an excellent phenocopy of both of the indi-
vidual knockout strains, showing pro-
nounced lipopolysaccharide resistance, TNF
resistance, defective scab formation, and
Listeria sensitivity. Once more, however, no
developmental functions were revealed by
any of these experiments.

Therefore, the results of De Togni and
co-workers showing a developmental defect
in the LT-a knockout mouse are at first sur-
prising. Deletion of the LT-ot gene results in
a distinctive phenotype, characterized by the
absence of lymph nodes and by disordered
splenic architecture. Because the two “clas-
sical” (55 and 75 kD) TNF receptors can-
not be implicated as essential participants
in the ontogeny of lymph nodes and spleen,
either. by gene knockout or by inhibitor
gene transduction studies, suspicion immedi-
ately centers on the heteromeric ligand
(LT-0-LT-P) and its receptor, TNFR1p.

TNFR1p was, before the new findings of
Crowe and co-workers, known only as a
complementary DNA clone (24). Recog-
nized as a member of the TNF receptor
family on the basis of homology, it was a re-
ceptor in search of a ligand. Now known to
be an essential part of the ligand for
TNFR1p, LT-B was originally identified as a
“tether” for LT-o subunits. This finding ex-
plained why a proportion of LT-o is in a
cell-bound state—an observation that orig-
inally could not easily be reconciled with
the fact that the protein, as initially trans-
lated, lacks the transmémbrane domain
that characterizes all other members of the
ligand family (25).

It now seems likely that TNFRrp serves
an essential organogenetic function. But
what is the nature of this function? Be-

. cause mice lacking the LT-0~LT-B hetero-
mer have normal numbers of peripheral
blood monocytes, T cells, and B cells, mu-
tation of TNFRrp does not forbid the dif-
ferentiation of these cells or their survival.
Rither, it prohibits their organization to
form lymph nodes.

Lymph nodes are structures of mesoder-
mal origin. Lymphocytes are recirculated
through the lymph nodes by way of endo-
lymphatic recirculation, a process that de-
pends on homing receptors located on the
high venular endothelium of vessels supply-
ing lymph nodes and Peyer’s patches (26).
It is tempting to consider that the LT-0—
LT-P heteromer and its receptor may some-
how be involved in homing, but much
more work remains to establish this. Fur-
ther, next to nothing is known of the forces
that initiate the aggregation of lympho-
cytes, macrophages, and other cells that
form lymph nodes.

The studies of De Togni and co-workers
at once underscore the limitations and the
power of gene knockout procedures as an
analytical technique, particularly when ap-
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plied in the study of multigene families.
Deletion of a single gene may affect the
function of more than one protein. As
such, the deletion of the LT-o gene has led
to the ablation of both the LT-o. homo-
trimer and the LT-o-LT-B heteromer. In
contrast, single gene deletion may be insuf-
ficient to reveal the function of a protein,
given the existence of functionally redun-
dant molecules. Thus, LT-a gene knockout
cannot be expected to fully ablate signal
transduction through the 55- and 75-kD re-
ceptors, which can be triggered by the TNF
homotrimer as well as the LT-o0 homo-
trimer. One prediction offered by the re-
sults of Crowe and De Togni is that dele-
tion of the LT-B gene or the TNFRrp
gene, or the use of inhibitor molecules ca-
pable of engaging the LT-0-LT-B hetero-
mer would also prevent the formation of
lymph nodes.

Is the developmental function of the
LT-0—~LT-B heteromer and its receptor me-
diated by the triggering of a signal transduc-
tion pathway in the receptor-containing
cell, upon a simple mechanical interaction,
or upon a combination of the two! Mu-
tational analysis of the TNFRrp cytoplas-
mic domain might well provide an answer.
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Cell Death Genes: Drosophila
Enters the Field

Martin C. Raff

Large numbers of apparently healthy cells
die during the lifetime of an animal (1).
These normal cell deaths have a distinctive
morphology, called apoptosis: The cell and
its nucleus condense and often fragment,
and the cell or fragments are rapidly pha-
gocytosed either by neighboring cells or
macrophages (2). The deaths are thought
to be suicides in which the cell activates an
intrinsic death program and kills itself; for
this reason, the process is often called pro-
grammed cell death (PCD) (3). PCD is reg-
ulated by cell-cell interactions so that the
organism can eliminate unwanted cells (4).
Remarkably, although the death program is
a fundamental property of animal cells, it is
still not known how the cells die. A signifi-
cant step toward solving this puzzle is re-

The author is in the Medical Research Council Labora-
tory for Molecular Cell Biology, University College of
London, London WC1E 6BT, UK.

SCIENCE e VOL. 264 * 29 APRIL 1994

ported in this week’s issue of Science, in
which Steller and his colleagues describe the
first gene in the fruit fly Drosophila that
seems to be specifically involved in PCD (5).

The strongest evidence for an intrinsic
death program in animal cells originally
came from genetic studies in the nematode
Caenorhabditis elegans. Two genes, ced-3 and
ced-4, were shown to be required for the
131 normal cell deaths that occur during
the rapid development of the mature her-
maphrodite worm, which contains only
about 1000 somatic cells (3). Both genes
must act in the dying cells or their close an-
cestors, and if either gene is inactivated by
mutation, none of the 131 cell deaths oc-
curs. ced-4 encodes a novel protein (6),
whereas ced-3 encodes a protein that is ho-
mologous to the mammalian cysteine pro-
tease interleukin-1f (IL-1B) converting en-
zyme (ICE) (7), which in macrophages
cleaves the IL-1PB peptide from a larger pre-



cursor (8). Interestingly, if ICE is overex-
pressed in rat fibroblasts, it induces them to
undergo PCD (9), suggesting that a prote-
ase similar to CED-3 and ICE may be in-
volved in PCD in vertebrate cells. This
suggestion is supported by the recent report
that a specific ICE inhibitor can suppress
PCD in chick sensory neurons deprived of
nerve growth factor (10). It is not clear,
however, how either CED-3 (or ICE) or
CED-4 contributes to PCD; it is uncertain,
for example, whether they are activators or
effectors of the death program.

A third C. elegans gene, ced-9, encodes a
protein that inhibits the death program,; if
it is inactivated by mutation, most of the
cells that would normally live now die and
the animal dies early in development, but
only if both ced-3 and ced-4 are functionally
intact (11). It seems that the only reason
that some cells normally survive in the de-
veloping worm is that CED-9 keeps the
ced-3/ced-4—dependent death program sup-
pressed in these cells. CED-9 is both struc-
turally (12) and functionally (12, 13) homo-
logous to the mammalian protein encoded
by the proto-oncogene bcl-2, which inhibits
PCD in many, but not all, mammalian cells
(14) and, if given the opportunity, can
even inhibit PCD in C. elegans (12, 13).
These important findings suggest that both
the cell death program and some of the
proteins that regulate it have been con-
served in evolution from worms to humans.

Until now, such classical genetic ap-
proaches to studying the molecular mecha-
nism or mechanisms of PCD have been
confined to C. elegans. Inexplicably, al-
though PCD is known to be an important
feature of normal Drosophila development
(15, 16) and to be increased in many
Drosophila mutants (16, 17), no one had
used the power of Drosophila genetics to
search for genes specifically involved in
PCD. Now, as reported on page 677 of this
issue of Science, Steller and his colleagues
have succeeded in doing so, with dramatic
results (5). They initially examined the
pattern of cell death in 129 strains of
Drosophila embryos homozygous for chro-
mosomal deletions and found three over-
lapping deletions on the third chromosome
that abolish all normal cell deaths (see fig-
ure), even though the normal deaths in-
volve multiple cell types and show consid-
erable morphological diversity. They subse-
quently found another mutation in the
same chromosomal region, but without a
cytologically obvious deletion, that had the
same phenotype. This mutant, called H99,
dies late in embryogenesis, before hatching,
with many extra cells in its nervous system
(and presumably elsewhere). Mosaic analy-
sis in the developing eye suggests that the
mutation does not impair cell survival, pro-
liferation, or differentiation, suggesting that

Evading the grim reaper. Normal cell death
does not occur in the H99 mutant of Drosophila.
Normal (A) and mutant (B) embryos were
stained with acridine orange, which specifically
labels dying cells.

the lethal effect on the embryo is probably
due to the lack of PCD and the consequent
interference with development.

Steller and his colleagues then cloned
the DNA in the region deleted in the H99
mutant and identified a gene, which they
call reaper (rpr), that is at least partially re-
sponsible for the PCD-deficient phenotype;
reaper complementary DNA, which en-
codes a novel small protein of 65 amino ac-
ids, partially restores PCD in transgenic
H99 embryos. In normal embryogenesis,
reaper mRNA appears to be specifically ex-
pressed in all of the cells destined to die,
starting at about an hour or two before they
display the morphological features of PCD.

The H99 mutants are not only deficient
in normal cell death. The extra apoptotic
cell deaths that are seen in normal em-
bryos after irradiation with low doses (~500
rads) of x-rays or that occur in various de-
velopmental mutations in Drosophila do
not occur in H99 embryos, indicating that
multiple PCD-activating pathways nor-
mally converge on a reaper-dependent
mechanism to induce cell death. Is the
Reaper protein, then, part of the effector
machinery of the cell death program? A
crucial experiment suggests that it is not; if
H99 embryos are blasted with very high
doses (4000 rads) of x-rays, small numbers
of cells die that have the typical features. of
apoptosis, suggesting that the effector
machinery of the death program is intact in
the mutants but that its activation is im-
paired.

The genetic studies of PCD in C. elegans
have had an enormous impact on the cell
death field. The new studies in Drosophila
have now substantially extended the find-
ings in the worm. Whereas PCD-deficient
mutant worms can live a normal life-span
of several weeks (3), PCD-deficient mutant
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flies die before the embryos hatch, suggest-
ing that normal cell death may be required
for the construction of a viable animal as
complex as a fly (although it is still theo-
retically possible that the H99 deletion in-
activates a crucial function in addition to
PCD and thereby kills the embryo). More-
over, it has so far not been possible to visu-
alize the expression of ced-3 or ced4 in in-
dividual cells in developing worms in the
way that the expression of reaper has been
visualized in individual cells in fly embryos;
and whereas reaper has been placed up-
stream of the effector machinery of the
death program, it is still unclear whether
ced-3 and ced4 operate upstream, although
this seems likely. It will be important to de-
termine whether homologs of the C.
elegans cell death genes exist in Drosophila
and vice versa, and if they do, how they are
ordered in the death pathway. The search
for vertebrate homologs of reaper is no
doubt already under way.

Despite the breathtaking pace of PCD
research in the past year or two, the effec-
tor mechanism or mechanisms that kill the
cell have remained elusive; it is not known
what proteins lie downstream of Reaper,
CED-3, and ICE. Nor is it clear where or
how CED-9, BCL-2, and related proteins act
to regulate the death pathway. Now that
Drosophila has entered the field (along with
a rapidly increasing proportion of the bio-
medical research community), progress in
understanding how the death program is ex-
ecuted and regulated is bound to accelerate.
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