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family), APO-1 (a member of the TNF-a2 family), RP-2 (a zinc finger
protein), and RP-8 (a membrane protein). Professor Wyllie closed his
talk by discussing the possible interplay between c-myc, bcl-2, and
p53, and the roles such genes may play in controlling the decision of

a cell to either grow and divide, or to die. This established a major
theme for the remainder of the meeting, and these proteins were
continually discussed throughout.

Session 1: Cell Death and Development

The first session on programmed cell death in development turned
out to be an enormous success. Dr. Martin Raff (University College,
London, England) provided evidence for his hypothesis that cell death
is a default program of development (i.e., without extrinsic signals,

cells will die by default). This notion is supported by several lines of
experimental evidence from his lab. One hundred % of purified O-2A
progenitor cells in defined medium without extrinsic signals will die
in 3 days with classical features of apoptosis. The cells can be rescued
by insulin-like growth factor (or higher concentrations of insulin-like
growth factor II or insulin), PDGF, NT-3, and CNTF. Any one of
these growth factors can support the survival of O-2A cells for short
periods of time, but a combination of 3 (e.g., NT-3, CNTF, and INS)
can support the survival for a week or more. In vivo, about 10,000 rat
oligodendrocytes die every day shortly after birth. Antibody staining
showed that 90% of the dead cells are oligodendrocytes, and 10% are
oligodendrocyte precursor cells. BRDU labeling experiments showed
that death occurred within 2â€”3days of birth. Injection of PDGF
expression constructs showed that the presence of additional PDGF
can rescue 80â€”90%of cells that otherwise will die. Thus, the endo
genous PDGF is not at the plateau level. Why do so many oligoden
drocytes have to die? Dr. Raff hypothesized that additional oligoden
drocytes are generated for matching postsynaptic targets as in sensory
and motor systems, as has been demonstrated years ago by V. Ham
burger and R. Oppenheim et a!. In support of his hypothesis, Dr. Raff
showed that axons do play a role in regulating the number of oligo
dendrocyte numbers. After transsection of the optic nerve of the rat at
postnatal day 8, most of the oligodendrocytes are dead by postnatal
day 18. Thus, the oligodendrocytes have to form myelin or they will
die.

Dr. Raff also has examined a few other systems to test his hypoth
esis. In developing rat kidney, many more dead cells are observed
than that of the oligodendrocytes. Many of the dead cells can be
rescued by injection of epidermal growth factor. To put his hypothesis
to further test, he examined the development of lens and cartilage.
Culture of lens epithelial cells and cartilage chronicytes in the pres
ence of conditioned medium can prolong the survival. Dr. Raff
suggested that protein phosphorylation may be essential for maintain
ing cell viability. Micromolar concentrations of staurosporine, a gen
eral protein kinase inhibitor, can kill many different types of cell lines.
These cell deaths cannot be rescued by RNA or protein synthesis

2 The abbreviations used are: TNF, tumor necrosis factor; PDGF, platelet-derived

growth factor; EcR, ecdysteroid hormone receptor; TTG, tissue transglutaminase; TNF-R,
tumor necrosis factor receptor; TCR, T-cell antigen receptor; iT, tetanus toxin; CTL,
cytotoxic T-lymphocytes; PARS, poly(ADP-ribose) polymerase; Top I, Topoisomerase I;
PKC, protein kinase C; PDT, photodynamic therapy; 2-CdA, 2-chlorodeoxyadenosine;
HCL, hairy cell leukemia.

Several years ago, when a meeting on apoptosis was proposed to
the AACR, the subject was deemed not sufficiently developed to
warrant a special conference. Thereafter, in a series of continuous and
rapid discoveries, the field of programmed cell death bloomed into
one of the most flourishing areas of modern biology. Currently, about
50 papers/month appear in the primary scientific literature. Thus,
when the American Association for Cancer Research did sponsor a
conference in the exhilarating environs of Cape Cod, the attenders
were treated to a succession of speakers offering the latest in this
rapidly developing discipline.

The conference began with opening remarks by Dr. Alan Eastman
(Dartmouth Medical School, Hanover, NH). Dr. Eastman cleared the
way for the remainder of the conference by suggesting that there are
many types of cell death, and that debates on the semantics would not
help advance the science. He further proposed that the second â€œpâ€•in
apoptosis should be silent, and that the first â€œaâ€•be pronounced short
as in apple rather than long as in acorn. The subsequent speakers
generally ignored these proposed conventions and used the full range
of the English language in their enunciation of this word.

The keynote speaker was Professor Andrew Wyllie (University of
Edinburgh, Edinburgh, Scotland), one of the forefathers of both the
term and the scientific groundwork of apoptosis. He announced that
he saw three functions to his Sunday evening task: to test the public
address system; to fill in the awkward hour before the first meal; and
to view the astounding audience. He succeeded admirably in each by
taking the eager listeners through an overview of the history and
prospects of the field. Biologists originally viewed cell death as an
accident of degradation. Only slowly and with conservative reluctance
did the notion take hold that cell death was necessary for develop
ment. The early work by Wyllie and Kerr asked the question, â€œWhat
happens when endocrine dependent tissues are deprived of hormone?â€•
This question led to a description of the now familiar morphological
changes that occur in apototic cells during development, teratogene
sis, and carcinogenesis. One of the main reasons for the early reluc
tance of biologists to accept this idea, however, was that apoptosis is
a relatively rare event. The frequency of visible apoptotic cells, even
in a rapidly growing tumor, never exceeds a few percent, and thus the
view that apoptosis was a â€œCinderellasubjectâ€•limited progress for
many years.

In addition to morphology, other markers of cell death were ob
served and documented in several laboratories. Among these are
transglutaminase activation, @2+elevation, endonuclease activation,
and the production of DNA ladders. The 180-base pair nucleosomal
ladders are the most widely used biochemical markers of apoptosis
and were originally described by an Eastern European group (FEBS
Lett., 72: 271â€”274,1976) who could sustain neither their research
funding nor belief that their observation was meaningful!

At present there are many molecules known to be associated with
cell death in certain tissues. Although their exact functions are still
under investigation, these include TRPM-1 (a member of the clusterin
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inhibitors. Thus, in these cells, the components of cell death machin
cry are always in place, waiting to be activated. To test what or
ganelles are needed to initiate cell death, he tested enucleated GM7O1
and C64 cells after their nuclei were lost from treatment with cy
tochalasin B. It turned out that in the absence of the nuclei, apoptosis
of these cells can occur on the same time course with the same
morphology as the cells with nuclei. Furthermore, overexpression of
bcl-2 can protect these cells without nuclei from death. Thus, the
nucleus is not required for apoptosis or prevention of apoptosis by
bcl-2. This provocative finding has several important implications (at
least in these cells): (a) apoptosis does not necessarily involve active
transcription; (b) fragmentation of genomid DNA is not an essential
step of cell death; and (c) the mechanism of bcl-2 protection acts in
the cytoplasm exclusively. This limits the research of bcl-2 targets to
outside the nucleus.

The talk by Dr. Bob Horvitz (Massachusetts Institute of Technol
ogy, Cambridge, MA) demonstrated the beauty of Caenorhabditis
elegans as an experimental system to study the genetic control of
programmed cell death. Programmed cell death in C. elegans is
morphologically similar to vertebrate apoptosis. Death usually occurs
soon after mitotic division. A genetic pathway of programmed cell
death has been identified that controls the determination, execution,
engulfment, and digestion of 131 cells that are doomed to die from
their birth. Furthermore, most of these genes are either cloned or
currently being cloned. The amino acid sequences of these genes
suggested that the machinery of programmed cell death may be very
well conserved in evolution. The gene nuc-1 encodes a major DNase
that is responsible for digesting the DNA of the dead cells. The
mutations in nuc-1 prevent digestion of DNA but do not block cell
death; thus, nuc-1 is not essential for cells to die in C. elegans. This
is consistent with the fmding of Raff and many others that DNA
fragmentation is not an essential step of cell death in vertebrates as
well. As in vertebrates, dead cells in C. elegans are quickly engulfed
by their neighbors. The seven genes responsible for engulfment fall
into two complementation groups. The mutations in any two genes
from different groups have additive effects on engulfment whereas the
multiple mutations in one group do not. The key genes that act
positively to control cell death in C. elegans are ced-3 and ced-4. Dr.
Horvitz revealed that the amino acid sequence of CED-3 has similar
ities to the mammalian interleukin if3-converting enzyme, a cysteine
protease. Thus, the CED-3 protein may be a cysteine protease as well.
Furthermore, interleukin if3-converting enzyme may be a vertebrate
homologue of C. elegans ced-3. Molecular analysis of CED-4 re
vealed that the CED-4 protein may have two domains that are similar
to the calcium-binding EF hand. It was exciting to learn from a

presentation by Dr. 0. Chinnadurai that one of genes isolated from his
yeast two-hybrid screen, using the E1B 19-kilobase protein as a bait,
is similar to the C. elegans CED-4, and thus may be a vertebrate
homologue of C. elegans ced-4. The C. elegans gene ced-9 is a
suppressor of programmed cell death. A dominant mutation in ced-9
prevents normal programmed cell death, whereas recessive loss-of
function mutations in ced-9 are lethal, and the lethality can bÃ§sup
pressed by ced-3 and ced-4. The expression of bcl-2 can partially
suppress normal programmed cell death in wild-type animals. These
experiments demonstrated beautifully that the mechanisms of pro
grammed cell death are well conserved in evolution, and that what we
learn from C. elegans will help us to understand the genetic control of
programmed cell death in vertebrates.

Work on the genetic control of programmed cell death in insects
was presented by Drs. J. W. Truman (University of Washington,
Seattle, WA) and Herman Steller (Massachusetts Institute of Tech
nology). Truman's work is on the control of cell death during meta
morphosis of the tobacco hornworm, Manduca sexta, and Drosophila

melanogaster. The death of specific neurons and muscle cells are
initiated in response to a decline in ecdysteroid hormone. In addition,
neuronal cell death is also controlled by certain neuronal input. In
collaboration with Dr. D. Hoganess, they have identified that the
ecdysteroid hormone receptor complex of Drosophila consists of
ultraspircale and EcR. The mRNA of EcR are differentially spliced
into three transcripts: EcR-A; EcR-B; and EcR-C. EcR-A is highly
expressed in dying cells, suggesting that the E-EcR-A/ultraspircale
complex may be the signal to initiate cell death during metamorpho
sis. Dr. Herman Steller presented a genetic analysis of the 75C1.2
locus of Drosophila. Flies that contain deletions in 75C1.2 do not have
most of the normal programmed cell death during development.
Steller's group has identified that a single transcript, which they
named â€œreaper,â€•may be responsible for this defect. In situ hybridiza
tion of reaper showed that it is specifically expressed in dying cells.
The expression of reaper is activated in embryos that have been
X-irradiated, suggesting that reaper may not only control the normal
programmed cell death but also cell death induced by X-irradiation.
The short open reading frame of reaper (60â€”70amino acids) is not
homologous to any known protein; thus, we do not have any cue yet
as to how reaper kills.

One of the take-home messages of the genetic studies of experi
mental systems is that programmed cell death is remarkably con
served in evolution; even if what we learned about experimental
systems did not help us understand programmed cell death in verte
brates today, it may tomorrow.

Session 2: Cell Death in the Pathogenesis of Cancer

Dr. John Isaacs (John Hopkins University) began this session by
pointing out an obvious, although often overlooked, aspect of growth:
the net growth rate is equal to the rate of proliferation minus the rate
of death. These rates are equal in normal cells, but not in a tumor
where proliferation may be slow or fast but in all cases exceeds the
rate of cell death. Dr. Isaacs then focused the remainder of his
discussion of cell death on normal and malignant prostatic cells. In
this organ, androgens have the dual ability to act as a stimulator of cell
proliferation and an inhibitor of a potentially high rate of cell death;
androgen ablation thus causes net cell loss. Many biochemical
changes have been noted in such cells, including alterations in Ca2@,
ornithine decarboxylase, p5.3, c-fos, GRP78, TRPM-2, transglutami
nase, transforming growth factor (3, calmodulin, c-myc, ras, as well as
production of DNA ladders. It is not yet possible to sort this formi
dable array of cellular responses into a comprehensive mechanistic
description, but it is clear that androgen ablation does not require the
cells to enter the cell cycle. Thus, Dr. Isaacs has proposed a â€œdeath
cycleâ€•that is parallel to, but distinct from, the usual cell cycle. In the
management of prostate cancer, any treatment causing androgen ab
lation will shift the hormone-sensitive cells toward the cell death
pathway. Unfortunately, treatment failure results from continuing
growth of cells which are androgen independent. A potential thera
peutic approach to such insensitive cells is to use thapsigargin to raise
intracellular @2Â±,which is then followed by DNA fragmentation and
cell death. To increase the specificity of such a treatment, Isaacs
reported successful attachment ofthapsigargin to a peptide that is only
cleaved by prostatic specific antigen to yield the free active drug
molecule.

Moving to another organ system, Dr. RoIf Schulte-Hermann (Uni
versity of Vienna, Vienna, Austria) described his laboratory's work on
cell death in hepatic carcinogenesis. In normal liver, tumor promoters
generally stimulate growth by induction of DNA synthesis and hy
perplasia. This hyperplasia can be terminated by cell death of at least
two types: classical apoptosis and â€œlysosomalcell deathâ€•.This latter
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deficient mice are almost indistinguishable at birth from wild-type,
except for having smaller ears and slightly stunted growth. However,
these mice gradually eliminate lymphoid tissue via apoptosis, and
their spleens and thymus glands slowly disappear. In addition, they
develop polycistronic kidney disease reminiscent of the human auto
somal dominant condition. As an aside, deregulated c-myc has the
same effect on the developing kidney. BCL-2-deficient mice also are
defective in melanin biosynthesis, which may relate to its putative role
in redox cycling.

Dr. Eileen White's group (Rutgers University, New Brunswick,
NJ) is defining the regions of adenovirus which induce or prevent
apoptosis. Only the genes of the viral early region (EJA encoding
one protein and E1B encoding two proteins of Mr 19,000 and
55,000) are required to transform primary fibroblasts. The E1A
protein appears to allow cells to leave G0 by complexing with the
Rb tumor suppressor protein, thereby releasing the transcription
factor E2F to initiate S phase. This is insufficient to transform
cells. For transformation to occur, another oncogene is required
(e.g., activated ras or EJB). In the absence of the E1B Mr 19,000
protein, E1A induces degradation of cellular DNA which is an
obvious obstruction to viral propagation. The region of E1A to
which this activity has been mapped corresponds to the transfor
mation and cell cycle entry promoting regions.

E1A and BCL-2 can cooperate to transform cells, so inhibition of
apoptosis is probably an important event in transformation. This is
reinforced by the observations that cells which have spontaneously
transformed following E1A transfection have accumulated mutations
of p13, and that E1A and mutant p53 together form a potent trans
formation partnership. The positive influence ofp53 on E1A-induced
DNA degradation was demonstrated by cotransfecting mammalian
cells with E1A plus a temperature-sensitive p5.3; cellular DNA was
degraded at the permissive, but not restrictive, temperature. However,
wild-type p53 is unable to induce apoptosis in the presence of co
transfected E1A and BCL-2, but arrests cells at multiple points
throughout the cell cycle. The proteins encoded by the adenovirus
E1B region may function to prevent apoptosis by inhibiting p5.3.

On the basis of these and other data, the following model was
proposed: the E1A protein stimulates cells to enter a proliferative
status which, in the presence of functional wild-type p5.3, results in
apoptosis; either BCL-2 or the E1B Mr 19,000 protein can inhibit
p53-induced apoptosis but not the associated growth arrest; alleviation
of p53-induced growth arrest and manifestation of the transformed
phenotype has the additional requirement of the E1B M1 55,000
protein acting through p53. An unanswered question is whether cell
proliferation is a necessary prerequisite for p53 production.

Supporting evidence that p53 and BCL-2 are acting in the same
pathway came from Dr. Andreas Strasser (Royal Melbourne Hospital,
Melbourne, Victoria, Australia) in a selected abstract presentation. By
using thymocytes from p53 â€”Iâ€”mice, his group has determined that
loss of p53 and gain of BCL-2 are not additive.

Dr. Ruth Craig's (Dartmouth Medical School, Hanover, NH) inter
ests center on differentiation triggers in myeloid cells. By differen
tinily screening complementary DNA libraries of ML-! cells (from an
acute myelogenous leukemia patient), her group has identified a gene,
mci-i, which is activated within 3 h of exposure to a differentiation
stimulus [12-O-tetradecanoylphorbol-i3-acetate (TPA)1. The protein,
which is a Mr 37,00038,000 doublet, shares approximately 35%
amino acid identity with BCL-2 at its COOH terminus, and like
BCL-2 has a hydrophobic COOH-terminal tail. mci-i is induced by
cycloheximide, vinblastine, and colchicine at concentrations which
later induce apoptosis. We anxiously await the results of transfection
experiments to determine the effects of mci-i on differentiation and
cell survival.

pathway is characterized by lysosomal fragmentation but without
production of apoptotic markers like chromatin condensation, DNA
fragments, or increased transglutaminase. The apoptotic pathway does
protect normal liver from chemically induced carcinogenesis; with
drawal of the tumor promoter causes a massive increase in the rate of
cell death so that preneoplastic foci and even malignant tumors
regress. Initiation, in comparison to promotion, is generally
thought to be irreversible. Interestingly, however, fasting causes a
shift toward apoptosis and away from proliferation, so reduced
feeding of animals can confer a protective effect from cancer
formation, even in cells initiated with frank carcinogens like N-
nitrosomorpholine.

The last talk in this session was by Dr. David Lane (University of
Dundee, Dundee, United Kingdom) on the role ofp53 in cell death. It
is now well known that DNA-damaging agents induce p53 by a
posttranscriptional mechanism. This in turn protects the cell from the
consequences of DNA damage by arresting the cell cycle and allow
ing for DNA repair, or by redirecting the cell down the programmed
cell death pathway. Thus, p53 is a filter that normally acts to protect
cells from inappropriate growth arrest or apoptosis, unless an unto
ward insult has occurred. Since many tumors lack functional p53, this
checkpoint control is lost, but reactivation of function would offer an
attractive therapeutic opportunity. Dr. Lane discussed his evidence
that two different mutant forms ofp53 could each be activated by the
monoclonal antibody PAb421 and by dnaK from Escherichia coli;
each of these targets the COOH-terminal domain of p53. Casein
kinase II, which activates the native p53 protein by phosphorylation,
could not effectively restore function to the mutant forms. Nonethe
less, the data show that some mutant forms of p.5.3 still contain the
structural features necessary to be able to engage in the normal
function of sequence-specific DNA binding. Thus, rational design of
agents which act similarly to PAb421 or dnaK might restore wild-type
activity to mutant p5.3 in human tumors and thus initiate a desirable
growth arrest and cell death response.

Session 3: Suppression of Cell Death

The morning session focused on which genes are important in
regulating apoptosis. Dr. Stanley Korsmeyer's group (Washington
University, St. Louis, MO) has studied the roles of BCL-2 in prevent

ing apoptosis and during normal development. The BCL-2 protein
contains a highly hydrophobic a-helical region and appears to be
anchored in the outer mitochondrial membrane by its COOH termi
nus, with its bulk protruding into the cytoplasm. The protein is also
found in the endoplasmic reticulum and perinuclear membrane. The
question is, â€œHowdoes BCL-2 function to inhibit apoptosis?â€• It
appears unlikely that it has a role in an oxidative phosphorylation or
electron or ion transport pathway, but more likely functions to protect
against oxidative damage during the generation of free radicals. This
is based on the evidence that interleukin 3-dependent murine pro-B-
lymphocytes transfected with BCL-2 are resistant to peroxidase
induced apoptosis, and that the scavenging of peroxides by overex
pression of glutathione peroxidase also inhibits apoptosis. However,
the precise role of BCL-2 in preventing oxidative damage has been
difficult to define because it does not inhibit the formation of free
radicals by the quinone, menadione, but does exert some protective
effect from emnadione-induced apoptosis. Furthermore, dexametha
sone-induced apoptosis of T-cell hybridomas does not create any burst
of free radicals via peroxide. The ambiguities remain to be resolved.

What of the role of BCL-2 in normal cell development? Dr.
Korsmeyer's group has generated BCL-2 homologous knockout mice
for its investigation. Despite the fact that BCL-2 expression is higher
and more widespread in developing tissue than in adults, BCL-2-
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Session 4: Enzymology at Cell Death

In the afternoon, attention turned to the enzymes involved in the
degradative processes of apoptosis. Purification of the putative inter
nucleosomal endonuclease has been the major goal of Dr. John
Cidlowski's group (University of North Carolina, Chapel Hill,
NC), and the protein has remained elusive. Rather than its expres
sion being induced, the enzyme appears to be present in a repressed
state in thymocytes, and is derepressed during purification. The
purified protein, termed NUC18, shares amino acid sequence ho
mology with cyclophilin, the molecular target for cyclosporin.
Unfortunately, expression of recombinant NUC18 in bacteria
caused their death, although induction of a Mr 18,000 protein with
nuclease activity that behaved like NUC18 was observed. In a
selected abstract presentation, Dr. Roy Walker (National Research
Council, Ottawa, Canada) separated apoptosis into two stages: the
first is essential for apoptosis and involves cleavage of DNA into
â€”50-kilobase pair domains by a magnesium-dependent nuclease
and chromosome condensation/margination around the nuclear pe
riphery; the second is nonessential for apoptosis and involves
internucleosomal degradation of DNA into the classical ladder by
a calcium- and magnesium-dependent endonuclease (which is in
hibited by zinc ions), the complete loss of nuclear structure, and
activation of a protease(s) which is essential for DNA ladder
formation.

An important early event in apoptosis, according to Dr. Alan
Eastman's group (Dartmouth Medical Schools, Hanover, NH), is
lowering of intracellular pH. These workers can activate DNA deg
radation by artificially lowering the pH in human promyelocytic
leukemia (HL6O) cells. A population with an intracellular pH of 6.4 is
detected following exposure of HL6O cells to etoposide, and doesn't
appear in the presence of zinc ions which inhibit the internucleo
somal DNA ladder formed during apoptosis. Furthermore, cytotoxic
T-lymphocytes, which are deprived of interleukin 2, undergo a down
ward pH shift which accompanies DNA degradation.

Dr. Eastman has proposed that loss of attachment to substratum is
another requirement of apoptosis. While studying DNA repair-defi
cient Chinese hamster ovary cells exposed to cisplatin, his group has
delineated the cytotoxic process to involve G2 arrest, lethal mitosis,
nuclear fragmentation, and ultimately apoptotic DNA degradation.
This final event only occurs in those cells which have detached from
the monolayer.

Another enzyme important to the cell death and differentiation
processes appears to be TFG, which catalyzes the formation of pep
tide bonds between side chains of glutamine and lysine residues to
cross-link proteins. We have learned from the work of Dr. Peter
Davies' group (University ofTexas, Houston, TX) that TTG is rapidly
induced (within 15 min) after exposure of macrophages to trans
retinoic acid, and is expressed at high levels in terminally differenti
ated cells (e.g., activated macrophages). It is unclear why a differen
tiating agent would induce an enzyme which cross-links proteins. As
far as retinoic acid is concerned, induction of â€˜fFGis receptor mcdi
ated. This was demonstrated by transfecting BALB/c 3T3 cells with
either retinoic acid receptor f3 or y. But what about the in vivo
situation? In limb buds the @3isoform is expressed in the interdigital
webs which eventually undergo massive apoptosis, whereas the â€˜y
isoform is preferentially expressed in tissue that is destined to become
the digits (the cartilagenous cores). The expression of TFG was
localized to clusters of apoptotic cells, but was also expressed in the
cartilagenous cores. Also, TFG is induced (and BCL-2 is down
regulated) in HL6O cells when exposed to retinoic acid, which triggers
differentiation. However, neither dimethylformaniide nor dimethyl

sulfoxide (both of which induce differentiation in HL6Os) causes

increased expression of TFG. Thus, the precise role of â€˜VFGin
apoptosis and differentiation remains unclear.

Session 5: Cell Death in the Immune System

Apoptosis oflymphocytes can be induced as the result of peripheral
T-cell deletion, selection in the thymus, cytokine starvation, or cyto
toxic T-cell killing. Cell surface receptors and nuclear proteins are
involved in the induction and completion of lymphocyte death.

Peripheral T-cell deletion is important following lymphocyte pro
liferation during an immune response in order to maintain a relatively
constant lymphocyte compartment over the course of the life of the
animal. One molecule involved in peripheral T-cell deletion is APO-i,
also known as Fas, a cell surface molecule expressed on a variety of
cell types@including lymphocytes@histiocytes@and some epithelial cells
(PeterKrammer,UniversityofHeidelberg,Heidelberg,Germany).APO-i is
a member of the TNF-R family. It also has close homologj@in the TNF-R1
cytoplasmic region termed the â€œdeathdomain.â€•Like TNF-Ri, APO-1 re
quires cross-linking for induction of apoptosis in activated cek Peripheral
lymphocytesexpressonlylowlevelsofAPO-i butcanbe inducedto express
high levels within 1 day of activation of the TCR. However, sensitivity of

APO-i-induced death does not reach a maximum until 6 days following
activation.Krammersuggested thatpmtective proteinsaresynthesized early
after activation, since protein and RNA synthesis inhilitors restore sensitivity

to ligationwith anti-APO-i antibody.In the presence of these inhibitors,
anti-A.PO-1 antibody-induced killing results in cell death in the first day
following activation. The role of APO-i is believed to be a trigger for
lymphocytesto die followingexpansiondue to an immuneresponse.To test
thishypothesis,T-cellsfromU-immune individualswereactivatedwithU,
and anti-U antibody pmduction was measured in reconstituted severe com

bined immune deficient mice. Mdition of anti-APO-1 antibody abolished
anti-U antibody production and blocked antibody responses to other anti

guns.Therefore,only specificallyactivatedB-cellsare sensitiveto apoptosis
throughthe APO-1 signal.

Anti-human APO-i antibody is also able to cause dramatic regres
sion of a human tumor grown with a severe combined immune
deficient mouse. However, a tumor variant resistant to anti-APO-1
antibody survived, even though it still expressed the APO-i molecule
on its cell surface. The data support the hypothesis that a system
within the cell is resisting the death signal. Several anti-APO-i
resistant tumor cell lines were found to become susceptible to anti
APO-i-induced death in the presence of inhibitors of protein and
RNA synthesis. Because susceptibility did not correlate with the
expression of the survival gene bcl-2, it is clear that other systems
exist to protect a cell from activation-induced death via APO-i. The
exciting clinical ramification is that many tumors are susceptible to
anti-APO-i killing. Resistant tumors may be reprogrammed to sensi
tivity by shutting off intracellular protective mechanisms. The wide
tissue distribution ofAPO-i makes direct antibody therapy unfeasible.
However, identifying inhibitors of tumor cell-protective mechanisms
may aid natural systems to accelerate tumor cell death.

Extracellular signals involved in the deletion of self-reactive T
lymphocytes in the thymus are most likely distinct from peripheral
mechanisms (Dr. Jon Ashwell, NIH, Bethesda, MD). One model to
explain cell survival and death in the thymus during selection is the
balance between T-cell avidity to self major histocompatibility com
plex molecules and thymic steroid hormone gradients. Self-reactive
(high affinity to sell) T-cells are deleted by negative selection. Po
tentially useful lymphocytes (moderate affinity to self) are positively
selected by â€œmutualantagonismâ€•between TCR and steroid receptor
signals. Steroids are normally toxic to developing lymphocytes in the
absence of TCR signalling but antagonistic to cell death induced by
TCR signalling, resulting in positive selection. High affinity (anti
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case, induction of overexpression of c-MYC in BCL-2-overexpressing
cells did not result in death unless a very strong induction of c-MYC
was observed. The cell line K562, which is resistant to many conven
tional signals for induction of cell death, was rendered susceptible by
the addition of an anti-sense oligonucleotide specific for bcr/abi. The
translocation product bcr/abi may therefore be involved in an anti
apoptotic pathway. This reiterates an underlying theme of the confer
ence, that transformation may not be always the result of uncontrolled
growth of cells, but in many cases, may be due to resistance to death
during normal cell turnover.

Induction of cell death requires the association of c-MYC with
another molecule, MAX. MYC/MAX heterodimers can activate
sequences of genes which may be involved in cell death. However,
recombinant proteins, or switching portions of c-MYC with MAX
to form homodimers, are ineffective, and stable mutants where
mutant c-MYC can associate with mutant max, restoring the het
erodimer, will regain function, resulting in the induction of cell
death.

Session 6: Genetic Events Associated with Cell Death

Many investigators have tried to identify genes expressed during
apoptosis but considering that the effector molecules are already
present (Raft), these approaches would not be likely to identify any
late common steps in apoptosis. However, genes could be identified
that are associated with apoptosis in specific cells analagous to the ced
genes of C. eiegans (Horvitz). Additionally, considering that apopto
sis is frequently associated with particular cell cycle phases, it is likely
that cell cycle-related genes will be identified. This was the focus of
a session on biochemical and genetic events associated with cell
death.

Dr. John Cohen (University of Colorado, Boulder, CO) reviewed a
number of different pathways to emphasize that induction of apoptosis
can occur by synthesis of novel proteins, such as during dexametha
sone-mediated death of thymocytes, or by destruction of an inhibitor
of death, as in postmitotic megamyelocytes. This was suggested as an
explanation for the opposite effects observed in various systems while
blocking protein synthesis with cycloheximide. Such pathways are not
mutually exclusive as suggested by the induction of specific genes
(e.g., RP8), as well as activation of the calcium-dependent protease
calpain in thymocytes incubated with dexamethasone. Apoptosis
could also be suppressed with a calpain inhibitor which reiterates the
potential importance of proteases in apoptosis. Calpain itself was also
subject to proteolytic cleavage.

Dr. Barbara Osborne (University of Massachusetts, Amherst, MA)
presented her identification of genes whose regulation is altered
during death of thymocytes. Using a differential screen of comple
mentary DNA from normal versus dying cells, four genes have been
identified and termed apt-i to apt-4. apt-i and apt-3 were both
decreased within 1 h but recovered by 4 h, in response to engagement
of the T-cell receptor in immature T-cells. In contrast, apt-2 and apt-4
were induced. apt-2 (previously identified as nur77) rises by 1 h and
stays elevated through 17 h, consistent with the cells progressing to,

and dying at, a specific cell cycle phase. nur77 codes for a zinc finger
protein and is a member of the steroid hormone receptor family, but
it has no known ligand.

DOl 1.10 T-cell hybridoma cells do not express nur77 unless in
duced to undergo apoptosis through engagement of the TCR. Inhibi
tion of either transcription or translation inhibit both nur77 expression
and cell death. Antisense oligonucleotide experiments have demon
strated that nur77 is required for TCR-mediated apoptosis. In contrast,
dexamethasone, which also induces apoptosis in these cells, does not
induce nur77, nor does the anti-sense to nur77 protect the cells.

self) interactions would override the mutual antagonism and lead to
deletion (negative selection). Steroids in the absence of a TCR signal
would be toxic (â€œdeathby inattentionâ€•). Production of the steroids
necessary for this selection can be localized to epithelium in the
thymus. Pregnenolone, an intermediate in steroid production, is gen
crated from cholesterol via the action of P-45Oscc. Pregnenolone
activity can be detected in the non-T-cell elements of the thymus, and

the P-45Oscc protein is detected in many cells in the thymus and at
higher levels in the thymic cortex, the primary residence of immature
thymocytes.

Inhibitors of steroid synthesis or action also have marked effects on
thymocyte populations. In normal fetal thymus organ culture, thymic
precursors (CD4CD8 T-cells) can differentiate in vitro into
CD4@CD8@ cells, the point at which selection based on TCR recog
nition occurs. The steroid inhibitor metyrapone enhanced the loss of
the CD4@CD8@ cells. The addition of corticosterone could then
restore the CD4@CD8@ population. Another in vitro system of thy
mocyte differentiation is in fetal thymus organ culture with cells from
mice which bear a transgenic TCR specific for the male antigen, H-Y.
Thymocytes from male mice delete a great majority of H-Y-reactive
T-cells at the CD4@CD8@ stage. Addition of a steroid antagonist
permits further deletion, supporting the hypothesis that the TCR
mediated deletion of immature thymocytes is compromised by the
actions of thymic steroid hormones.

C'FLs kill target cells by a combination of membrane and nuclear
insults (Dr. Arnold Greenberg, University of Winnipeg, Winnipeg,
Manitoba, Canada). Perform, present in C'FL granules, acts to unfold
lipophilic membranes in the presence of calcium and then forms pores
in the target cell. Although perform is necessary for target cell death,
it is not sufficient. A group of T-cell proteases, termed granzymes,
are also present in CTL granules, and are candidates for initiation
of apoptosis in target cells. Three of these granule proteins have
been linked to DNA fragmentaiton, and are hence termed fragmentin
proteases.

Fragmentins 1 and 3 are tryptases which cleave peptide substrates
following arginine or lysine, whereas fragmentin 2 cleaves following
aspartic acid. The outcome of the action of the fragmentins, with the
cooperation of perform, is to dephosphorylate, and thereby activate,
cdc2 kinase. Active cdc2 kinase complexed with cyclin acts to drive
the cell cycle from G2 into mitosis. Activation of cdc2 is required for
DNA fragmentation and other characteristics of apoptosis because the
addition of a peptide substrate of cdc2 as a competitive inhibitor will
block apoptosis. The requirement of cdc2 activation for apoptosis was
also demonstrated in the temperature-sensitive mutant cell line,
Ff210, in which cdc2 is degraded after exposure to 39Â°C(sensitive
temperature). At the permissive temperature, Ff210 cells are suscep
tible to perforin/fragmentin-induced DNA fragmentation, but at the
sensitive temperature, perform and fragmentins are no longer able to
induce death. This again suggests that cdc2 activity is pivotal in cell
death induced by CTL. Fragmentins are not inhibited by myc-anti
sense mRNA, and a p53-negative cell line is also susceptible to death
by fragmentins, suggesting a separate, or at least distal, activation of
cell death by fragmentins.

Other cellular proteins involved in lymphocyte death include
BCL-2 and c-MYC. Inducible overexpression of c-MYC leads to cell
death, suggesting that c-MYC regulates transcription of genes in
volved in death (Dr. Doug Green, LaJolla Institute of Allergy and
Immunology, La Jolla, CA). The addition of growth factors can favor
the transcription of genes involved in growth and survival, reminis
cent of the adenovirus Ela-E1b19-E1b55 system. Since c-MYC and
BCL-2 have been shown to cooperate during transformation, the
interaction of c-MYC and BCL-2 in cell death was investigated in
cells over expressing BCL-2 with inducible c-MYC expression. In this
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Hence, nur77 is involved only in a specific pathway of cell death.
egr-i , another early response gene, is induced even earlier than nur77,
and also recognizes a sequence in the nur77 promoter. Therefore, its
contribution to apoptosis may be as a transcriptional regulator of
nur77.

apt-4 codes for a 6-kilobase mRNA that has been partially
sequenced but reveals no homology with known proteins. In con
trast to nur77, anti-sense oligonucleotide experiments directed at
apt-4 inhibited apoptosis induced by multiple stimuli including
anti-TCR antibody, dexamethasone, and â€˜y-radiation.Considering
thatp53 appears to be involved in only the latter of these pathways,
this suggests that apt-4 may be more proximal to the eventual
apoptosis of the cells.

Dr. Ralph Buttyan (Columbia University, New York, NY) dis
cussed the genes potentially required for apoptosis in castration
induced regression of the rat ventral prostate. Readdition of testoster
one can prevent this cell death. Inhibition of RNA or protein synthesis
in vivo can prevent apoptosis of the prostate, although the experiments
are limited by the death of the rats within 2 days. It was emphasized
that many genes are not induced, so there is some selectivity to the
genes whose expression is altered. The induced genes were grouped
into three cagegories: potentially protective genes (clusterin, glutathi
one S-transferase, tissue transglutaminase, and transforming growth
factor 13); genes whose products are involved in degradation and
removal of dying cells (cathepsin D, plasminogen activator, and tissue
transglutaminase); and finally cell cycle genes. Most of the presenta
tion focused on this latter set of genes.

Prostate cells are believed to be in G0, so expression of the early
response genes fos, fun, myc, max, and myb suggests that the cells
reenter a cell cycle before dying. The expression of other genes such
as cyclin A, cyclin D, and PCNA are also in concert with this
hypothesis, as is the lack of expression of cyclin B which is normally
expressed late in a cell cycle. The cells extensively incorporated
bromodeoxyuridine into high molecular weight DNA. These cells
rapidly degrade their DNA into 180-base pair fragments and are then
lost in the lumen of the gland.

To determine the necessity for cell cycle passage, rats were treated
with mimosine to arrest them in the G1 phase of the cell cycle. This
treatment prevented DNA fragmentation but it did not prevent induc
tion of the various genes, and the morphological appearance of ap
optosis was still observed. It was concluded that transition through the
G1 phase is required for apoptosis, but that internucleosomal DNA
fragmentation is not an obligate requirement.

Analysis of p53 expression showed that it is also highly induced
after castration, and can be repressed by the administration of testos
terone. However, p53-deficient mice still undergo prostate regression,
suggesting that p53 is not required for this pathway of apoptosis.

In an analysis of human prostate glands, it was found that bci-2 is
expressed in fetal prostate cells, only in the basal cell layer of normal
adult prostate, sporadically in primary prostate cancer, and throughout
the tumor 6 months after treatment. Hence, prostate cancer represents
another tumor in which bcl-2 may contribute to its pathology.

The final presentation in this session was given by Dr. Robert
Schlegel (Harvard School of Public Health, Cambridge, MA), who
compared premature mitosis with apoptosis. When hamster cells are
arrested in S phase by a variety of agents such as hydroxyurea, they
can be induced by staurosporine, caffeine, or 6-dimethylaminopurine
to undergo premature mitosis; chromosome spreads show pulverized
chromatin. During S phase arrest, there is accumulation of cyclin A
and B, and upon induction of premature mitosis, histone Hi kinase
activity is observed.

In marked contrast to the hamster cells, human HeLa cells arrested
in S phase by hydroxyurea are induced by these agents to undergo

apoptosis. Staurosporine, for example, induces apoptosis in S phase
arrested cells at more than a 20-fold lower concentration than in

unarrested cells. The arrested cells accumulate only cyclin A because
cyclin B is not normally expressed until the 02 phase in human cells.
However, the induction of apoptosis is still associated with increased
histone Hi kinase activity. The specific kinase molecule involved may
be both p34cdc2 and p33cdk2

In a similar manner, TNF normally has no effect on HeLa cells
unless they are incubated with cycloheximide. However, arrest in S

phase also sensitizes the cells to TNF. Therefore, the activity of the
cyclin A/kinase complex appears important for apoptosis. This was
further supported by the observation that incubation with lovostatin,
which arrests cells in G1, prevents both accumulation of cyclin A and
apoptosis.

The effect of bci-2 expression in HeLa cells was studied, and cyclin
A still accumulated, histone Hi kinase activity was observed, but
apoptosis was prevented. Hence, bci-2 must act at a later step in the

pathway. One possibility suggested was that bci-2 may prevent cdc2
and cdk2 from translocating to the nucleus. The conclusion from these
studies is that apoptosis and mitosis share overlapping biochemical
pathways.

Session 7: Cell Death in Cancer Chemotherapy

Dr. Nathan A. Berger (Case Western Reserve University, Cleve
land, OH) discussed the role of PARS, NAD@ depletion, and gene
deletion in cancer chemotherapy-induced cell death. PARS is a nu
clear enzyme that responds to DNA strand breaks by cleaving the
nicotinamide moiety from NAD@ and inducing covalently linked
protein complexes with the resulting ADP ribose moieties. It is felt
that activation of PARS, and subsequent depletion of intracellular
NAD@and AlT pools, may play an important role in regulating cell
death in response to a variety of DNA-damaging agents. However, it
is postulated that the nature of this role may depend critically on the
degree of DNA damage sustained. For example, in cells that experi
ence massive DNA damage and high levels of DNA fragmentation
(type I cell death), PARS activation results in exhaustion of NAD@
and Al? pools, leading in turn to interference with energy-dependent
processes such as macromolecular synthesis and maintenance of
membrane integrity, and ultimately, cell lethality. These events may
occur in both proliferating and nonproliferating cells. Under more
physiological circumstances, in which cells sustain limited DNA
damage (type II cell death), PARS activation serves to protect strand
ends from further degradation until ligases can restore DNA integrity.
In PARS-deficient cell lines, strand ends may become vulnerable to
excess endonuclease activity, potentially leading to nonhomologous
recombination manifested by chromosomal aberrations such as gene
deletions and rearrangements (i.e., sister chromatid exchanges). In the
event that critical genes are involved in these events, cell death may
ensue. This model is supported by evidence that in the case of the
topoisomerase II inhibitor, VP-i6, cytotoxicity may correlate more
closely with sister chromatid exchanges than with protein-associated
DNA strand breaks. Thus, it is postulated that PARS may either
potentiate or attenuate lethal events associated with the actions of
DNA-damaging agents, depending on the degree of DNA fragmenta
tion induced.

Dr. Yves Pommier (National Cancer Institute, Bethesda, MD) re
ported on mechansims of cell death induced by topoisomerase inhib
itors and their pharmacological regulation. Topoisomerases are en
zymes which relax DNA prior to replication and transcription and
produce vulnerable protein-DNA cleavable complexes. Topoisomer
ase inhibitors stabilize these complexes and prevent the resealing of
strand ends, leading to DNA strand breaks and ultimately, cell death.
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5'-nucleotidase activity. Administration of 2-CdA to nondividing malig
nant T- and B-lymphocytes leads to DNA strand breaks, activation of
PARS, and depletion of intracellular NAD@ and AlP pools; however,
PARS inhibitors such as 3-ABA do not abrogate 2-CdA-mediated strand
breaks in CLL cells The mechanism by which 2-CdA induces DNA
damage in nondividing malignant lymphocytes is unclear, but may result
from interference with DNA polymerase-mediated repair of spontane
ously occurring strand breaks. Exposure of chronic lymphocytic leu
kemia and HCL cells to 2-CdA results in single strand DNA breaks
detectable by alkaline elution within 1 h of drug administration, whereas
internucleosomal fragmentation did not appear prominently until 24 h.
Cycloheximide partially protected normal peripheral blood lymphocytes
from 2-CdA-induced intemucleosomal DNA cleavage, but was ineffec
tive in HCL cells. However, 2-CdA-mediated DNA damage in HCL cells

was antagonized by intracellular Ca2@chelators such as BAPTA. Inter
estingly, protein kinase C activators such as TPA did not inhibit the early
single strand breaks induced by 2-CdA in HCL cells, but did block the
resulting oligonucleosomal fragmentation; moreover, the protective ef
feet of TPA was abrogated by inhibitors of polyamine biosynthesis such
as DMFO and methylglyoxyl bis(guanythydrazone). Together, these ob
servations indicate that 2-CdA and related compounds induce early single
strand DNA breaks in resting malignant lymphocytes, and that these
events in some way trigger the oligosomal DNA cleavage characteristic
of apoptosis.Theyfurthersuggestthattheactivityof PKC mayinterfere
with the signals responsible for endonuclease activation in these cells.
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Top I inhibitors, exemplffied by camptothecin and analogues, induce
single strand breaks, whereas Top II inhibitors, such as the anthracy
dines, anthrapyrazoles, podophyllotixins, etc., produce double strand
breaks. The formation of the cleavable complex represents only a first
step in this process, and is not necessarily lethal in itself; subsequent
lethal events may vary between cell types and, in general, remain
poorly characterized. In most cases, cell killing by Top inhibitors
requires the availability of intracellular Ca2@ and ongoing protein and
RNA systhesis, although requirements may vary. In the case of Top I
inhibitors such as camptothecin, active replication is required for cell
lethality, and cells are arrested at the G2-S interphase; in contrast, Top
II inhibitors arrest cells in G2, and lethal events may involve DNA
recombination. Each of these processes may eventuate in cell necrosis
or apoptosis; alternatively, both modes of cell death may occur rapidly
in the absence of cell cycle arrest, most notably in the case of myeloid
leukemias. Studies conducted in HL6O revealed that the DNA syn
thesis inhibitor, aphidicolon, primarily blocked Top I-induced apop
tosis, wheras Zn2@, spermine, and, under some conditions, the PARS
inhibitor, 3-ABA, inhibited apoptosis induced by both Top I and II
inhibitors. Interestingly, inhibitors of PKC, and particularly stauro
sporine, were highly effective in inducing apoptosis in these cells.
Induction of HL6O cell monocytic maturation by TPA inhibited Top
Il-induced apoptosis, but did not increase the clonogenic potential of
cells. Lastly, it was reported that cytoplasmic factors appeared to
regulate apoptosis, since cytoplasmic extracts from cells exposed to
Top and PKC inhibitors were found to trigger DNA fragmentation in
unperturbed HL6O cell nuclei.

Dr. Nancy Oleinick (Case Western Reserve University) discussed
regulation of PDT-induced apoptosis by second messenger signaling
events in murine lymphoma cells (L5178Y). PDT involves excitation
of a membrane-localized photosensitizing dye, leading to generation
of singlet oxygen, oxidative membrane damage, and cell death. When
L5178Y cells are exposed to phthalocyanine in the presence of red
light, they rapidly display the typical morphological features and
internucleosomal DNA fragmentation characteristic of apoptosis.
Temporal associations were noted between these phenomena and
early (i.e., within 20â€”60s) signaling events, including increases in
protein kinase activity, intracellular Ca2@ levels, activation of phos
pholipase A2, and increases in intracellular 1P3 concentrations, pre
sumably through the action of phospholipase C. Inhibitors of both
phospholipases were found to block PDT-induced apoptosis. In
creased expression of bci-2 protected some cell types from PDT
mediated apoptosis (e.g., Chinese hamster ovary), but not others (e.g.,
WeHi). On the basis of these findings, a model was proposed whereby
PDT induces membrane oxidative stress which results in protein
kinase and phospholipase activation, Ca2@ mobilization, and ulti
mately, triggering of the degenerative pathways that lead to cell death.
Furthermore, it was postulated that the nature of these events may
depend on the level of PDT to which the cell is exposed, since low to
medium intensity treatment may result in activation of the previously
described signaling pathways and classic apoptosis, whereas high
intensity treatment may produce cell death in the absence of the
characteristic internucleosomal DNA fragmentation.

Dr. Carlos Carrera (Scripps Clinic and Research Foundation,
La Jolla, CA) reported on 2-CdA and its capacity to induce apoptosis
in nondividing eoplastic lymphoid cells. Chlorodeoxyadenosine is
phosphorylated intracellularly to its triphosphate derivative 2'-CdATP,
which accumulates in cells exhibiting high rations of kinase to
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