gers specific recognition and removal by macrophages. J.
Immunol. 148: 2207-2216

Morris R. G., Duvall E., Hargreaves A. D. and Wyllie A. H.
(1984) Hormone-induced cell death. 2. Surface changes in
thymoctyes undergoing apoptosis. Am. J. Pathol. 115: 426
436

Newman S. L., Henson J. E. and Henson P. M. (1982)
Phagocytosis of senescent neutrophils by human monocyte-
derived macrophages and rabbit inflammatory macrophages.
J. Exp. Med. 156: 430-442

Savill J. S., Dransfield 1., Hogg N. and Haslett C. (1990)
Vitronectin receptor-mediated phagocytosis of cells undergo-
ing apoptosis. Nature 343: 170-173

Koopman G., Reutelingsperger C. P. M., Kuijten G. A. M.,
Keehnen R. M. J, Pals S. T. and van Oers M. H. J. (1994)
Annexin V for flow cytometric detection of phosphatidyiser-
ine expression on B cells undergoing apoptosis. Blood 84:
1415-1420

Gorezyca W., Bruno S., Darzynkiewicz R. J., Gong J. and
Darzynkiewicz Z. (1992) DNA strand breaks occurring dur-
ing apoptosis: their early detection by terminal deoxynucle-
otide transferse and nick translation assays and prevention by
serine protease inhibitors, Int. J. Oncol. 1: 639-648
Gromkowski S. T., Brown T. C., Cerutti P. A. and Cerottini
J. C. (1986) DNA of human Raji target cells is damaged
upon lymphocyte-mediated lysis. J. Immunol. 136: 752-756
Brown D. G., Sun X. M. and Cohen G. M. (1993) Dexam-
ethasone-induced apoptosis involves cleavage of DNA to
large fragments prior to internucleosomal fragmentation. J.
Biol. Chem. 268: 3037-3039

Cohen G. M., Sun X. M., Fearhead H., MacFarlane M,
Brown D. G., Snowden R. T. and Dinsdale D. (1994) For-
mation of large molecular fragments of DNA is a key com-
mitted step of apoptosis in thymocytes. J. Immunol. 153:
507-516

Wryllie A. H. (1980) Glucocorticoid-induced thymocyte apop-
tosis is associated with endogenous endonuclease activation.
Nature 284: 555-556

Wyllie A. H. and Morris R. G. (1982) Hormone-induced cell
death. Purification of properties of thymocytes undergoing
apoptosis after glucocorticoid treatment. Am. J. Pathol. 109:
78-87

Wyllie A. H., Morris R. G., Smith A. L. and Dunlop D.
(1984) Chromatin cleavage in apoptosis: association with
condensed chromatin morphology and dependence on macro-
molecular synthesis. J. Pathol. 142: 6777

Cohen J. J. and Duke R. C. (1984) Glucocortoid activation
of a calcium dependent endonuclease in thymocyte nuclei
leads to cell death. J. Immunol. 132: 38-42

Duke R. C., Chervenak R. and Cohen J. J. (1983) Endoge-
neous endonuclease-induced DNA fragmentation: an early
event in cell mediated cytolysis. Proc. Natl Acad. Sci. USA
80: 6361-6365

Fernandes R. S. and Cotter T. G. (1993) Activation of
calcium and magnesium independent endonuclease in human
leukemic cell apoptosis. Cancer Res. 13: 1235-1260

Houge G., Doskeland S. O., Boe R. and Lanotte M. (1993)
Selective cleavage of 28S rRNA variable regions V3 and V13
in myeloid leukemia cell apoptosis. FEBS Lett. 315: 16-20
Houge G., Robaye B., Eikhom T. S., Goldstein J., Mellgren
G., Gjertsen B. T., Lanotte M. and Doskeland S. O. (1995)
Fine mapping of 28S rRNA sites specifically cleaved in cells
undergoing apoptosis. Mol. Cell. Biol. 15: 2051-2062
Martin S. J. and Green D. R. (1995) Protease activation
during apoptosis: death by a thousand cuts? Cell 82: 349-352
Shi L., Kam C. M., Powers J. C., Aebersold R. and Green-
berg A. (1992) Purification of three cytotoxic lymphotcyte
granule serine proteases that induce apoptosis through dis-
tinct substrate and target cell interaction. J. Exp. Med. 176:
1521-1529



940

46

47

48

49

50

5

—

52

53

54

55

56

Experientia 52 (1996), Birkhauser Verlag, CH-4010 Basel/Switzerland

Thornberry N. A., Bull H. G,, Calayacy J. R., Chapman K.
T., Howards A. D., Kostura M. J., Miller D. K., Molineaux
S. M., Weidner J. R., Aunins J., Elliston K. O., Ayala J. M.,
Casano F. J., Chin J.; Ding G. I.-F.; Egger L. A., Gaftney E.
P., Limjuco G., Palyha O. C., Raju S. M., Ralando A. M,,
Salley J. P., Yamin T. T, Lee T. D., Shiviey J. E., MacCross
M., Mumford R. A., Schmidt J. A. and Tocci M. J. (1992) A
novel heterodimeric cystine protease is required for inter-
leukin-1 beta processing in monocytes. Nature 365: 768774
Casciola-Rosen L. A,, Miller D. K., Anhalt G. J. and Rosen
A (1994) Specific cleavage of the 70-kDa protein component
of the Ul small nuclear ribonucleoprotein is a characteristic
biochemical feature of apoptotic cell death. J. Biol. Chem.
269: 30757-30760

Lazebnik Y. A., Kaufmann S. H., Desnoyers S., Poirer G. G.
and Earnshaw W. C. (1995) Cleavage of poly(ADP-ribose)
polymerase by a protease with properties like ICE. Nature
371: 346-347

de Murcia G. and de Murcia J. M. (1994) Poly(ADP-ribose)
polymerase: a molecular nick-sensor. TIBS 19: 172-176

de Murcia G., de Murcia J. M. and Schreiber, V. (1991)
Poly(ADP-ribose) polymerase: molecular biological aspects.
Bioessays 13: 455-462

Kaufmann S. H., Desnoyers S., Ottaviano Y., Davidson N.
E. and Poirer G. G. (1993) Specific proteolytic cleavage of
poly(ADP-ribose) polymerase: an early marker of chemother-
apy-induced apoptosis. Cancer Res. 53: 39763985

Tanaka Y., Yoshihara K., Itaya A., Kamiya T. and Koide S.
S. (1984) Mechanism of the inhibition of Ca?*/Mg?*-depen-
dent endonuclease of bull seminal plasma induced by ADP-ri-
bosylation. J. Biol. Chem. 259: 65796585

Benhamou L. E., Cazenave P. A. and Sarthou P. (1990)
Anti-immunoglobulins induce cell death by apoptosis in
WEHI-231 B lymphoma cells. Eur. J. Immunol. 20: 14051407
Jin L. W, Inaba K. and Saitoh T. (1992) The involvement of
protein kinase C in activation-induced cell death in T-cell
hybridoma. Cell. Immunol. 144; 217-227

Shi Y., Szalay M. G., Paskar L., Boyer M., Singh B. and
Green D. R. (1990) Activation-induced cell death in T cell
hybridomas is due to apoptosis. J. Immunol. 144: 3326-3333
Trauth B. C, Klas C., Peters A. M. J., Matzku S., Moller P,
Falk W., Debatin K.-M. and Krammer P. H. (1989) Mono-
clonal antibody-mediated tumor regression by induction of

. apoptosis. Science 245: 301-305

57

58

59

60

61

62

63

64

65

McConkey D. J., Nicotera P., Hartzell P., Bolloma G.,
Wryllie A. H. and Orrenius S. (1989) Glucocorticoids activate
a suicide process in thymocytes through an elevation of
cytosolic Ca®* concentrations. Arch. Biochem. Biophys. 269:
365-370

Smith C. A., Williams G. T., Kington R., Jenkinson E. J. and
Owen J. J. T. (1989) Antibodies to CD3/T-cell receptor
complex induce death apoptosis in immature T cells in thymic
cultures. Nature 337: 181184

Kaiser N. and Edelman I. S. (1977) Calcium dependent of
glucocorticoid-induced . lympholysis. Proc. Natl Acad. Sci.
USA 74: 638642

Kaiser N. and Edelman I. S. (1978) Further studies on the
role of calcium in glucocorticoid-induced lympholysis. En-
docrinology 103: 936-942

Nishizuka Y. (1984) The role of PKC in cell surface signal
transduction and tumour promotion. Nature 308: 693698
Asaoka Y., Nakumura S., Yoshida K. and Nishizuka Y.
(1992) Protein kinase C, calcium and phospholipid degrada-
tion. TIBS 17: 417-424

Kizaki H., Tadakuma T., Odaka C., Maramatsu J. and
Isimura Y. (1989) Activation of suicide process of thymo-
cytes through DNA fragmentation by calcium ionophores
and phorbol esters. J. Immunol. 143: 1790-1794
McConkey D. J., Hartzell P., Amador-Perez J. F., Orrenius
S. and Jondal M. J. (1989) Calcium-dependent killing of
immature thymocytes by stimulation via the CD3/T-cell re-
ceptor. J. Immunol. 143: 1801-1806

Boe R., Gjertsen B. T., Vintermyr O. K., Houge G., Lanotte
M. and Doskeland S. O. (1991) The protein phosphate

66

67

68

69

70

7

—

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

Reviews

inhibitor okadaic acid induces morphological changes typical
of apoptosis in mammalian cells. Exp. Cell Res, 195: 237-246
Baxter G. D. and Lavin M. F. (1992) Specific protein phos-
phorylation in apoptosis induced by ionizing radiation and
heat shock in human lymphoid tumor lines. J, Immuriol. 148:
19491954 ' )

Debatin K.-M, Goldmann C. K., Bamford R., Waldmann T.
A, and Krammer P. H. (1990) Monoclonal antibody medi-
ated apoptosis in adult T cell leukemia. Lancet 335: 497-500
Kohler H-R., Dhein J., Alberti G. and Krammer P. H. (1990)
Ultrastructural analysis of apoptosis by the monoclonal anti-
body, anti-Apo-1, on a lymphoblastoid B cell line (SKW6.4).
Ultrastruct. Pathol. 14: 513-518 ‘
Behrmann 1., Walczak H. and Krammer P. H. (1994) Struc-
ture of human APO-1 gene. Eur. J. Immunol. 24: 3057-
3062

Hanoon Y. A. and Linardic C. M. (1993) Sphingolipid break
down products: anti-proliferative and tumour-suppressor
lipids. Biochem. Biophys. Acta 1154: 223-236

Buttke T. M. and Sanstorm P. A. (1994) Oxidative stress as
a mediator of apoptosis. Immunol. Today 15: 7-10
McGowan A. J., Fernandes R. S., Samali A. and Cotter T.
G. (1996) Antioxidants and apoptosis. Biochem. Soc. Trans.
24: 229-233

Richter C. and Kass G. E. N. (1991) Oxidative stress in
mitochondria: its relationship to cellular Ca2* homeostasis,
cell death, proliferation, and differentiation. Chem. Biol.
Interactions 77: 1-9

Brune B., Hartzell P., Nicoterra P. and Orrenius S. (1991)
Spermine prevents endonuclease activation and apoptosis in
thymocytes. Exp. Cell Res. 195: 323-329

Verhaegen S., McGowan A. J., Brophy A. R., Fernandes R.
S. and Cotter T. G. (1995) Inhibition of apoptosis by antiox-
idants in the human HL-60 leukemia cell line. Biochem.
Pharmacol. 50: 1021-1029

Zhong L. T., Sarafian R., Kane D. J., Charles A. C., Mah S.
P., Edwards R. H. and Bredesen D. E: (1993) bcl-2 inhibits
death of central neural cells induced by multiple agents. Proc.
Natl Acad. Sci. USA. 90: 4533-4537

Ucker D. S., Ashwell J. D. and Nickas G. (1989) Activation-
driven T cell death. 1. Requirement for de novo transcription
and translation and association with genome fragmentation.
J. Immunol. 43: 3461-3469

Martin S. J., Lennon S. V., Bonham A. M. and Cotter A. M.
(1990) Induction of apoptosis (program cell death) in human
leukaemic HL-60 cells by inhibition of RNA or protein
synthesis. J. Immunol. 145: 18591867

Driscoll M. and Chalfie M. (1992) Developmental and abnor-
mal cell death in C. elegans. TINS 15: 15-19

Miura M., Zhu H., Rotello R., Hatwieg E. A. and Yuan J.
(1993) Induction of apoptosis in fibroblasts by IL-1B-con-
verting enzyme, a mammalian homolog of the C. elegans cell
death ced-3. Cell 75: 653-660

Evan G. L., Wyllie A. H., Gilbert C. S., Littlewood T. D.,
Hartmut L., Brooks M., Waters C. M., Penn L. Z. and
Hancock D. (1992) Induction of apoptosis in fibroblasts by
c-myc protein. Cell 69: 119-128

Shaw P., Bovey R., Tardy S., Shali R., Sordat B. and Costa
J. (1992) Induction of apoptosis by wild-type P53 in a human
colon tumor-derived cell line. Proc. Natl Acad. Sci. USA. 89:
4495-4499

Shi Y., Glynn J., Gilbert L., Cotter T., Bissonnette R. and
Green D. (1992) Role of c-myc in activation-induced apop-
totic cell death in T-cell hybridomas. Science 257: 212-214
Yonish-Rouach E., Resnitzky D., Lotem J., Sachs L., Kim-
Chi A. and Oren M. (1991) Wild-type p353 induces apoptosis
of myeloid leukaemia cells that is inhibited by interleukin-6.
Nature 353: 345-347 .
Miyashita T., Krajewski S., Krajewska M., Gang Wang H.,
Lin H. K., Liebermann D. A., Hoffman B. and Reed J. C.
(1994) Tumor suppressor p53 in regulator of bcl-2 and bax
gene expression in vitro and in vivo. Oncogene 9: 1799-1805
Reed J. C. (1994) Bcl-2 and the regulation of programmed
cell death. J. Cell Biol. 124: 1-6



Reviews

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

Hockenbery D. M., Oltavi Z. N., Yin X. M., Milliman C. L.
and Korsmeyer S: J. (1993) Bcl-2 functions in an anti-oxidant
pathway to prevent apoptosis. Cell 75: 241-252

Oltavi Z., Milliman C. and Korsmeyer S. J. (1993) Bcl-2
heterodimerizes with a conserved homolog, bax, that acceler-
ates programmed cell death. Cell 74: 609629

Bedi A., Zehnbauer J., Sharkis S. and Jones R. J. (1994)
Inhibition of apoptosis by BCR-ABL in chronic myeloid
leukemia. Blood 83: 20382044

McGahon A., Bissonnette R., Schmitt K. M., Cotter K. M.,
Green D. R. and Cotter T. G. (1994) BCR-ABL maintains
resistance of chronic myelogenous leukemia cells to apoptotic
cell death. Blood 83: 11791187

McGahon A., Nishioka W. K., Martin S. J., Mahboubi A.,
Cotter T. G. and Green D. R. (1995) Regulation of the Fas
apoptotic cell death pathway by Abl. J. Biol. Chem. 270:
22625-22631

McGahon A. J. (1995) Suppression of apoptosis by onco-
genic forms of the abl kinase. PhD Thesis. National Univer-
sity of Ireland.

Samali A., Gorman A. M. and Cotter T. G. Role of bcr-abl
in resistance to apoptosis. Adv. Pharmacol. (In press)
White E. (1993) Regulation of apoptosis by transforming
genes of DNA virus adenovirus. Pros. Exp. Biol. Med. 204:
30-39

Debbas M. and White E. (1993) Wild-type p53 mediates
apoptosis by E1A which is inhibited by E1B. Genes Dev. 7:
546-554

Arends M. J., McGregor A. H., Toft N. J., Brown E. J. H.
and Wyllie A. H. (1993) Susceptibility to apoptosis is differ-
entially regulated by c-myc and Ha-ras oncogenes and is
associated with endonuclease availability. Br. J. Cancer 68:
1127-1133

Moore J., Boswell S., Hoffman R., Burgess G. and Hromas
R. (1993) Mutant H-ras over-expression inhibits a random
apoptotic nuclease in myeloid leukemia cells. Leukemia Res.
17: 703-709

Wyllie A. H,, Rose K. A., Morris R. G., Steel C. M., Forster
E. and Spandidos D. A. (1987) Rodent fibroblast tumors
expressing human myc and ras genes: growth, metastasis and
endogenous oncogene expression. Br. J. Cancer 56: 251
259

Howes K. A, Ransom N., Papermaster D. S., Lasudry L. G.
H., Albert D. M. and Windle J. J. (1994) Apoptosis or
retinoblastoma: alternative fates of photoreceptors expressing
the HPV-16 E7 gene in the presence or absence of p53. Genes
Dev. 8: 1300-1310

Pan H. and Griep A. E. (1994) Altered cell cycle regulation in
the lens of HPV-16 E6 or E7 transgenic mice: implications for
tumor suppressor gene function in development. Genes Dev.
8: 1285-1299

Lennon S. V., Martin S. J. and Cotter T. G. (1991) Dose-
dependent induction of apoptosis in tumour cell lines by
widely divergent stimuli. Cell Prolif. 24: 203-214

Mailhos C., Howard M. K. and Latchman D. S. (1993) Heat
shock protects neuronal cells from programmed cell death by
apoptosis. Neuroscience 55: 621-627

Mosser D. D. and Martin L. H. (1992) Induced thermotoler-
ance to apoptosis in a human T lymphocyte cell line. J. Cell.
Physiol. 151: 561-570

104 Samali A. and Cotter T. G. (1996) Heat shock proteins

105

increase resistance to apoptosis. Exp. Cell Res. 223: 163-170
Lindquist S. and Craig E. A. (1988) The heat shock proteins.
Annu. Rev. Genet. 22: 631-677

Experientia 52 (1996), Birkhduser Verlag, CH-4010 Basel/Switzerland

941

106 Jaattela M., Wissing D., Bauer P. and Li G. C. (1992) Major

107

108

109

110

11

—

112

113

114

115

116

117

118

119

120

121

122

123

heat shock protein hsp70 protects tumor cells from tumor
necrosis factor cytotoxicity. EMBO J. 11: 3507-3512
Jaattela M. and Wissing D. (1993) Heat-shock protein pro-
tect cells from monocyte cytotoxicity: possible mechanism of
self protection. J. Exp. Med. 117: 231-236

Crawford B. D., Enger M. D., Griffith B. B., Griffith J. K.,
Hanners J. L., Longmire J. L., Munk A. C., Stallings R. L,,
Tesmer J. G., Walters R. A. and Hildebran C. E. (1985)
Coordinate amplification of metallothionein I and II genes in
cadmium-resistant chinese hamster celis: implications for
mechanisms regulating metallothionein gene expression. Mol.
Cell. Biol. 5: 320-329

Thornalley P. J. and Vasak M. (1985) Possible role of
metallothionein in protection against radiation-induced oxi-
dative stress. Kinetics and mechanism of its reaction with
superoxide and hydroxyl radicals. Biochem. Biophys. Acta
827: 36-44

Freeman M. L., Malcolm A. W. and Meredith M. J. (1985)
Glutathione pool size affects cell survival after hyperthermic
treatment. Cell Biol. Toxicol. 1: 213--222

Mitchell J. B., Russo A., Kinsella T. J. and Glatstein E.
(1983) Glutathione elevation during thermotolerance induc-
tion and thermosensitization by glutathione depletion. Can-
cer Res. 43: 987-991

Juliano R. L. and Ling V. A. (1976) A surface glycoprotein
modulating drug permeability in Chinese hamster ovary cell
mutants. Biochem. Biophys. Acta 455: 152-162

Ling V. (1992) Charles F. Kettering prize. P-glycoprotein and
resistance to anticancer drugs. Cancer 69: 26032609
McClean S. and Hill B. T. (1992) An overview of membrane,
cytosolic and nuclear proteins associated with the expression
of resistance to multiple drugs in vitro. Biochem. Biophys.
Acta 1114: 107-127

Oesterreich S., Weng C., Qiu M., Hilsenbeck S. G., Osborne
C. K. and Fuqua S. A. W. (1993) The small heat shock
protein hsp27 is correlated with growth and drug resistance in
human breast cancer cell lines. Cancer Res. 53: 4443-4448
Gorman A., McGowan A. and Cotter T. G. Oxidative stress
and apoptosis in neurodegeneration. J. Neurol. Sci. (in press)
Amesien J. C. (1992) Programmed cell death and AIDS: from
hypothesis to experiment. Immunol. Today 13: 388-391
Amesien J. C. (1994) Programmed cell death (apoptosis) and
cell survival regulation: relevance to AIDS and cancer. AIDS
8: 1197-1213

Groux H., Torpier G., Monte D., Mouton Y., Capron A.
and Amiesen J. C. (1992) Activation-induced by apoptosis in
CD4 + T cells from human immunodeficiency virus infected
asymptomatic individuals. J. Exp. Med. 175: 331-340

Terai C., Kornbluth R. S, Pauza C. D., Richman D. D. and
Carson D. A. (1991) Apoptosis as a mechanism of cell death
in cultured T lymphoblasts actually infected with HIV-1. J.
Clin. Invest. 87: 1710-1715

Clark H. M., Jones D. B. and Wright D. H. (1992) Cytoge-
netic and molecular studies of t(14: 18) in nodal and extran-
odal B-cell lymphoma. J. Pathol. 166: 129-137

Levine A. J., Momard J. and Finlay C. A. (1991) The p53
tumour suppressor gene. Nature 351: 453456

Cheng J., Zhou T., Changdan L., Shapiro J. P., Brauer M. J.,
Kiefer M. C., Barr P. J. and Mountz J. D. (1994) Protection
from Fas mediated apoptosis by a soluble form of the Fas
molecule. Science 263: 1750-1762

124 Cotter T. G. (1994) Apoptosis: cell death for the rheumatolo-

gist. Rheumatol. Rev. 3: 199-203



