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Cancerous growth often resulls from an imereased
rate of cell praliferation couscd by the almarmal activa-
iy of a sipnal transduction pathway et normmdly
stimulates cell division only in resmse o geowll
factor sipnals; many of the profo-oncogenss tat hayo
been characlerized funclion in or respond o such
intercellulur  signaling  pathways  {for revicw, see
Cooper 1990, Recent lindings undicsate that cancensus
prowth also con result from o deereased rate of cell loss,
The minst siriking example & providesd by haman B-ocll
follicular Iymphomeas, These cineers ane ollen aseod-
ared with ol [4;18) chromusomal wramslecations Ut
cause 1he proto-nnengenc tari=2 [Bef, B cell Pymmplwma),
pormeally Jocated on chromoseme 1R, lo be adjacent o
and repulated by an enhancer of the immunoglobulio
lrcavy-chnin loces, normally Iocited on chromasome 14
[ Baklshi et al, 1945; Cleary and Sklar 1935 Tsujumoio
eral, 1985), The resulling overespression of a nosmal
Bol-2 protein in the Becell lineage leads w the can-
cefous prowth of B ocells [Molkmnell and Rorsmeyer
LM 3, Studdies ol Bei-2 have mchicated thal Usis gene acts
to protect cells froan onderpoasg programied  cell
death andd that the oncogenic activiy of Bel-2 s a
conseguense of its allewing 18 cells that would normally
dig instead 1o survive and subsequently pralilerate (for
review, soe Bomsmeyer [992)

CHher findings have also asocimted cancerous growih
with the process of programmed cell deatle For exan-
ple. overespression of e lwmoe suppressor gene pid
can trigger programmied cell death {Yonish-Bowach ¢l
al. 1"fF1Y, and, on the hasis of studices of ||'.l.T.‘=-|.||:|i-:‘.'i|:rl.|
ouice, pi¥ is required for ol beast radwatiai-indaeed
programmed cell deasth {Lowe el 1993 Clarke et al.
19937, These fincdings supgest that a loss of p33 unction
cauld contribute fo cancerous growth By casing oclls
thal normally die instead v bve, Tle proto-oncogene
c-prye s cam Arigper programmied cell death {Evan el
al. 192 Shi et al, 1892, This observation has led o the
bvpollesis that smye functions by preventing ccllular
differentintion and cin cuse either proliferation of
denih. depending on whether apgropraate survival fac-
fofs are of are nod present (G. Evan, pers, conm.).
These relationships between cancer genes and pro-
grammed cell death supgest Uiat an understanding of
the mechanisms responsible for programmed cell death
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could be of centrul imporiance 1o an understanding of
liman cancer.

To wennfy and characterize the penes and proleins
involved in pregrammed cell death, we have been
analyzing this precess in the nematods Cacrorfabdiis
elepmis, During C. efegans development, the generation
of the total of 9559 non-permeling nuclel present in L
adult kermaphrodite is accompanied by the generalion
and subscyuent death of 131 acditicnzl cells {Sulsioan
and Horvite 1977; Sulston cf al, 1983). These cell deatls
display certain morpholopical features characiensis of
the apopiedic programmed cell deaths seen i mam-
mals, including ccll shrinkuge, nuclear condensation,
amd the phapocvtosis of cell corpees while collular
orpaitelles reimain intact (Wyllie et al. 1960 Robertson
and Thomson 1952). Furthermore., as we discuss beliow,
at least some of the genes that function in £ elegury
programimed ozl deaths have counterparts thal Tune-
tion i mammalian cell denths, These Gndines suppes)
that the pathway of programmed cell death bas been
canserved from nematode o human and that sisdics of
ihis pathway in £ efegans may well Bucilitale an isber-
stunding of the mechanisms That can lead 1o cancerous
arowth in humnms,

GENETIC PATHWAY FOR PROGHANMNELY
CELL INEATH

Mutations thai affect programmed cell deaths m C
elegans huve defined a four-slep genelic petlway (g,
17, Three gcnies cos-F foer, cell cleath J:|m|.'i!il.z|li:s-ulb.
cets-2, and el [egl, egpe-fving abnarmal j—define the
lirst ef these steps (Trent et ol FES, Lllis and Horvte
1986; Ellis and Horvite 1990w Tleese genes cian mutalc
to perturk the Tife-versuscenh decison of ooly & few
eells, either c.au'\:ing; specific cclls that 1|.-:‘:l||:'|l.'P|I|:|.' dic
instead Lo live or causing specific cells that nocmally live
instead to undenzo programmed cell death, Tlese tuee
pencs appear to repulnte in o cell-specilic Gshion the
process af programmed cell death, which involves 10
known penes amd is responsibde lor killing cclls, for
remaving cell corpses, and Tor clepracling, the cellular
debris of these corpses,

Three genes—ord-A [ced, coll death abnormal ), ced-
$, amd ced-P—can mubite W ocamse e suevivial ol all
131 eclls shat normally uncergn progranuned ecll death
(ENis andd Moralte 1980 Tengariner el al. 152, The
surviving or “undead”™ cells generated when cell death
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Figure 1. Tho genctic palhway Tor programmed ool death im 7 wlegures. Sec loxt Tor detals. [Adnpred fromm Ellis el oal [59%00)

is blocked generally differemiinte into recopnizable cell
types That can be, in ar least some cases, capaile of
functicning { Ells and Horvike 1985 Avery and Elomine
1987, White @ al. 19913, These three penes deline a
killing or exceution tep of programmid cell death.
Six penes—ced-1, ced-2, ced-5, cod-®, cod-7, and ced-
I0—can mutate o disrupt the process of phagocytosis
that normally acts o remove cell corpses from U body
of the developing animal {Hedgooock ¢t al. 19463: Ellis
el al, 1990 0a). These genes defime an enpulfment stegs of
progrommed cell deah. Ooe pene—mec-I (e, -
clense ahnormal l—can mutate o prevent The degea-
dation of DNA i the ool corpses formed by proe
prammisd cell death {Sulsion 1976 Hedpecock et al.
1983}, muc-? defines o terminal step in programmed cell
death in which ihe cellular debrs of cell corpses &
degraded. We discuss each step in the pathway of
programmed cell death in more detail below.

SPECIFIC GEMES REGULATE TIHE
LIFE-¥ERSUS-DEATH DECISIONS
OF SPECIFIC CELLS

The genes cesed amd ces-2 control the decisions of he
sister colls of the two seretenergic NSM newrons of Uk
pharynz to undergo programmed ozll death (Ellis and
Florvite 1991 ) Whereas these cells normally dae, aiuta-
Lioms that resull in iocreased or allered ces-J function or
reduced ees-2 function couse the MSM sewer cells o
ervve e differentiate into serotomereic cells with the
morphology of the N5M newrons, Genetic analyses
hive sugpested that ces-§ con act 1o prevent NEM sister
cell deaihs, ihat ces-2 acks as o negative regulator of
cex-I, and that both ces-F oami cew-2 act genctically
wpstregm of the cell survival gene ced-8 and the cell
killer penes cead-T and ced-+ (see below). Mutations in
ces-f thal prevent the denths of the MSM siter cells
also prevent U programmed denaths of the sisters of
the twas plaryngeal 12 newrens, Maost, aod possibly all,
other cell deaths appenr 1o oceur normaslly in ces-J and
e mubanls, suggesting that these penes eonrol the
lile-versus-death decision of only ene or 1wo cell Types.
However, the phenotypes thit result from a complete
lewes ool cex-f of eee-2 function are unksown, so i is

passible thal one or bolh ol these genes ot maare
broadly.

sfutntions in the pese epl-f cause the deaths n
hermaphradites of the serotonergic HSMN motor new-
rons, which innervate the vulval muscles and stimuline
cgo laying { Trent et al. 1983: Ellis and Horvite 1986),
For this renson, epl§ mutanis are defeclive i oege
laying. Six egh-J alleles have been isolated. ancd all 5%
have & deminant effect, causing the deaths of the SN
newrons in egl-17 + beteroaypeles s well as inoeglh LS
el homaorygoles, Since in epl-§7 + beteroey pedes the
H5W newrons die, buat o af 204800+ hoteroeypoles,
which carry o deficency that Jdeletes the egl-d pene,
these cells survive, the existng epl-1 alleles probahbly do
not simply reduce or eluninate ggi-f function (M. Hen.
gartner and H.E. Horvite, unpubl). How these epl-!
mutations affect egld sctivity amd 1he life-versus-death
decision of the HSN neurons remains 1o be deternined,

The functions and ecllular spegificities of action of
cop-0, cow-2, and egl-! are not yet known. Noncetheless,
the studies of these genes W dale supgest that specific
penes regulite the lile-versus-death decisions of specific
cells and that many more genes of this cliss moy exist,
with eich such pene controlling the life-versas-death
degisions of only a smiall number of cells.

THE ced-9 GENE PROTECTS CELLS
AGAINST PROGEAMMED CELL DEATH

The gene ced-% was initinlly defined by a gain-of-
funclion muelation, pf %50 that couses all 131 cells ihat
normally undergo programmed cell death ostcad to
live { Hengartser et al. 1992 ). Mutations that seducs of
eliminate ced-9 function have the opposite effect, cs-
ing cells that mormally live instead to undergo pro-
prammed cell desth, For cxample, animals boosscygous
For o ced-8 koss-ol-function (f, foss of function) allele
peneried as the progeny of ced-91f 10+ helernzygnus
mathers hateh and grow o nermal size bot lack @
varicty of cells normally present in wilil-lype animalbs:
these cells arc absent because in cend-9000 Weed-900f b
howmoeygows aniotals ey for their progenitor oolls)
undergn programmed ccll death {Fig. 2a) These ced-
Sf beed- S0 1 homeaygous  animals  generile  ced-
SAf e S emabirvos that arrest development during
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embryopenesis;  this  developmental  arrest ocours
because large numbers of cells undergo programmicd
gell death, Thaes, in animeals hnmm‘_g.lgml: four oot - 1 loss-
of-funclicn alleles, cells that rormally survive inste;d
underpe proprommeed cell death, and the exlent 1o
which these denths ooccur depends on whether the
animal is derived from a mother that was helerorygos
or homegygous [or the ced- 2101 mutation, This matesr-
nal cficet presumably reflects o contribution by a ced-
il ) + mother of wild-type ced-% activity {in the form
ol BMA or predein) (o a gengdypically ced-900F ) ooeyie,
allowing o oo -9 Load-MIF) embryo o survive o
adulthond; in controst, o ced-2TF Joed- 0] embryo
derived from a ced-90F Woed-970F ) mother would not
contain wild-lype ced-9 activity and would e

The observalion that a reduction in ced-9 Tunclion
canses eells that should live to onderpo prograommaed
cell denth inddicates that oed-@ nois 1o prolect cells from
progrommed cell death, Converssly, overespression of
a wild-type oed-9? transpene wnder the control of o C
elegans heat-shock promoder can prevent programmed
cell denths (Hengaringr and Horvite 19%da), Topether
these findings demanstrate thol ced-2 wels as w hinary
switch pene o regulate proprammed cell death in O
elegans, causing cells in the developing animal 1o live
when active and o dig when inaclive {Fig. Xb), Re-
marknbly, it scems thol many, and possibly all, of the
cells that survive during, O elegaes development do so
because ced-9 protects them from underpoing pro-
grammied cell death,

ced-¥ ANTAGODNIEES THE ACTIOMNS (FF
ced-F AND cod-4

ceel-%, which proteos cells from programmed cell
cdeath, acts opposately 1o ced-7 and ced-, which cause
cells o undergo programmed cell death [see helow].
ced-% might funeticn by preventing the nction of cither
ar both of the killer genes ced-2 and ced-4. Comversely,
ol 3 and eedaf qught cause progranuned cell death [y
preventing the action of ced 2. Tor distinguish belween
these aliernatives [which are not muiually exclusive),
Hengartver e al, { 1992 consrucied double mutanis in
which hath ced-¥ and ced-3 or ced-9 anel ced-d actieiiics
were reduced or eliminnied. I cod-4 protected cells by
antagonizing ced-3. then ced-% aetivity would noet by
wnportant for ecll sumvaval m an animal lacking ced-3
function, e, i 3 cecd=% ced-3 double mocany, cells e
shamelel clie wounbd Fve, just as they doin The eed-=3 single
mdant, I, however, ced-1 Killed by antaponizing ced-49,
then ced-3 activity would ot affect prograommed ccll
deaths in an animal lecking ced-% Tunction; e, in a
cel-U: el clouble muiant, cells that should lve would
iie, just as Chey do in the cod-8 single mutiml, Thess
douhle mutant shwdics demonsteated thal inoced % cegl
O and cod-d: cod- 8 doohle mutzns, all cells—i.e., bioth
thisz that wswally ddie and those that die when ced-¥
activity is reduced —live, simonply supporting e Dy
pothesis thiat eed-9 acts by antagonizng the wctions of
arde ¥ oand oo

These pene interaction studies incecate thl for cod-4
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activity 1o have an effect, cod-7 and ced-d must be
funciomal, = Uat the effes of o=@ aclivily 15
diecrise the activitics of ced-2 andbor ced-d. "Thus,
red-8F funclions in @ penclic sense as a negslive ee-
ulitor of ced-3 and ced-4. Biochemically, a CEIXY
protein coudd function cither befere or after the forma-
tion of o CEIR3 or CED prodein eq, a UBEDS
protein might segress transeriptionally ced-3 or ced-
expression, night modify and therehy inhibal pusangan-
shatiomally the activity of a CEI-3 or CEDA protein, or
might inhibit the activity of any function that acts in
respemse 1o CEDR-3 and CED-4 wo elfect the killing of
cells by programeeed cell denth, The fimst tao of thess
altermitives afe consistent wilh the model that these
three genes act in a lincar pathway For programmed cell
death, whereas the thind requites o branched pathway
in which ced-% docs nod act directly onoced-3 ancd ced-+
hut Tatler prevents their effect (Fip- 3

ced-% ENCODES A FUNMCTIONAL HOMOLOG
OF THE PROTO-OMNCIHGENE foi-2

The choning of the ced-% gene revealed thin the
inferred 2R0-aminc-acid profein product of ced-% is
similar in sequenee to the protein product ol the naim-
malian proto-onengene bol-2 (Flengartner and Horvit
Tda). As discussed above, bel-2 hicl been shown 1o
dalav or prevent the proprammed cell deaths of a
vardely al cells exposed 1o varisty of stamuli wed, for
this reasom, was postulated o cause Becell lollicular
lvmphoma by allowing, the survival and subseguem
prediferation of B eclls in the smmuone system (fo7
revicw, see Korsmeyer 19923, The fincing st ced-2,
the nosroeal in wiva function of which is o proect cells
from progranmed cell death, and Bef-2 were members
of a pene family strongly supported the hypotbesis that
the normal function of Bl 2 b= 1o prodect cells against
provramimed czll denth

However, the deprec of overall sequenes identity
Perween the CEDR-Y mel Hel-2 proweins s only 23%, s
this similarity. meaningil? A nwmber of additional
fadings also indicate thal eead-9 and fred-2 e homaslogs
[Hn_-|||__l._nr|||-;r and Floreite 19KaL Fast, the ROC|RIC TR
similarity etween e proten preducts of these two
pencs s highest i those regions that are mest con-
served, and hence likely to be of 1he greaiest functional
significance, among all members of a growing ced-47
bed-2 genc family (For review, see Vaes 995 see
below), Similarky, the regions most eonserved among
bed-2 gemes from different vertebrale specics are alsn
the regions most conserved boiween Uk cod-% genes of
. elepwts and of anether Ceererhabdie species, {0
Dpfggene, Becond, bosecd on hyelropliobicity plods, the
CED-% prodein contuns a hydrophobsic iail like that
thought 10 be important CAdnemsi eoal, 1992 Tanaka et
al. 1952 Hockenbery o al. 1993 for fold-2 localizntion
and tar functinn, Third, the las1 ced-2 intron is in pre:
cisely the same position of the open reading frame as
that of the lst intron in mawy ced-2700-2 Tamily mem-
bers.

T determing il fiel 2w sulbicsently similar to cod % 1o
Functien in €, cligaey e proteel samm cells agninst
programmicd ool death, we expressed a bunsan ba-2
ransgens in O efegans under the controd of o C efegany
heat-shak promater {Hengartoer and Hogvitz 1934a)
[hese experiments revealed that bel-2 cam prevent the
denths of € degans colls that normally underge pro-
grammed cell death. Similar sesulis were abtained by
Waux el al. (19 We lurther showed that expression
of human fel-2 G prevent cotopie cell deaths that
conr in ced-SF D mutanis, eomsistent with the hypath.
esis that Bl 2 15 capable of substituting, for cod-S (11en-
gartner and Foevies 19944}, [ showld be noted that
Bael-2 is mob the only pene that can 2ctin this way: The
bacubovirus penc pd5, an aabibitor of virus-indeced
prozrammed cell deatl i ismect cells, abso can act in C
elegans 1o prodect against programmed cell death and
prevent the ectopic cell deaths that eccur in ced-90f)
mulants [Sugimoto el al, 19 p25 s not an obyvioos
member of the cod-Wibcl2 gene lamily, underscoring
the fact that the conclusion that ced-9 and fed-2 e
functiconal homuoloes depends on the combined st
tural and functesmal cvsdenee,

ceed-8 is ane of @ growing number of O elegons penes
knowwn tor b transeribed as a polycistronic RNA (Hen
gartner and Horate [y, The ced-9 polyistrome
BMMA alse emvodes a proletr similar o odochrome
hael of complex (1 of the ouitechendrial respiratory
chain {%w et al. 192, indscating that the transcriphion
af ced-% and thes cylochronse gene can be coardinalely
repulated, In dis regard, it is interesting o nole tha
Ficl-2 protein kos been Townd localized (o miloclasd
[ Hockenbery et al. BEMN) amd hos been supgested Toe
fapction in an aotssidant pathway o prevent cell
death by acting at sites of free radical peneration, such
as midochomdria [ Hockenbery e al, 19 Eane el al.
[EHRR: Wops wf al WAL

Thes -2 mutations that bave been associaled witl
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follicular lyenphoma are all tramshscations that result in
Ue overespression of a normal Bel-2 protein in B eclls
{Bakhshi et al. 1983; Cleary and Sklar 1985; Tsujimaeio
et al. 1985 Cleary ¢ al. 1986 Tsujimoto and Croce
1946}, Like these muatitions, the sed- Q250 mutation
dominanily suppresses programmed cell death, which
sugpests, by anibopy, that ced-Wead Y300 may be a chro-
mosomal reprrangement that leads o the overespres-
sion of a normal CEIR protein. Tndeed, overespres-
siom ol & noomal CERRY prolem can prodest o2lls from
programmed  cell death (Hengarner and  Horvilz
LSHaa). Scquence analysis, however, revealed thal the
ced-9n UY) mutation is @ masscnse mutation thal
ciuses A subslitution of a glulamate for a glycine that is
conserved among all ced-Wbel-2 gene family members
{Hengartner and Harvite 19940) This sume substitu-
tiom inactivates cather than activates human hel-2 when
assuved in both mammsadian cells (Yin et al. 19894} and
. elegans { Hengartner and Horvite 194b), indicating,
that ced-% and bel-2 are aor completely equivalent. The
sile of the af850 mulatica may identify o protein
dominin et repulates the activities of profeins of U
codd - Rl 2 family, leading oo ced-% activation amd bed.2
inaclivation when appropriately perturbed, The fincing
that & misense muwlation can activale ced-@ supgesis
that similar muttons in oither members of the ced-97
Bed-2 Fnmily might lead 1o oncogenic activation. Te tas
context, it is noteworlhy that a chicken b2 clIMA
isolatex] Mrean 2 Becell lymphoma confains a waline
imstead of the glyeine found in the genomic sequence al
this sile [(Caeals-Hatem ot al. 1992; Epuchi et al. 15892}
Perhaps this chicken lymphoma resulied from an acti-
walion OF Bel-2 eadsed by this missense mutaton.

bet-2 is only one of 8 number of ced-30el-2 gene
Family memibsers Tound in verichrles (Baoise et al. 1993
Kowopres el al. 1993 Lin et al, 1593; Olvad ef al. 1993,
T contrast, ced-% s the only such Funily member as et
describied Tor O elegans. OF the verlehrate gene family
members, sone (ep, del-2) cnn protec) Dol pro-
grammed cell death, some (bar) can promole pro-
grammed eell death, and some (folox) encode both
chetheanhibiting and death-promoting ferms { Boise ¢f
al. 1993 Ofvai et al, 199%), Genetic analyscs of ced-%
have sugpested thal ced- alse mught cncode a denth-
promsoting activity s well as s wellcharacierized
deatl-imhibiting  activity  (Hemgariner and  Horvitz
194 l].

THE ced-3 AND geef-d GENES CAUSE
CELLS TO UNDERGH PROGHRAMMED
CELL DEATH

Belwtatinns thit redoce or elininate the functions of
the genes ceed-7 or eed-d canse <ells that normally
undergo programmed cell deatl nsiead 1o sorvive,
showing that the activities of both of these penes are
aecded for the process of programmed cell death (Elhs
and Horvite 1986}, Genclic mosaic cXperiments sy
pested thil cod-3 mmld cod-4 are espressed within cells
That will clie amad acl within thase cells (o causs e e

undergo progruomoed cell death {(Yuan and Horvile
100db). Thies, programmed cell death can be consdered,
at lenst b soane exient, 1o Be an active prscess on the
part of dying cells. As discussed above, both ced-3 aml
cedd-d act genetically downstream from or in pacallel o
cedd- % in e pathway of programmed cell death.

The eloning of ead-4 (Yuon amad Horvitze 1962 ) aid
cee= T { Yuan ¢ al, 193 ) indicated that cach eneodes &
sinple wmEMA that is expressed predominantly durnng
embrvopesesis, when 113 of the 131 programmed
deaths ocewr. cen-3 pene funckion s nof regquired Tor
ceided gene cxpression, nor is ond-4 gene funclion re-
guired for ced-3 gene expression. Thus, eed-d and ced-4
div ot eonteol the onset of programmed cell death by
aching sequentially in a transcriptional regulinory -
Litcle.

The sequenee of the inferred S49-amino-acd CEDA
protein shows no significant simalanties 1w the se-
guenees of other known predeins (Yuan and Horviiz
19927, Altheugh we previously noted Ut two regions
of the CED-4 protein show some stiodarity o the EI-
Band cnlcium-hinding maolif, comparison with 4 more
recent compilation of o larger oumber of EF-hanad
sequences (A, Bairoch, pers. comm.) mdicates that this
similarity iz unlikely to e mezninglul. Furthermere,
relevant residoes within these two regions are mol
conserved in e related Caerorhabdie species O
Bripesas and O valgaris, amd we have mutated by site-
dirceied mutngenesis residues that mighe be expecied
Lo b Fupctionally important withom thess repions with-
oul disrupting ced-4 funclicn {5. Shahkom and H.R,
Horvilz, unpubl). This, we do oot have any evidence
thot ced-4 encoades o caleiwm-binding protein,

ced-T ENCODES A PROTEIN SIMILAR
T THE HUMAM CYSTEIME PROTEASE ICE

The sequence of the infereed S03-amino-neid CED-2
prodein is similar 1 Ut of the human cysieine profease
interlenkin: | @-converting cneyme, of [CE (Yuan el al.
Py, The CE-3 and ICE proteins are 2095 identical
over Their enfire leneths amd 439 sdentien] owvern L15-
aminn-ncid region that includes a completely conserved
pentapeptide (CACRG ). which conliins the aclive-site
cysteine of WCE. UL was identificd and porifed on the
Tezisis ool its ability o cleave the inactive 3L-kD) precursos
of imterlewkin-18 (IL-18) 1o penerie the active 17.5-
kDY cytokine (Cerretti of ol 1992; Thoraberey et al
1942 ) UL was inferred to be a cysteime profease from
infialaitor stwclies. Active haman WCE s conpuesed of
twir subunits {p20 and pld) that appear o be deaved
amtoprotcolytically from o single 45k0) procnzyvine.
el the precursor of [L-1# and the [CF procnzyma
are cleawed alter aspartole residues, althosgh the pre-
cise anmnn acid sequenee thal delines & ol cleavage
tirgel sl 15 oot Known,

The sumilarity between CEDRS msd WCE stgonghy
sitpgests Ukt CED-3 functions as a cysloine prelease in
controlling progrommed cell desb in O dlegans, CED-
3 might act either by activiting another protein or set of
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protcins thial canse oclls 1o e or by amachivating a
proten o scl ol proteins thal proteel cells fom deatls,
Tiv tlve Jatter ease. such a protective protein could nol e
CEDM of o protein that acts in response o CREI-Y,
since, as discussed above, genene studies ssdicate Uar
ced-% acts upstrcany of or in pacallel with rather ian
downstream from ced-3 CED-% could aet by negatively
regulnting CED-3 activity, for cxample, either by pre-
venting the protealyviic activation of a pro-lerm of
CED-G or by inhibiting the activity of o CED-3
prodcase once it has been generated. CED-2 could be a
target of CEDR-} o, alecmatively, conld function o
activate CEIR-3 Targets of CED-2 ovight aocluds mol
anly proteins thal funclion in ¢uusing or preventing
prozrammed ccll death, but also prodcing thar function
in Inter aspects of the process of propromimed ecll
elotle, such as the |1h:|;|:|1|.::,||._ﬁi$ of ¢l COMpses {which
invirlves the presumplive profeing CED-1, CED-2.
CER5, CED-A, CED-7, CED-10} or in the degrada-
fion of these COTSeS [which invnlves the prnh,'in MLIC-
1h

The similurity belween CTD-5 ok ICE ilso supEEsls
that ICE or a cysieine profejse in the CEDICE
family ||.1iy]1l functeon in controlling pmp_r:lmm::d cell
clinth i vertebrates, This hypelhesis is ','|_:||1|14,1r|;:|,l Iy
Doy iebitional Gndings, Firs, uxprq:'\.xi-::-n oif gither cod- 3
or [CE an rad fibrohlasis coan conse these cells 1o onder-
i apepleslic cell death (Miora @ al, 19 Thus, this
class ol cysleinge prolemses con ciuse mammalion cells
toe underpo propraommed ool death, Seoomad, omis
(e, cvloking response aeochilier), o predein inhibitor
ul ICE enceded by o convpox virus, can block the
apsoplotic death of elhick dossal roo gangluon cells that
bave Been deprived of nerve growth Gector {Caglinmding
el oal. 1L The Imding that an inbebitor of CED-3
ICE-like proteases cen block an endopenous pathway
ol vertebhrane cell deatly ivdiceies Wl i proteese of This
clhss Nmsctioms i s pathway. Although these ob-
sepvilions mdicale than a CEDSUICE-lke cysteine
profease  functions in verlebrate  progromned  cell
dewth, they doonoet revesl whether TL-108 & e relevinl
tarpct ol the cysiems protease or whether s [CFE or
i or mede related oyslense proteases Ut et i tas
Process,

The CED-3 protein contains a region that is very fich
inserines: 32 of the #amino acids from sesidue 17 1o
resiche MG are serimes (Yoam ed al, 194935, This region s
nedl highly similar tex the cormesponding region of [CE.
which is 68 amino acids in length, contains 10 serines,
and = overall 21% identical fo that of CED-3 The
funciion] sipnficance of 1he serine-rich region in Uw
CETR-3 presein is unknanwn.

SIX GENES AVFECT THE PHAGOCYTOSIS
OF CELL CORPSES BY
NEICHRORING CELLS

Cells thit underpe prearammed cell death an £
efegmns are enpulfsd by npeighboring cells {Robertson
amcl Thomson 19687 Sulston ef al, 1983) 53 penes hove

bizem ademtificd that have functions nceded for this
prrsoess of enpuliment or phagocylosis o oceur: cod-J,
ceed- 2, eeel 5, eendon, ceds T, ancl eeeds T, wlich wee will
refer 1o collectively as the engolfment ced genes
(Hedeecock o al, PE: Ells ot al, 1) (A seventh
goene proviously Uwoieht 1o be oeeded lor engelingnt,
ced-8, oo scems likely not e be mvolved in s
prescesa; G, Standlcld e al., unpubl) BMwatens i cach
of the copullinenl ced penes can cause dving cells 1
reinain IJ|.'||:|I_|.1I.II|'1.'|J. Soete oF all of these penes mephl
functien in the process of engillmaent per se, for exum-
ple. by eneoding cyloskeletal protcns that act i U
cxlemsion of psoudopodia by the cozulling cell. Adwer-
maively, these genes might funetion i e imtiacien of
the process of cogulfment, for exanple, by encocding
profeing et &0 in an imtercellular sigaaling systeon Uiat
triggers U engulfing cell 1o iniliale phagocylosis o
response loow signal from the dying cell.

Gienetie studics sugeest thion the enguliment ceed
penes may conteol twe parallel and pamially redundant
provesses, These pencs appear o deline vwo seis. such
that animals with mutations in gencs of only one sct
have relntively few unengolfed coll corpses. whereas
animals with mutaticens i geies of bodh sels have
substantially mors unengulfed eorpses, One sel consists
of the penes cod-1, ced-a, and ced-7, and the other sct
consists of the genes ced-2, ced-5. and ced-00 Thus, for
examphe, ced-1, o=, of ceel-d sEinple mutant antimals
Fve few wnengulfed corpecs, as do ced- 1 eed-6 double
murlant animals. bot ced-1; oed-2 and ced-f; eed-2 do-
bz mulint animals have many onengulfed corpees
Crne interpretation of such penetic inleractions is thal
cach of fhese =els of penes defines a pathway that can
funclicom oy 4uinrss ph:lgm‘:,'h:mix and that these wo
pithwavs are pactinlly redondant, so that dismipting
ane by leaves Lhe oller, and hence the process of
phigeeyasis, mostly inlact: only if hoth pathways are
disrupted is phagneytosis bloncked

When e process of phapocytosis is blocked by
appraprite double mutanl combinations, Thace oellk
That mormilly |||1|:I|.:rgn pr:rgr.'ir.nml,'n;l cell dieath s6ll die
and Form morphologically distinct cell corpses. This
aalmervatnan incicites tad plagecyiosis is nod whal kills
cells  dwrmne  progrommed  cell  demth, Bather,
pliageeyioss s a downstream evenl thal remowves cell
carpees Il bave boen penerated by a process that
depends o the activaties of cead 3 anl ced-d.

A NUCLEASE CONTROLLED BY THE GENE
mae-f DEGHALES THE DNA IN
CELL CORPSES

The tisal step i progrnnmed cell death is the remoy-
al of e cellular debes ksl constiietes the cell corpse.
To date. only one gene has been adentified of the
presumably many genes that Tunction o this step. The
gene duc-, which conteols the activity ol an cadode-
oxyribonueledse, is regquined [or the degradation of the
DA i dying cells (Sulston 1976 Hedgecock e al
1983 Hevelone and Harman 1955). In rrec-f nitant
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animik. cell death proceeds normally, exeepd that the
DN A of dying cells remains in pyknotic bodses, This
nhservation sipgests that the processes of killing and
enpuliment precede and are necessiry (o the process
of MA degradation controlled by mee-i.

The olservation (hat <ol corpses Loy in spee-d
animils reveals that the provess of DNA depradation
controlled by this  gene, like 1he  process  of
plagocylosis, is not what kills cclls during programmid
cell deml in . elegans, Muclemse aclivity is also in-
vilved i the progrommen] deaths of cells in other
arganisms, aid a basic issue concernig This netivily has
hean wisether it is cassally responsible for killing cells
(s, e, Arcnds ot al, TR Oberlansmer e al, 1545}
IF s, amd if progrommed cell demh in O elegons
involves @ similar mechanism, iheee st Be an as yel
umidentiled nuckease in U worn that functions in the
killing step of progromesec ozl death and acts to cleave
the DNA in dying cells 10 a state that allews thil 1A
o femaiin visible within the pyknotic bodics present n
=T animls,

THE PATHWAY FOR PROGRAMMED CELL
DEATH MAY BE CONSERYED FROM
NEMATODE TO HUMAN

As discussed above, of the thre genes that act i ihe
killing step of pregranumed coll death in & elegmis, al
least v — o=@ amel ced-3—Tave counterparts Lhat act
comparably in verlebiales, Specifically, eed-o aid Ui
Buman pene bel-2 both act to prolect cells against
progrommed cell desth and are members of a genc
family, amed eved-3 and the mammalizn geos that en-
coudes The cwvsteine protcass 1CE kol can acl o ciuse
programoecd well deails and are also members of @ penie
family. Furthermore, the human bol-2 geme can 808 in O,
plegans 1o provent worm cells Trom undergoing pro-
pramimed cell death and ean even substitute Tor ced-% in
mulant wornes delicient in ced- function. Siritarly, the
O plegns ced-3 gone can acl in muwmneabian oclls bo
case Them 1o wndergo programmed cell death. That
Bet-2 cam act o woems and cod-T cim act in mammals
inaficates Usat e patlways in which these genes func
gion are lighly similar in (hese dalferent organisms. In
short, these obscreatinns strongly support the hypoth-
esis that e pathwny for programmed cell death i
comgerwed [rom nematode to o,

CELL DEATH GENES MAY DEFINE NEW
CLASSES OF PROTO-ONCOGENES AND
TUMOE SUPFRESSOR GENES

[had bel-2 acts as & proto-oncogene by suppressing
prograntined cell death sugwests that aither penes thisl
Ffuricteon in the process of prograntiined cell death could
also be responsible for human cancers, For example,
pauLations in heman genes that act like mutations in the
cer penes and prevent the deaths of specific classes of
cells could Tesd to ke upcontrolled proliferation of
those cell tepes, Similarly, mutations that elininate U

activities of cysleime proteases of the CER-3CE fomi-
Iy o of groteins similar (o the C sleganey CED- protein
couldd prevent the normal process of programmed cell
death amd thereby promoie mahignancy, just oes dhomes
owerexpression of bel-2. Thus, the CED-3CE family
amld CED-4 maw define new classes of fumor suppressos
sencs IF indoed coll denth genes define new classes of
Prulu-OnCopenes amd  funesr SUPPRCSSOr s, ohe
contld seck us anticancer agenis ankagonists of pencs
it funetion i prevenl programiied ol death, such s
membiers of the oed O0Fer-2 Fumily, as well s apoanisis
af genies that function 1o promote progrommed cell
death, such as members of the ced-30MCE Familly aor
ced-4. [n this way, stsdics of the genelics of pro-
grammed cell death in & elegons could lead te the
identification of both drue taigets and therapeutic
apents thit might be impesriant for the development of
nowel methods for cnecer ih-:mpg.'.
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