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Programmed cell death and the control of cell survival
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MRC Developmental Neurobiology Programme, MRC Laboratory for Molecular Cell Biology and Biology Department,

University College London, London WCIE 6BT, U.K.

SUMMARY

We draw the following tentative conclusions from our studies on programmed cell death (pcp): (i) the
amount of normal cell death in mammalian development is still underestimated; (i1) most mammalian
cells constitutively express the proteins required to undergo pcp; (iii) the death programme operates by
default when a mammalian cell is deprived of signals from other cells; (iv) many normal cell deaths may
occur because cells fail to obtain the extracellular signals they need to suppress the death programme;
and (v) neither the nucleus nor mitochondrial respiration is required for pcp (or Bcl-2 protection from
PCD), raising the possibility that the death programme, like mitosis, is orchestrated by a cytosolic

regulator that acts on multiple organelles in parallel.

1. INTRODUCTION

PCD is a fundamental property of animal cells,
allowing unwanted cells to be eliminated quickly
and neatly (Wyllie et al. 1980; Ellis et al. 1991).
Although the death programme is cell-intrinsic
(Wyllie et al. 1980; Ellis et al. 1991), it is regulated
by extracellular signals that can either activate it
or suppress it (reviewed in Raff 1992). We have
concentrated on signals that suppress pcD and have
explored the possibility that most mammalian cells
require continuous signalling from other cells to avoid
rcp (Raff 1992). Dependence on survival signals
would ensure that a cell only survives when and where
it is needed, just as dependence on growth factors for
proliferation ensures that a cell only divides when a
new cell is needed. The importance of such social
controls in multicellular organisms is illustrated by the
devastating effects of cancer, where the controls are
defective.

In this brief review, we first discuss experiments that
illustrate the general importance of PCD-suppressing
signals and then consider experiments that explore the
nature of the death programme itself.

2. PCD IN THE OLIGODENDROCYTE
LINEAGE

Oligodendrocytes make myelin in the central ner-
vous system (CNs). Like neurons, they are postmito-
tic cells that develop from dividing precursors.
When either oligodendrocytes or their precursor cells
are isolated from the developing rat optic nerve and
cultured in the absence of other cell types or

* Present address: Department of Neurobiology, Stanford Univer-
sity School of Medicine, Stanford, California 94305-5401, U.S.A.

exogenous signalling molecules, no matter how high
the cell density, they undergo pcp within a day or so
(Barres et al. 1992). They can be saved by factors
released in culture by their normal neighbours
(mainly astrocytes) isolated from the optic nerve
(Barres et al. 1992). They can also be saved by a
combination of known growth factors and cytokines.
Among the factors that promote the survival of
oligodendrocyte lineage cells in culture are platelet-
derived growth factor (PDGF), insulin-like growth
factor-1 (IGF-1), neurotrophin-3 (NT-3) and ciliary
neurotrophic factor (CNTF), all of which are made
by astrocytes in culture and are present in the
developing optic nerve; whereas a single factor can
promote short-term survival in culture, a combina-
tion of at least three of these factors is required for
long-term survival (Barres et al. 19936). Thus neither
oligodendrocytes nor their precursors can survive
alone in culture: they need signals from other types
of cells, and their normal neighbours can provide
them; without such signals, the cells kill themselves.
Many oligodendrocytes undergo PCD during normal
cnNs development. In the developing rat optic nerve,
for example, at least half of the oligodendrocytes
produced seem to die in this way (Barres et al. 1992).
The signalling molecules that can promote the
survival of oligodendrocytes in vitro can also do so in
vivo: if the levels of PDGF, IGF-1, NT-3 or CNTF are
experimentally increased for several days in the
developing nerve, the number of dead oligodend-
rocytes seen in the nerve is greatly reduced and
the number of oligodendrocytes is correspondingly
increased (Barres et al. 1992, 1993a,b, 1994). These
findings suggest that each of these signalling molecules
is normally present in limiting amounts in the
developing optic nerve and that many oligodendro-
cytes die because they fail to receive the signals they
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need to keep
suppressed.

What might be the function of the large-scale
oligodendrocyte death in the developing optic nerve
(and presumably elsewhere in the cNS)? An attractive
possibility is that it helps adjust the number of
oligodendrocytes to the number (and length) of
axons that require myelination (Barres ¢t al. 1993a),
just as normal neuronal death is thought to help
adjust the number of developing vertebrate neurons
to the number of target cells they innervate (Cowan
et al. 1984; Barde 1989; Oppenheim 1991). If so, then
axons should play an important part in controlling
oligodendrocyte survival, and this seems to be the
case: if the postnatal optic nerve is cut just behind the
eye so that all of the axons in the nerve rapidly
degenerate, most of the oligodendrocytes in the nerve
selectively die, suggesting that oligodendrocytes
normally depend on axons for survival (Barres et al.
1993a). Although it is unclear whether axons promote
oligodendrocyte survival directly or indirectly (by
stimulating astrocytes to produce or release survival
factors, for example), purified sensory neurons
promote the survival of purified oligodendrocytes i
vitro, suggesting that neurons can act directly, at least
in culture (Barres et al. 1993a).

their intrinsic death programme

3. PCD IN THE DEVELOPING KIDNEY

Because cells that undergo pcD in tissues are
phagocytosed and degraded quickly and do not
induce inflammation, even large-scale normal cell
death can be histologically inconspicuous and there-
fore go unrecognized (Wyllie et al. 1980). This was the
case for oligodendrocyte death in the developing optic
nerve (Barres et al. 1992), and it was also the case in
the developing kidney. Until recently, cell death was
not thought to be a feature of mammalian kidney
development, but we found that the proportion of
dead cells in frozen sections of developing rat kidney is
more than fivefold higher than in the developing optic
nerve (Coles et al. 1993). We estimate that the amount
of normal cell death in the developing kidney may be
comparable to that in the developing nervous system,
supporting the view that the extent of normal cell
death in mammalian development is still greatly
underestimated.

If newborn rats are treated systemically with
epidermal growth factor (EGF) (Coles et al. 1993) or
IGF-1 (H. S. R. Coles, unpublished data), the
number of dead cells in sections of developing
kidney rapidly falls, suggesting that the normal cell
death in the kidney, as in the developing nervous
system, may reflect the failure of many cells to receive
the signals they need to survive. It is possible that
many normal cell deaths that occur in other tissues
during animal development may also reflect inade-
quate PCD-suppressing signals.

During kidney development, metanephric mesenchy-
mal cells are induced by invading ureteric bud cells to
differentiate into epithelial cells that then form nephrons
(Saxen 1987; Ekblom et al. 1987; Bard 1992); if, in
explant cultures, the mesenchymal cells are deprived of
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such inducing signals, they undergo pcp, although many
can be rescued if EGF is added to the culture medium
(Weller et al. 1991; Koseki et al. 1992). It is therefore
possible that many of the cells that die during normal
kidney development are mesenchymal cells that either
fail to be induced and for this reason fail to respond to
new survival signals that are produced and required as
development proceeds, or are induced but fail to be
included in developing nephrons.

4. PCD IN LENS EPITHELIAL CELLS AND
CHONDROCYTES

Although it is clear that some mammalian cells
require signals from other cells to avoid pcp, it is not
clear that all mammalian cells do. Blastomeres
apparently do not: they can survive and cleave in
the absence of signals from other cells (Biggers et al.
1971). It is possible, however, that once blastomeres
differentiate to give rise to two distinct cell types —
inner cell mass cells and trophectoderm cells — these
cells and all of the nucleated cell types they give rise to
become dependent on survival signals from other cells.
Itis not practical to test this possibility by studying each
of the hundreds of mammalian cell types individually. If
there are cells that can survive without signals from
other cells, however, one might expect lens epithelial
cells and cartilage cells (chondrocytes) to be among
them, as both lens and cartilage contain only a single
cell type and are not vascularized, innervated or
drained by lymphatic vessels (Fawcett 1986).

Unlike oligodendrocytes or their precursors, when
either lens epithelial cells (Ishizaki et al. 1993) or
chondrocytes (Ishizaki et al. 1994) are cultured at
high density in the absence of other cell types or
exogenous signalling molecules, they can survive for
many weeks, indicating that they do not require
signals from other cell types to survive in culture.
When cultured at low cell density, however, they
undergo pcD. Culture medium from high density
cultures promotes the survival of cells in low-density
cultures. Thus, lens and cartilage cells seem to
require signals from other cells of the same kind to
avoid PcD. Such autocrine signalling among cells that
reside in tissues composed of a single cell type should
perhaps not be surprising.

If lens and cartilage cells need signals from other
cells to avoid pcp, it seems likely that most other
mammalian cells do also, at least during development
and possibly in the adult as well. Chondrocytes
isolated from adult rats, for example, require signals
from other chondrocytes to survive in culture, just as

those isolated from newborn rats do (Ishizaki e al.
1994).

5. THE CELL DEATH PROGRAMME

Despite its fundamental importance and apparent
evolutionary conservation from nematodes to humans
(Vaux et al. 1992; Hengartner & Horvitz, this
volume), the mechanism of pcp remains unknown.
Genetic studies in C. elegans have identified two genes,
ced-3 and ced-4, that are required for the 131 normal
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cell deaths that occur during the development of the
hermaphrodite (Ellis et al. 1991; Hengartner &
Horvitz, this volume). The genes have been cloned
and sequenced, and ced-3 has been shown to encode
a protease that is structurally homologous to the
interleukin-1B-converting enzyme (ICE) (Yuan &
Horvitz 1992; Yuan et al. 1993), which can induce pcD
when overexpressed in fibroblasts (Miura et al. 1993).
It is still uncertain, however, how any of these proteins
induce cell death; it is unclear, for example, whether
they are effectors or activators of the death pro-
gramme. A third gene, ced-9, which acts as a brake on
the death programme in C. elegans (Hengartner et al.
1992), is structurally (Hengartner & Horvitz, this
volume) and functionally (Vaux et al. 1992; Hengartner
& Horvitz, this volume) homologous to the mammalian
gene bel-2, which suppresses PCD in many, but not all,
mammalian cell types (Vaux etal. 1988; Korsmeyer et al.
1994). Bcl-2 is now known to be a member of a family of
related proteins that regulate PcD in mammalian cells
(Boise et al. 1993; Oltvai et al. 1993).

To test whether most mammalian cells are capable
of undergoing pcD, we have used the broad-spectrum
protein-kinase inhibitor staurosporine. We reasoned
that, if most cells need signals from other cells to avoid
PCD, inhibition of many of the protein kinases involved
in the intracellular signalling pathways activated by
survival signals should induce most cells to undergo
pcp. We have found that high concentrations
(= 1uM) of staurosporine induce pcp in all of the
many mammalian cell types that we have tested; the
only exception so far is mouse blastomeres (Jacobson
et al. 1993; Ishizaki et al. 1993; Jacobson et al. 1994;
H. S. R. Coles, K. Raff, M. C. Raff, T. J. Davies &
R. L. Gardner, in preparation). Moreover, in all cases
tested, protein synthesis inhibitors fail to block, and
usually enhance, staurosporine-induced pcD, suggest-
ing that most cells are not only capable of undergoing
PCD but constitutively express all of the protein
components required to effect the programme. In
those cases where RNA or protein synthesis has been
shown to be required for the induction of pcD,
macromolecular synthesis seems to be required to
activate or de-repress the programme, rather than
effect it, as the same cells can usually be induced in
other ways to undergo PcD in the absence of
macromolecular synthesis (see Martin 1993).

Nuclear changes are a prominent feature of pcp,
and it has often been suggested that they are the cause
of death: degradation of nuclear DNA by endo-
nucleases, for example, may kill the cell. We have
found, however, in the two very different cell lines we
have tested, that we can remove the nucleus from a
cell and the cell will still undergo the characteristic
cytoplasmic changes of apoptosis when either treated
with staurosporine or deprived of survival signals; the
sequence and timing of the changes are indistinguish-
able in the cytoplast and its nucleated parent cell
(Jacobson et al. 1994). Moreover, if cytoplasts are
prepared from cells that overexpress the Bcl-2 protein,
they are protected from pcp (Jacobson et al. 1994).
These findings suggest that the nucleus is not required
for either pcp or Bcl-2 protection.
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The Bcl-2 protein was initially thought to be
associated with the inner mitochondrial membrane
(Hockenbery et al. 1990), raising the possibility that
the mitochondrion may be the locus of Bcl-2 action
and the primary target in pcD. To explore this
possibility we studied human fibroblast cell lines
that, as a result of prolonged treatment with
ethidium bromide, do not have mitochondrial DNA
(King & Attardi 1989). These cells have nonfunc-
tional electron transport chains and therefore cannot
carry out mitochondrial respiration. Nonetheless, they
are just as sensitive as their normal parent cells to
staurosporine-induced PcD, or to survival-factor-
deprivation-induced PcD, or to the protective effects
of Bcl-2, suggesting that mitochondrial respiration is
not required for either pcb or Bcl-2 protection
(Jacobson et al. 1993).

These findings have lead us to suggest that pcp is
orchestrated by a cytosolic regulator that acts on
multiple organelles in parallel (Jacobson et al. 1994),
much as the cytosolic regulator M-phase-promoting
factor (MPF) orchestrates the mitotic phase of the cell
cycle (Nurse 1990). In fact, pcD shares a number of
features with mitosis: although the final outcome is very
different, in both cases the cells round up, the plasma
membrane blebs, the nuclear lamina disassembles, and
the chromatin condenses. It has therefore been
suggested that pcD may be an abnormal or mistimed
mitosis (Ucker 1991; Rubin et al. 1993). It seems to us,
however, that pcD is too fundamental and important to
be an aberrant mitosis. We prefer the view that it is a
highly specialized process that may possibly have
evolved from the process of mitosis and may share
some components with it.
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