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We developed a method for examining the effects of overexpressing cell-desth-related genes in specific
Caenorhabditis eligans neurons that normally live. Using this method, we demonsirated that the cell-death
genes cod-3, cedsd, and ced-? all can act cell sutonomously o control programmied cell death. Dur
observations indicate further that not ealy the protective activity of ced-# but also the killer activities ol
coed-3 and cod=4 are likely to be present in cells that normally live. We propose that both in T, elegans and in
other organisms a competition between antagonistic protective and killer sctivities determines whether
specific cells will live or die. Dur results suggest 3 genetic pathway far programmed cell death in . elegans in
which ced=J acts upstream of or in parallel w ced-3 and cod-9 negatively regulates the activity of ced-d.
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Programmcd cell death is a major and apparently univer-
sal aspect of mictazoan development and nssue homeo-
stasis [Glicksmann 1950, Ellis e al 1991a) Pro-
grammed cell death serves several functions, e ludmg
the regulation of cell numbser, the removal of deleterious
cells, and the ﬂ'upln;: of tissucs and AR, Hlll‘n.u,p.'h a
d.-l.\'nuty ol :I.Iﬁ,ﬂ-‘ll!n can cause different eclls to I.l.nﬂﬁp‘.‘.!
programeed cell death [e.g, Bames et al. 1993, Vaux
1993), the morphology and kinetics of programmied cell
deaths are in many cases highly similar [Stanisic et al
1978, Cohen and Duke 1984, Martin et al. 1988, Arends
and Wyllic 1991), suggesting that the mechanisms re-
sponsible for the programesed deaths of dufferent cell
types and of cells in different osganisma could well be
the same.

Duning the development of the nematode Caenorhab-
ditis elegens, 131 of che 1080 somaric cclls gencraned
uqdﬂpp: FlFlmtd cell deith |.5u1:wn and Hoeviez
1977; Kimble and Hirsh 1979, Sulston et al. 1983 Thir
teen genes that aflect vanious aspects of the process of
programmed cell death in C. elegant have boen identi-
fied [Hedgecock et al. 1983, Ellis and Horvitz 1986, Ellis
and Horvitz 1991; Ellis et al. 1991h; Hengartner et al
1992, for review, see Horvitz et al. 1994). Three of these
genes conitrol the onset of the death process, six act in
the phagocytosis of dying cells by their neighbors, and
one fuactons in the digeston of the DMNA of cell
corpics. Three additional genes affect the fate of pro-
grammmed eell death of a few specific cells than die during
development.

O the three . clegans gencs that control the onsct of

programesed cell death, two—ced-3 and ced-4 |ced, cell
death abnormall -are requared for programmed cell
death to occur: Loss-of-function mutations in cither of
these gencs cause all 131 cells that normally dae imsicad
o survive [Ellis and Horviez 1986, In contrast, the third
pene—ced-¥—is nocdad w protect eclls that mormally
survive from undergoing programmed cell desth: Loss
of -function mutations in ced. P cause cells thar mormally
live instesd vo undergo programmed cell dearh [Hengare-
ner ot 5l 1993 The extra cell deaths that accur 1 cod. 9
|ovs-of- fumction mutants require the activities of gad-2
and ced-d, indicating that ced 9 acta by preventing ced-3
and ced-4 from causing cell death.

Both ced ? and ced-3 have known mammalian coun-
terparts that funcaon in cell death. ced -9 emondes a pro-
tein samalar in sequence 1o the human proto-oncoprotgin
Bel-} (Hengarmer and Horvirz 1994a), which like the
CED-% protcin can protect cells from programmed cell
death (Vaux et al. 1988, Muncz et al. 1990, Hochenbery
et al, 1991, Carcia et al. 1992, Sentman et al. 199,
Ctrasser of al. 1992, for review, see Willliams and Smith
19331 Human bel-2 expressed in trapsgenic ©. elepam
can profect pematode cells from  undergoing pro-
grammed cell death (Vaux et al. 1991, Heagariner and
Horvitz 1994a). Human bel-2 also can rescue nematode
cells chan dic as a consequence of a cod-9 loss-of-function
mutation, suggesnng that bel-2 might substitute fang-
tionally for ced-% (Hengartner and Horvitz 1994a). Thus,
ced- 9 and Bol-2 seem w be strecourally similar and at
least somewhat functionally interchangeable.

ced -3 encodes & provein similar in sequence o mam-
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malian interleukin- 1 (IL-18] conventing enzyme ([CE)
(Yuan et al. 1993), a cyseeine protcase iselawed on the
basis of s ability o cleave a 31-kD proIL-1 B protein vo
generate the 17.5-kD mature eyiokine [Cersert et al,
1992, Thomberry et al. 1992), Overexpression of cither
CED:3 protein or ICE can cause rat fibroblases to une
dergo programmed cell death (Mivra er al, 1993), Further-
more, the programmed cell deach induced when chick
dorsal-root  ganglion neurons are deprived of nerve
growth factor can be inhibited by expression of the cow-
pox virus protein crmA (Gagliardini et al. 1994), an in-
hibator of ICE [Ray er al. 1991), and mice harboring a
disruption of the ICE gene are defective in Fas-mediated
apoprosis (Kuida ot al. 1995), These observations mdicate
that cysteine proteases of the CED-3/ICE family can
canss mammalian cells to underge programmed ool
death and suggest thar such protcases act endogenously
in the programmed deachs that follow growth factor dep-
rivation and Fas inducticn.

Both CEDE and ICE are similar in sequence to the
proteins encoded by the mouse redd-2 gene and it ho-
man homolog Ich-I. which can cause cell dearh when
overexpressed in esther mouse fibroblasts or neuroblas:
toma cells (Kumar et al. 1994; Wang ct al. 1994, and 1w
the product of the human gene CPP32, which can cause
cell death when overcxpressed in insect 5B cells
[Fernandes-Alnemn ¢t al. 19M), In addition, bel2 can
inhibit the cell dearths caused by the expression of the
CED-3, ICE |Miura et al, 1993), oo NEDEICH-1 pro-
teins [Kumar ev al, 1994 Wang ct al. 1994] or by the
deprivation of perve growth factor [Gaghardin et al
1994), suggesting that just as cod -3 function is inhibived
by ceid -2, the acaon of ICE-Like eystone proteases can be
inhibited by bel.2,

Becawse muotations in either ced-3 of ced-4 block all
naturally occurning programmed cell deaths in C. ele-
gans [Elliz and Horviez 1988), both of these genes nor-
mally must be functional for the proper exccution of
programmed cell death. However, this observation docs
not reveal whether the expression of these genes s ne-
stricted to cells that dic or whether overexpression of
one or both of these genes would suffice o causc a ecll
that would otherwise survive instead o waderge pro-
gramimed cell death, To address ehese issucs, we per-
formed the experiments described below.

Resuls

Owverexpresston of efther ced=3 or ced-4 can kifl
cells thar novmally live

To test whether expression of ced-3 or ced-4 is sufficient
to kill cells that normally live, we placed ¢DMAs for
cach of these genes under the control of the promoter for
the O, elegans gene mec-7, which is expressed in the six
touch meurons (ALML, ALMR, AVM, FVHM, PLML, and
PLMR) amed in a few other cells (Savage et al, 1969 M.
Chalfic, pers. comm.). The P reed=-3 and Ty, yood-4
fusion constructs were injected separately into wild-type
animals, and 'indc'pcnd.cnt lines of worms homozygous

(bppasing ool l-desth sefvities @ WP\ Heuloas

for invegrated copics of the constructs were cstablishaed.
We obimined chree lines (P, ced-34, B ced-38,
and L soed-A0) homozygous for mtegrated copics aof
Poec reed-3 and four lines (P, cod-dA, P ced-18,
P, ceddC, ond P cod-dD homozygous for inges
graved copacs of P jeeid-d

To determine whether cells that normally express
mec-7 were ghsent in animals carrving the P, oced-3
ar P eedd iranspgenes, we scored animals for the
presenee of absence of the two ALM neurons, We sconcd
the beft side of the animal for the presence of the ALML
neuron and the right side for the presence of the ALME
neumon. As shown in Table 1, we observed that ALM
cells were missing in some of the lines we obtained. For
crample, ALMs were present on only % of the 46 [20%)]
sides scored in lime P seed=3A and on only 4 of the 59
[ 107% ] sides scored in line I, sced-dA. We also injeeted
P pimd-3 and P eed-d construces together and os-
tablished 1wo lines comizining inll:p'ntur] arrays harhor-
ing hoth construces (lines P, cced 3/dA and P, ced-
3/4B). Wild-type animals carrying these arrays showed a
slight loss of ALM neurons: ALMs were prescnt on 35 of
the 37 (95% ) and 45 of the 46 (98%) sides scored, respec-
tively, Wild-type animals not carrving these amays al-
ways contained both ALMs (0= 31), and animals express-
g a P JJacd construce [jefsf; |0 Way, pers. comm.|
had ALMs on 40 of the $0 [ 100°% | sides scored, suggest-
ing thar the presence of an array or the capression of any
provein will not kill these cells [also, see below). Theae
results suggest that overexpression of cither ced 3 or
ced-4 is sulficient w kill the ALMs in wild-type amimals
and thar both ced-3 and ced-d can kill cells in a eell-
antonomous fashisn. To confirm that the P, eed-d

Table 1. Crverexpression of cod-3 or ced-4 can kil the
ALM meurdurs

Peecent surviving ALMs
(e, ALMS nn. sides scored)

wikl-rype
- LW (307300
P dacZ | 0M) (40040
P coed-TA )
.. <o 30 41 (165381
| L B LEWD [45/45]
I cced-da 10 [4/3H
I’ -ced-dB 5 (3433l
... sowcl=iC 98 [3sran
| LI B O (A0a1]
P, seed-30da 95 (35437
P, -ced-34R 95 (45044

Each row reprascnts an isdepersdently derived line of C elegans
homnzygoas for 3 given inegrarved transgene or pair of trans.
genes. Fractions indicate the numher of ALMs per namber of
animal sides scored. For cech line mamed P ced-nX, o is
gither & or 4 jor ced<d or ced'd] amd X adentafics the specihic
imlependent line; in rows 10 and L1 & is 34, indicaning the
presence of boh ced-3 and cod-4 ransgenes in cach al the two
imdependently denved worm lines
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constncts expressed CED-4 protein, we examined sur-
viving ALMs in P, sced-d-containing lincs in a wild:
type background for reactivity w anti-CED-4 palyclonal
antibodies, ALMe in line P oo pod-d8 stained  migge
strongly than did ALMs in the other shree insertion lines
ldaea nat shown), comsistent with the observation thar
ALMs died more frequently in this line, Because no ani-
CED-3 antibody was available, we coald not directly as-
sess the levels of CED-3 expression in F,,,,, sced-3-con-
taining lincs,

Endogenous ced-9 activity protects against killing
by overexpressed cod-3 or ced-4

Although, as described above, overexpression of either
eed-3 or cedd caused the deaths of ALM neurons, many
ALMs survived in animals rransgenic for these cell-death
genes. Becawse the gene ced-9 can protect cells against
ezll death mediaved by ced-3 and ced-4, it seemed plav-
stble that eliminating endogenous ced-9 function would
result in enhanced killing by a ced-3 or ced-4 transgene.
To test this hypothesis, we introduced our ced-3 and
ced-d ransgene constructs ivto ced-9lE); ced-3 or ced-d
ced-? (lf) animals. [ced-9lf] single-mutant animals die,
making it impossible w overexpress ced-3 or ced-d in
such a strain, but ced-9l); ced-3 and ced-d ced- ) dou-
bie-mutant animals arc viable (Hengarmer e al. 1992]]

As shown in Table 2A, lines containing a P___ ,ced-3
transgene and the chromosomal mutation ced #2812}

Table 2. Effects of ead9 on killing by ood-3 or cod-4
OVEréNprEsaram

—

Percent survisang ALK
imo. ALMaino, sides soored)

cod- ¥ ced-3 cedd-3

A ALM killiag by cod-3 CAVERENPREEiar 3 efler
i it cod-$ 1] background®

P romd - A 0 /2w 47 [16d34)
| L 0 p'ar 30 |=r2n
oo ried=dC 21 (943 100 2034
P cced-2idn A3 [16/37] [LLERETREE )]
Py sCeil- 1R 67 (182N 1D | dsrai)
wral-dy coad-# el

B ALM killing by cod-4 overexpression is better
in 4 ced-91f) backgrowmd®

P roeded & 0 ({3 % | L 25|
P roinif- R 3 (1eia4) RN ERIE T
P.... sced-4C 42 [ 1505%6) 9T (15/37)
P ced-dly 15 |427) LOMN (340 36
P el 20 A T 3550 LOM (4] /410
| AR T4 37150 1OHD [ B

*The column headings identify the chromosomal REnOTyPes i
the strains cxamined. The alleles used were ced-%n2812) and
ced-3n7 17, exceps for the expeniment involving I, cced-1A,
in which ced- 3002 was used.

*The column headings identify the chromaosomal guimitypes of
the strains examined. The alleles usod were ced - Wr2812) and
ced-din] 162,
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had fewer ALMs than did lines containing the corre-
sponding transgene in the presence of the wild-type
ced-9 gene. For example, for the P, ced-3A transgene,
ALMs were present on 0 of the 29 [07%] sides scored in a
cod-%; ced-3 background yet were present on 16 of the 34
(47%] sides scored m a ced 3 background. Similarly,
lines containing a P, -ced-d mansgene and the chio-
mosomal mutation ced Wn2812) had fewer ALMs than
did lines containing the corresponding transgence in the
presence of the wild-cype ced 9 gene (Table 2B). For the
P... «ced-dA transgene, ALMs were present on 0 of the
30 |0%) sides scored in a ced-d ced-? background vet
were present on 12 of the 28 (43% ) sides seored in a cod-d
background. Lines containing integrated copics of both a
we-3 and a ced-d transgene also showed fewer ALMs
Surviving n a ced-#n2812) background [Tables 24,B. In
line P, ced-3/4A, bor example, ALMs were present on
anly 16 ol the 37 [43%) sides seored in @ ced-9 ced-3
genctic background bur were present on 40 of the 40
FI00% | gides scored in o cad-3 background alone [Table
LA] We suspoct that the double transgences were not ex-
pressed ar levels os high s the single transgenes fsee
below), which might explain why killing in these lines
wis reduced in comparison o killing in some of the lines
with single rransgenes, These results sugpest that killing
by overcapression of sither ced-3 o cedd is more effi-
cicnt in the absence of ced-9 function and are consistent
with the hypothesis that ced-? acts 1o regulate nega-
tively the activities of both ced-3 and ced-d (Hengartner
coal. 1992; see Discussion). Furthermoere, becanse ced-8
aces cell autonomously o inhibit cell death (sec below),
thess results suggest that ced-# is normally expressed in
the ALM nourons falso, see Discussion).

We also tested the cffect of the ced-? partial loss-of-
function allcle nl950 12161 on ALM cell death in strains
containing the P, .ced-3A transgene and again ob-
served enhanced killing: ALMs were present on 1 of the
15 (7% sides scored in an wne-6WesS87) ced-ind 950
nZ161) background. These results suggest that it is a re-
duction of ced-9 activity that allows more efficient kill-
ing rather than a specibic action of the ced Wn2812) al-
leke.

The ced-? gain-of-function allele n1¥5) is a missense
mutation that acts vppositely w ced- S alleles and pre-
wents the normal cell deaths that vecur during C. elegans
development [Hengartner et al. 1993, Hengarner anad
Horvitz 1994h) We restod the ahility of ced-Wnl250) v
prevent the dearhs of ALM neurons in animals carrying
P reed 3 o1 P, oced-d ransgenes, As shown in Tas
ble 3, the 07930 mutation did not consistently alter the
abilities of these transgenes to cause ALM death.

Owverexpression of eed-3 er ced 4 causes programmed
cell death

The experiments described above indicated that overex-
pression of either ced-3 or ced-4 can lead vo an absence of
ALM neurons. To determine whether pree-T-expressing
acurons were missing because they underwent pro-
grammed cell death, we observed dircetly the cell divi-



Table 3. ced-9(n1950) does not decrease ALM killing by
overexpression of ced-3 or ced-4

Percent surviving ALMs
(no. ALMs/no. sides scored)

wild type ced-9(n1950)

P e rced-3A 20 (9/46) 58 (18/31)
Pec.7ced-3B 42 (16/38) 27 (10/37)
P,..,ced-3C 100 (48/48) 100 (42/42)
P, ...,ced-dA 10 (4/39) 4(2/47)

Pec. 7cEA-4B 87 (33/38) 95 (39/41)
P, .., ced-4C 98 (39/40) 100 (41/41)
P,ec. rcEd-4D 98 (40/41) 100 (42/42)
P,eq.7ced-3/4A 97 (36/37) 100 (46/46)
P,ec.7ced-3/4B 98 (45/406) 97 (34/35)

The column headings identify the chromosomal genotypes of
the strains examined.

sions leading to the formation of the mec-7-expressing
neuron PVM (Chalfie 1993) in animals carrying trans-

Opposing cell-death activities in worm neurons

genes P, -ced-3A, P,,,.-ced-3C, or P,,,.,ced-3/4A in
a ced-9(n2812); ced-3(n717) background or transgene
P, ecsced-4A in a ced-4(n1162) ced-9(n2812) back-
ground. These divisions occur postembryonically and are
thus easier to follow than the divisions leading to the
formation of the ALMs. As illustrated in Figure 1A, pre-
sumptive PVM neurons in these lines showed the char-
acteristic refractile appearance of programmed cell
deaths viewed using Nomarski optics (17 animals and 12
deaths observed). These deaths were morphologically in-
distinguishable from normal programmed cell deaths.

We also analyzed the ultrastructure of a cell corpse
resulting from a PVM cell death. Figure 1C shows a PVM
cell that died and was engulfed by a neighboring cell. The
darkly staining cytoplasm and nucleus, the small cyto-
plasmic volume, and the darkly staining matter within
the nucleus are all characteristic features of C. elegans
cells that normally die by programmed cell death (Rob-
ertson and Thomson 1982; Ellis et al. 1991b), suggesting
that the deaths we observed were ultrastructurally sim-
ilar to normal programmed cell deaths.

Figure 1. Cell death induced by overexpression of ced-3 and ced-4 resembles normal programmed cell death. {A) Nomarski photo-
micrograph of a dying PVM cell (arrow) in a ced-9(n2812); ced-3({n717) animal carrying the P, ,ced-3/4A transgene [see text for
details). Anterior is to the left; dorsal is on top. (B) Nomarski photomicrograph of dying VD5 (small arrow] and VD6 (large arrow])
neurons in a ced-9(n2812); ced-3(n717) animal carrying the P, ;,ced-3/4 transgene. Anterior is to the left; dorsal is on top. (C)
Electron micrograph showing a dying PVM cell (arrow) located dorsolaterally posterior to the primordial gonad in an L1 animal. The
cell was engulfed by a neighboring hypodermal cell [see text for details).
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A ced-4 —+ced-3— death

OR

gl -4
g-"‘"A T geath

ced=-97,
Yeed-3 "

Figure 2, Possible genctic pathways for programmed cell deach
in C elegans, Pointed amosws indicate posinve cegalation; blume
arrows indicate pegative regulation. [A) ced-d cither activates
ced-3 (top) or acts together with ceel3 [Botiowr] w induge proe
g;urnmui cell deach. | ] ced=% provents cell killing by ced-3 by
acting at lcast in paee via ced & We have no evidence for o8
againse the hypothesis that ced @ also acts indepesdently of
ced-2 o inhibit coed - 3-meediated cell killing. This porential in-
neraction is depicted with a broken line. Soc vexe for details.

To establish further that the deaths caused by overex-
pression of ced-3 or ced-d were similar w programmed
cell deaths, we examined firse larval stage (L1] ced:
el 735); ced=d{n 1 162] ced- W28 120 amimals contaming
the P,,..rced-0A transgene for the presence of unen-
palfed ALM cocpecs. Antmals carrying the ced-I(ed 235)
mutation fail to engulf many of the corpses that result
from programmed cell death, causing these corpses to
persist for hours or even dayvs [Hedgeoock ot sl 1983] We
ohserved compses on 11 owe of 40 sides near the BOU cell
(the sister cell of the ALM), and we observed corpses in
the normal location of the ALM on 2 out of 40 sides,
sugeesting that the ALM: often, but not always, died
before migrating posteriorly. That 27740 sides scored did
not have observable corpses prosumably reflects the ine
complete penetrance of the ced-1{el 735 mucation (El-
lis et al. 19910}, We obtained similar results using che
P e roecd-3A transgene in a ced-T[olT25); ced-3in 3002
background (data not shown). These findings sugpes:
that the gene ced-I, which i required for the engulfment
of corpses gencrated by normal programmed cell death,
is also required for the engulfmene of the corpses gener-
ated by overexpression of ced-3 or ced-d,

The gene mere-1 is required for the degradation of DMA
of cells that die by programmied cell deach [Sulston 19765;
Hevelone and Harcman I1988). We examined the left
sides of ced-3(n3002); muwc-1(e1392] animals containing
the transgene P, ced-34 and staincd with the DINA
stain 4,6-diamidino-2-phenylindale (DAPE). Near the po-
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sition of the BDU cell, 7 of the 10 sides had DAPL-posi-
tive compact structures that did not correspond o visi-
ble nuclei when viewed using Nomarski optics and that
looked like structures gencrated by programmed cell
death in animals carrying the nuc-I[el392] mutation.
These findings suggest that the gene mre-1, which is re-
quired for the degradation of the DNA of normally dying
cells, is alzo required for the degradation of the DMNA of
cells dying because of the overexpression of ced-3 or
ced-4.

Programmed cell death coused by overexpression
o eed-3 or ced-d requires functrsnal ced-3 and
ced-4 products

To determine whether expression of a functional ced-3
or ced-4 cDMA was needed wo kill cells in the experi-
memes described above, we constructed and analyzed
lines containing ced-3 or ced-d transgencs with missense
mutations. Because we did not peed o score 3 given
array in a number of different genctic backgrounds, we
used extrachromosomal arrays (which are easier to gen-
crave than integrated arrays (Fire 1986; Way and Chalfie
1948) for these cxperiments. As controls, we used wild-
eype ced-F and cedd constiucts mainuined on extrs-
chirimosomal arrays. As shown in Table 44, 100% of the
ALMs survived in ced-W(n2812); ced-3(n717) animals
camrying P ccecd-d fusion constricts containing a ¢ys-
reine-toealonine  substicution at position 338 of the
CED-3 protein. This mutation aleers a residue thae cor-
respoads to a evsecine essential both for the protease
activity of ICE (Cerrenti et al. 1992, Thomberry et al.
1992 and for the protease activity of CED-3 (Xue and
Horviez 1995. 1. Xue, 5, Shaham, and H.K. Homatz, un-
publ.]. In contrast, only ~50% of ALMs survived in an-
imals containing the wikl-type construces. This resuly
suggests that active CED-3 is needed for ALM cell death
and suppoms the notion that CED-3 is a cysteine pro-
Lease,

Similarly, 100% of the ALMs survived in ced-d'nii62)
ced-Wn2812) animals carrying P,,....-ced-d fusions con-
LANINg an isoleucing-to-asparagine substitution at post-
tion 258 of the CED-4 progein [Table 481, This mutation
introduces a change identical w thar found in the muo-
tant ced=d allele o199 (Yuan and Horvitz 1992]. Only
~50% of ALMs survived im animals containing the wild-
eype ced-d construces, This result suggests thar active
CED-4 15 needed for ALM killing and confirms that the
change abserved in pI948 animals is the cause of the
Ced-4 mutant phenotype. Thus, killing by overexpres-
siom of ced-3 or ced-d requires transgenes that encode
functonal CED-3 or CED-4 proicins

Todetermine whether the deaths of the ALM neurons
were induced specifically by overexpression of the cell
death proteins CELD-3 and CED-3, we tested constructs
that should have overexpressod other proteins [Esche-
richia coli prgalaciosidase, murine ICE, and C, elegans
MCC-1) under the control of the mec-? promoter. The
PresCnCe of these constructs o ced-B ced-3 or cedad
ced-9 worms did not canse ALM cell death (data not



Table 4. Murarnt CED-3 or CELF-d proteins fad po il AL
MENraNs

Percent surviving, ALbs
(e ALM='po. sides scared)

ced- W ced 3

A, ALM killing by oed-3 snerexpression
requires a functivnal CED-3 protein®

P -3 & -1 42 (5012
P ced-3+ -2 314713
Py roei-J # -3 Gl [ 5]
P ora-HCAZRAL 100 | TESTRY
P,... ~ced-HCIZRALT 1000 [ 245240
P oo HCISRALS TR e T
ced<d cpeds?

B, ALM killing by ced-d overexpoezsion
reqpuires furnclional CED-A protein®

P sl 4 -1 SO{TI14)
Pe roec-d| 4 |2 6 (16
P cod-d 4 )3 439l
P, ced-d{R5EN) 100
Py s 258 N}2 100 (99
P, oo E25EMEA TR B

*Each row indicates an independemy tramsgemic lime of
ced-Wn2Er2); ced-3n1Y animals carrving an exvrachmomo-
somal array of either a wild-vype cod 3 cDNA fuzion o the
mec-¥ promoter | + ) or 8 cod-3 cNA encoding a CA55A mwta-
vicen b the CED-3 proasin.

FEsch pow indicates an independent tranegeric line ol cad-
Aind 1421 cod Sin2%12) amimals camrving an extrachromesomal
array of cither o wild-type ced-d cI¥A fusion e the mec-7
promober | £ ) or a ded-3 COMA cncoding an 1258N mutanon in
the CED-4 probein

shown), sugecsting that it is not simply cxcess or forcign
protein that killed the ALMs in the cxpenmemis de-
acribed above.

Eifftcient ectopic killing by overexpression
of cod-4 peaquiines cod-3 acriviey

To examine the requirement for endogenous ced-3 in the
killing of ALMs by P, -ced-d transgenes, we intno-
duced these transgencs inte ced-3 mutant strains. Table
5 shows thar killing of ALMs in all four Py, peed-d in-
sertion lines was strongly inhibited by reduction-of-

Upposing cell-deach activities in worm nemrens

function mutations in the endogenous cod -3 gene by
comparison with the level of killing in g wild-type codd-3
mackground. For example, in line P, ced-dA, ALMs
survived on 4 of the 39 (10%] sides scored in a wild-
ovpe background bur survived on 27 of the 38 [71%)
sides scored in a ced-3 background. Similady, in ling
P scod-dA, ALM: survived on O of the 30 [0%) sides
scored in a ced-d ced-9 background but survived on 27 of
the 38 [71%) sides scored in a ced-4 ced-%; ced-3 back-
ground, Interestingly, even though reducing cech® func-
cign enhanced killing of the ALM noursns with respoct
s o wild-type background in the presence of & wild-type
endogenous ced-3 gene [ced-d cod-9 column v, wild-
type collumin), killing was greatly reduced in a serain con-
taining mutations in both ced-® and ced-3 [ced-d ced-9;
cee-F golumn), These results suggest that killing by
P, sced-d is greatly facilitated by the presence of en-
dogenous ced-3 and that the need for ced-3 function can-
aot be overcome by eliminating the function of ced-%
using a mutation that is hikely o have hitle if any ced-%
function bascd on both generic and molecular cnteria
[Hemgartnes aod Horviz 199%4a; 5. Shaham and H. R, Haa-
vitz, unpahbl.),

To determine i the protection against ALM killing by
P, cced-d constructs observed in these experiments
was specific to the cad-3 allele (n 71 7] used, we examined
the abilitics of other ced-3 alleles o inhibic killing by
ceed-4 overexpression. As shown in Table 6, all five ather
ceel-3 alleles tested also inhibited killing, Furthermore,
the akility of 2 ced-3 mutation to cause survival of cells
that rormally die correlated roughly with its ability to
prevent Rillimg of ALM neurons by P -ced-94, Ani-
mals carrying the ced-3 allele nloda, for example, con-
tained an averupee of 7.6 cxta cclls inothe anterior phare
ynx; these cells would normally have died in wild-eype
amimals. ALM: survived on 35 of the 64 |:5-5'§Lﬁ &idea
seored m line B, ced-dA contaming the m i) mura-
tion. However, ammals harboring the ced-3 allele n2433
contained an average of 12.4 exera cells in the anerior
pharynx, and ALMs survived on 33 of the 41 [B0% ) sides
scored i line P ced-9A contsining this mutstion,
Although n2433 is the most severe ced-3 allele known
|5 Shaham anmd H.E. Horvitz, unpubl.; M. Hengartner,
pers. comm.), neither 02433 nor any other ced-3 allele
characerized w dane is unesuivocally a null allde based
wpen maleculsr and genetic criteria (Yuan oo al. 1993; 5.

Table 3. ALM Killing by ced-4 overespression i» infuluted by o oratadiog (o the endogeoes cod-3 gene

Fercent suraving ALMs (noe ALMs/no, skdes scormed)|

wwild eype crdf-3 ceal-d ced-9 cod-d ced.Q; cod. 3
s (. 10y [/ 3 Tl [2TE8) 00 (030 712758
Py o -4H a7 [3338) 1040 [20420) 53 [1&.34] B [RPAEEN
Py pid T CIE (3940 100 [3TERT) 47 [15/34]) Ol | X0 a0)
L O B 9E [40v4dl) 100 [35436) 15 (4727 L TR IR

The column headings identily the chromosomal genotypes of the strains exemined, The allcles used were cod- W28 12) cod-3fa 717,

wnd e dind FE2)
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Table 6. The activity of the endugenous wed-3 allele detennines the extent of ALM killing by ced-4 overexpression

Mumber of exira cells Percent surviving ALMs
Madlecular defecy en antenor of pharynx (o, ALMs/ne. sides scored|

Wild tvpe noane Ll =04 (40 10 14439)

cecd-3 1) LiTF Th= L2 35 135064]
ced-3nl 129 LTSl B = 12N &7 LhivS0]
ced-Fnil v Exon T splice accepeor G 1o A 102 = 200 (1) T12Tiae]
ced-HnT 18] CHsSR 11.8 = 1O {10 T3 i Tikad]
ced-Hn2di) A0S 114 =09 (1 B0ELAL]

Bews indicate the genooype of the sirain czamined, The average auember of cavra cells in che antcrios megion 'I:I'E the pharyrx in cach
muatast =50 ane shoawn, the number of animals examined 15 @ parentheses. Fractions indicate the number of ALMs per number of
sides seared in a P eed A background in a gven mstant line. The expected number of cell deaths in the anteror phanynx dunng

morrial development is L

Shaham ahd H.R. Horvicz, unpubl.). Thus, it is possible
that the complere elimination of ced-3 function weuld
totally prevent killing by cotopic cod-d expression in this
line and hence that ALM killing by a ced-d transgene
abaolutely requires ced-3 function.

Ectopic killing by overexpression of ced-3 does no
requaire ced-4 fusretion

Similady, to cxamine the requirement lof endogemsous
cect-d in the killing of ALMs by P, .ced-3 transgenes,
we introduced these transgenes inwo ced-d  mutant
strains. For these experiments we used the ced-4 allele
al 162, which is a nonsense mutation that should result
in premature termunation of the CED-4 protein at amino
acid 79. No detectable ced-4 RMA or protein 12 produced
by this strain [Yuan and Horvitz 1992; 5. Shaham and
H.R. Horvitz unpubl.), and, thus, this allele is an cxcel-
lent candidate for being 3 molecular null allcle. Table 7,
shows that ALM survival in P, -ced 3 containing
linies was not consistently greater in a ced-dfn TTA3 m-
tant background tham in a wild-type background. For ex-
ample, in line P, -ced-38, ALMs sumvived on 1o of the
3R [42%) sides scored i a wild-oype hackground and on
18 of the 61 (30%] sides scored in a ced-dfnl162) back-
ground. These observations conerast with those pre-
sented abowve, whech indicate thar ced-3 mutations re-
duced the killing cfhewency of P, .ced-d constructs,
Together these findings suggest a basic asymmesry [ 718
pween the killing actions of ced-3 and ced-4, Supporting
this notion, whercas killing in line P, ced-dA was
more efficient in & wild-type background than was kill-

ing in line P, sced-34, killing in cthe former line was
much weaker in a ced-d ced-9; ced-3 hackground. These
observations suggest thae killing by a ced-d conseruer is
miore dependent on endogenous ced-3 than 15 killing by a
ceed-3 construct dependent on endogenows ced-4 arad fur-
ther suppont the notioa that ced -8 acts upstrcam of 0 in
parallel o ced-3.

When we compared the extent of ALM survival in
P.... -ced-Teontaining lines in a ced-2 ced-3 back-
gromnd with survival ina ced-d ced-9: ced-3 background,
we noticed that the latter background caused reduced
killing. As shown in Table 7, fewer ALMs survived in the
ced-%; ced-3 background than in the ced-d cod-9; ced-3
background in all P, ;ced-Fcontaiming hines. In line
P,... -ced-3B, tor example, ALMs survived on Oof the 37
[0%:] sides scored in a ced-¥; caid-3 background buron 12
of the 32 (37%] sides sconed in o ced-d ced-%; ced-3 back-
grownd, This result suggests that in the absence of en
dogenous cod-2, cod -4 promotes killing caused by ced-3
overexpression (see Discussion).

Protecran by cod-9 against ced-3-induced Killimg
is reduced by a mrelation dhat decreases ced-4 activity

As described above, endogenous ced-2 funcrion inhibited
killing by overexpeession of ced-3 and ced-d. Speciti-
cally, ALM supnval in P ced-3 and P ccecd-F lines
wis greates in ced-9 + | sirains than in strains containing
a e loss-ol-funcuion mutation {Table 24), Does ced-%
act o inhibit ced-3 function, ced-d function, or both? To
address this issue, we examined whether cod-9 requires
ced-d function to inhibit killing by ced-3 overexpression.

Table 7. ALM killing by wcd-3 overcxpaesiion con occur (0 the abzence of ced-4 fimction

Percent surviving ALMs (me. ALMS/no. sides scored)

wild tvpe cd-d ced-9. cad-3 ced-d ced-9 ced-3
P potd-3A ) (96| 43 (24456 0 |29 27 (B3
TP peed 30 42 [16/38] an1ssa1) 0|37 A= (1232}
L. e i 1O0Y [LB4H) (35035 11 [%/43) RS (28733

Thie column headings identify the chrommanasl genotypes of the strains cxamined. The alleles used were cod We2812), ced 3a 1T
and ced d{ni 142), cxcept for the line conaining the transgene P cod-3A, in which the the cad-3 allele nA002 wis aued.
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Table 8.  Ejfects of mretatins do oed-3 and ced-4 ow ced-9 pratection against cell deatl

Percent surviving ALMs (no. ALM'no. sides soored)|

-3 ced R ced 3 el 4 cad-d epd-Q o ead.d edd-d cad- W ced
A, cod-¥ inhibioan of ALM Killing by ced-3
averexpression s faciliraced by cod-27

(I T Y 47 |1hi33) [0 ) 43 [34/58| 25 [ 10v3R) 4% (13727 17 [B430|
P e vt - 3B S0 82T 0 pan ELRTE ] 19 [9/47] I7 (3529 B8 (123N
P ped-3C 10| 34734 21 [#r43) M {35039 24 [FartE) ¥ (404l B3 [28/733)

ced-d ced-d cad e X cod- 9 cod-3 cod-d, ced- 3 cod-d cad B ced. 3

B. Effects of ced-3 on cod-% inhrbuteon of ALM killing by cod-4"

Py poed -4 &3 | L228) (o] T ] Tl jarag) &7 |59 10 B0 (3Zrs0) Tl |27738)
Py roed -4 @ (3234 51 [18/34) 100 (20.20] oF |3435) o |3nran) B4 (27732
F.... .ced-30 97 (83T 41 |15/36] 100 (37457 o1 | 39an) T |3T38) UK [395a0)
. cced-dd 00 336 15 {727 10D |36056) 100 (4242 ML, 1043 (40780

"The column headings identify the chromotomal gemoiypes of the siraine examined. The alleles used were ced-PIn2B1 2, cod - Jin 717
and ced-d(nl 162), except for the line containing the transpense P ced 34, m which the ced-3 allele n 2002 was used
"The column headings identify the chromosomal genotypes of the strains examined. The alleles used were ced - 9n2812), ced-3n?17)

amd ced-dinl 162), M.D, Moo devermaned.

Tahle BA shows that whereas tor PM. l..i;:'d-,',!-l;.mmi.ninﬁ
ced-d| + | lines, ALMs survive better if ced -9+ ) function
is present, ALMs in P >oed-3-<ontaining ced-4d] =)
lings swrvive to similar extents in ced-9+) and ced-9
mutant backgrounds. For example, in ling Py, . ooed-3B,
ALMs survived on 5 of the 29 |17%) sides scored in a
ced-d; ced-3 background and on 12 of the 32 [37%] sides
scored in a ced-d ced-¥; ced-3 background; that is, ced-9
funcolon did mot progect against killing by ced-3-overex-
presslon in the absence of ced- luncuon, These mesults
suggest that endogenous cod-? inhibits ced-3 activity in
coid- d-ow grexpression strains by acting ar lcast in pare via
ceid-d.

A similar analysis using P, .ced-d transgenes is pre:
sented in Table 8B, However, because killing by a P,
reed-d transgene in a ced-3| =] background was ineffi-
cient, we cannot assess whether ced-3 might be reguired
fer protection from ced-d killing by ced-%

Cverexpression of cod-2 con pratect cells Eilfed
by overexpression of ced-4

Becauwse cidogenous ced-%? could protcce agaimst cell
death induced by ced-d overexpression, we  tested
whaother overcxpression of ced P in mee T-expressing
cells would prevent the ectopic cell deaths caused by
overexpression of ced-d in these cells. We examined the
ciicet of a P .. -ced-9 fusion (cammicd as an extrachromo-
somal array] on survival of ALMs in line P, -ced-d1¥ in
a ced-4 ced-¥ background. We found that in lines trans-
genic for both P, oed-4 and P, rced-2. more ALMs
survived than in the absence of P, ,ced- 9 or in the
presence of a P, ced-9 construct containing a frame-
shift mutation in the ced-? gene (see Table ;3 Material
and methods). These results sugpest that overexpression
ol ced-? is sufficient to PrOLect mec- F-oXprossing cells
from killing by ced.d overexpression and demonstrate

that ced-¥ acts in a cell auronomous fashion to inhibit
programmied cell death, We were not able to protect
against killing by overexpression of P, __ced 3A with a
P.... sced-# transgenc oo an cxtent greaves than the pro-
testion conferred by the presence of endogenous ced-%
{data not shown),

Chwrerexpression of either ced-3 ar ced-4 can kT
Y newrons

To see whether overexpression of ced-3 ar cedsd could
kill ¢ells other than mec-7-cxpressing cells, we fused a
crd-3 or cod-d cDMA to the prMmOLer for the unc-30
gene, which is expeessed in the VD and DD as
well as inm a few ather cells (lin et al. 1994, ¥, Jin, pers,
comm.), and obtained lines containing integrated copies
of cither P, awced-3or P, aced-4. As Table 10 shows,
we obscrved that P, sced-3 and P, joced-d trans-
genes could kill DD neurons in ced-9; ced-3 and ced-d
ced ¥ backgrounds, respectively.

We obtuned one line contaning integrated copics of
both P, ced-3and P, s ced-d (P, _soced-3/d4), We
obscrved DD missing in this line as well in both ced-9;
ced-3 and ced- d ced 9 backgrounds [dats pot shown). To
confirm that these cells were missing hecause :hc-':.l WETE
dying by programmed cell death, we ohserved the partern
of cell divisioms lesding o che formation of 8 of the 13
VI newrons in the ventral cord of a transgenic animal
carrying both enc-30 fusion constructs, Figure 1B shows
that two of these cells underwent a process morpholog-
ically similar to mormal programmed cell desth,

Lable 10 also shows thar an endozenous ced-4 muta-
tion inhibited killing by P, woed-3 transgencs in ced-
M =) animsals and that an endogenous ced-3 muation
inhibited killing by P, .. spced- sransgencs in ced-9 =)
animals. These results paralle]l our findings with the
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Table 9.  (hverexpression of ced-¥ cam protect from killmg &y
evenexprediion of ced-d

Percent of surviving ALMs
|, ALMsm0, sides sooged)|

ced - ced-?
P ,cod-4D 15 [4/27)
|, B T T TO[14520]
Fhllrrl.--""“'-'"'"'!ll-.l | er'w'f GBI [1TIRT]
P rorad 20N, P, cced 23 A3 (20024 ]
Pryee. rebd 400 P sed-Wl0- 1 1.3 [3524)
B rced-4D; Py pced-Sii)-2 5(1/20]
Py povd 400 o soed-Sil1-3 19421

Each row imdicares an independently derived trangenic line con-
talning the imegrated transgene P ccod-d0 and (except for
row 1) an exirachromosomal fransgens comtaiming either 2 wild:
pype o a mutant ced-9 DA Cach cxtrachromuosomal areay
was established in o ced-fnll62) ced-Wa2R12): alsds; Ko
15680 hackground. P cced-9 arravs coatased & wild-vype
ced- 2 cDNA. P rced AN arays contained a frameshin mo
tation in an atherwise wild-type ced-# cDNA. Each array was
coimjecied with a plasmid comtaining the Un-I5 gene |sce M
teraals angd methosls).

mec-7 promoter fusion constructs in a ced -9 - | back-
ground,

Unlike the mec 7 promoter usion constmects, none of
our ec=30 promoter fusion constructs showel exiensive
killing of DD neumms ina ced-9 + | background, making
it impossible to asscss if cod 3 can bypass the require
ment for cod 4 1w a ced® &) animial o if ced-d can by-
pass the requirement for ced-3 in a ced-%+ | animal,
That ced-3 and cod-f transgenes failed to kill DD new-
mons in ced- 9 + | animals might be 3 consequence of in-
sufficient cxpression from the wnc-30 promoter [we
never observed complere killing of DD newrons even in a
ced-% mutant background). Altematively, this difference
might reflect a difference between wac-3t- and e 7-
cxpressing cells.

Discussian

To ﬂw.l}' ithe roles of ced-3, ced-d, and ced-9 in e
prammed cell death in C elegans, we developed a
method for assaying the cffects of overexpressing these
cell-death genes as transgenes in cells that are mutation-
ally defective in specific endogenous cell-death acrivis
ties. Specifically, we expressed cell-death genes as trans-
genes under the control of vwo cell type-specific promog-
era, the P . promoter, which causes gene expression
within a set of mechanosensory neurons, including the
ALMs [Savage et al. 1989), and the P50 promoter,
which causcs gene expression in a different set of neu-
rens, including the D% (i et al. 1994). Expression of
ced-3 or ced-d killed both ALMs and DDs, suggesting
that if overexpressed cither gene is sufficient w activate
the cell-death program in cells that normally live,

The system we have developed for assessing the ciiecrs
on cell death and cell survival of specific transgenes

kLS GENES & DEVELOFMENT

could be used for the analysis of any newly discovered C.
clegans cell-death penes. Furthermose, becauwse the
meechanisans of |1-r|.|.|.;.r=||||1:|l,:|] cell death scem |i|'.1:|}' 1o be
conscrved AIMONE OTEANISIS &% diverse as aematodes, in
sects, and marmmals |e.g., Homiez et al, 1994], this sys-
tem aleo should be useful for the analysis of cell-death
genes from other organisms, such as those thar encode
the human Bel-2 protein and the baculovirus p35 pro-
tein, both of which have been shown to inhibit pro-
pramemed cell death in O elegens (Vaux et al, 1992, Hen-
garmer and Horvicz 1994a; Sugimoto ot al. 1594, Xue
and Horvitz 1995].

We suggest that expression of ced-3 and ¢ed -4 under
the control of other promoters could provide a useful
method for specific cell ablation, Such a methed wouald
complement that of laser microsurgery [c.g., Sulston and
White 1980; Avery and Horviz 1987; Bagmann ct al,
1993), which has been used extensively o define ccll
functions and reveal cell interacuons in C, elegaons,
Whereas laser microsurgery can be used o kill any cell,
relatively few cells and animals can be readily analvzed
using this approach. The wse of ced-3 or cad-4 transgencs
for cell killing would allow many cclls at many times of
development to be killed and could generate sufficient
numbers of animals lacking specific cells for biochemi-
cal sewdics or mutant hunis. A& very strong promoger
might allow such killing experiments to be performed
using a wild-type genetic background, However, in gen-
cral, an absemce of ced-% function most likely would
greatly facilicate killing, which leads us to suggest that
miost such CAPCEiMents should be alt-:mpl.cd USInE, cuther
& cod-® cod 3 or a ced A cod. 9 h:ll:ll:E;l:dLlJml.

Killirg by overexpression of ced-3 or ¢ed-4 i3
similar to normal programmed cell death

The ectopic cell deaths we observed in lines carrying
gither P, . of P, .. fusion constructs w ced-3 or
cech-d were similar to programmed ocll deaths by a num-
ber of criteria. First, ccvopically dying cells had the same
characteristic refractile appearance when viewed with
Momarski optics as normal pregrammed cell deaths. Sec-
ond, the charsceeristic wlirastruciural features of pro-
gramimnied cell desth—darkly swsining cytoplasm, reduced
eytoplasmic volume, and darkly staining nuclear mat-
ter—were present in the ectopically dying cells. Third,
mutations in 2 gene required for the enguliment of
corpses resulting from nommal programmed cell deaths
prevented the enguliment of corpses from ectopic cell
deaths, sugesting that the ectopic cell deaths resembled
normal cell deaths. Founth, 3 mutation that prevents the
depradation of the DMNA of cells that nommally die pre-
vented also the degradation of the DNA of ALM cells
killed ectopically. Fifth, the extent of killing by ced-3 or
ced-d overexpression was influenced by endogenous mu-
tatkons in genes known o affect normal programmed
cell deaths [ced-3, ced-d, and ced-9), strongly suggesting
that the molecular components responsible for the e
:-l;upi.-l:. cell deaths cnrn:;.pm‘l:l to thoze involved 1a normal
pq‘npﬂ.lnmn:d ¢eT| d.-e:mth.'l-



Table 10, Chverespression of ged-3 of ced-4 can kil D readoes

Oippesing orll-deaih sclivigies in worn BEaEons

Perceme of sureiving DDs (no DDs scared/no, expected]

el meil 2 oo 3 ceel-d coad 9 i
Foncpted-34 L& |0 1iE0) S5 Assan 1M {5 EHE] e | dsran)|
P, qced-IB 18 {720 9 (350a0] 1003 e8] (35040
Fw_‘.ﬂd’.ﬂ.ﬂl JLEARBEIRETL ] 1EM0 (arvan |q--||7h|'4:l'| o0 [40040)
P sced=dB JLEARR IR 100 (40 a) ERIEE A 100 |40a0)

Eech raw indicates an independently derived ramsgente line conaining a given invegraved transgene. Colume headings identify the
chromosomal genotypes of the stramns cxamined. Fractions indicste the number of T nearons scoced and the number of expected
DDs. The alleles used were ced-Wn2B1 2L ced-2aT 17, sl cod-lni 1620,

ced-3, ced-4, amd ced-9 oot cell mubonormmeasly

All of the ectopic deaths we observed were of cells
known to express the promorer we used. No surrounding
cells were ever observed w die. These results suggest
strongly thar killing by everexpression of eicher ced-3 ar
cecd-¢ 15 cell autonomous. Previously, gemetic mosaic
analyscs demonstrated that wild-1ype copies of ced-3 and
ced-4 were required in lineages generating cells that nor.
mally died to cause the deasths of those cells [Yuan and
Horvitz 1990, These experiments, however, did not offer
a cellular resolution capable of limiting the requircment
fior these genes o the dying cell itself, Our resalts dem-
onstrate that ced-3 and ced-4 can act cell autonomously
to cause cell death, strongly supporting the hypothesis
that ced-3 and ced - normally do so. In addivion, we have
found that ced-¥ can act cell auronomously to prevent
cell deach, because overexpression of ced-% im mec- Texe
pressing cells pescucd Killing by overcspressaon of ced-4
in the same cells.

The genetic pathway for programmed cell death
in C. elegans

Killing by overexpression of ced-3 did not require endog:
enous ced-d function, whereas killing by overcxpression
of ced-4 was at least in part dependent on endogenous
ced-3 function. These results suggest ither that ced-d
acts upstream of ced-3 and ced-d funct:on can be by-
passed by high bevels of ced-3 activity or that ced-3 and
ced-d act in parallel, with ced-3 perhaps having a greater
ability to kill [Fig. 24). Our finding that ced-d appears to
facilitate the inhibition of ced-3 by ced-? suggesis tha
cod ® acts to negarively regulate ced-4; our data do not
indicaie whether cod 9 aleo acts to ﬂupli.'-'q‘.‘l'!.' rtgu]:l-:
ced-3 [Fig. 2B]. It 15 conceivable that this propesed parh-
way applies toocells that die tn our overexpression sys-
tem but not to cells that normally dic.

[nterestingly, in the absence but not in the presence of
ced-9 funceion, ALM killing by overexpression of ced-3
is potentiated by the presence of 3 functional ced-d gene
Why might ced-d function matter only if ced% 1§ inac-
tive! One possible explanation based on the hypothesis
that ced-9 acrs upstream of ced-d is that the ALMs arc
cells that normally live and, as such, presumably have
sctive cod-? funciion. This ced 2 activity might mbibit

any endogenous ced-d function, so that the presence oo
nhaence of o ced -Ii| § ] pllele would be ieselevant. Howe-
CVer, if cod- 9 were mactivated 'bj' ﬂ'nllt:liﬂl'l. -4 m i.;lh‘li
become functional in the ALMs, thus potentiaring kill-
g by a ced-3 transgenc.

The behavior of ced-4 in our cxperiments suggests a
similarity bevween the action of the CED-4 protein and
the action of Bel-2-related proteins that induce apopto-
sis, such as Bax (Olovai eral, 19930, Bak [Chittenden et al.
1995, Farrow er al. 1995; Kicfer et al, 1993, and Bad
[Yang er al, 1993). Overexpression of Bax, for example,
pesults in cell death, just as does overexpression of ced-4,
ard gvcr-:nprqniqm af bel-2 blocks this death I;D]tl.rm at
al, 1993] jusi 235 Overexpression af cod-0 blocks death
caused by overcxpression of ced-d. Similar interactions
exist with Bak (Kicfer et al. 1995 and Bad [Yang et al.
19950, Althowgh CED-4 and the Bel-2 family do nos have
obvious sequence simdlarity, these proteins might simi-
lacly medisee signaling berween a negative regalator of
cell death (eg., CED-9/Bel-2) and a eysteine-protease ac.
tivator of ecll death [c.g, CED-3/1CE-like protease]. Al-
ternatavely, because both ced-# and ced-3 have mamma-
lian counterpares thae are involved in programmed cell
death, it 15 possible that a protein similar in both struc-
ture and function to CED-4 cxists in mammals,

ced-3, ced-4, and ced 9 might all normally be
expressed in surviving cells

As discussed above, we found thar ALM Killing by a
ced-d rransgene was greatly roduced amd possibly elimi-
nated in animsals thar lack ced-3 function, suggesting
that ced-dinduced killing requires ced-3 activity [see
Tables 5 and &), Because cod-3 acts cell sutonomonsly,
thiz finding supgeses thar wild-type ALMs have ced-3
funcrion. Similarly, ALM killing by either 2 ced-3 or 2
ced-4 transgene was greater in animals that lacked ced-?
function than in ced-9 + | animals [see Tables 24 B], and
ced-% can sct cell sutonomounsly. These Hndings suggest
that wild-type ALMs have ced-9 function. Finally, pro-
pection by ced-? against ALM killing by a ced-3 trans-
gene might be mediated by ced-4f fumction [see Table 8A),
and ced-F-induced ALM killing was reduced 1o animals
lacking ced-4 function in the absence of ced -2 activity
[gee Table SA) Because ced-d alen acts cell awtono-
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mously, these findings suggest thar wild-type ALMs
might have ced-4 fumction. In short, our observations are
coaslstent with the hypothesis thar surviving ALMs
contain not only the protective function of ced-# but also
the killing functions of ced-3 and ced-d, Similar conclu
gloms ean be drawn for the DD neurons,

Presumsably, the killing functions of ced-3 and ced-4
are inhibited in the ALMs and DDs direcely or indirectly
by the protective funcrion of ced-9, Because averexpres-
sion of cither ced-3 or ced-4 in the ALMs can overcome
the provective function of ced-2 [see Table 1), we propose
that in these neurons, and perhaps mone generally in all
C. elegans cells, there i% an antagonism between func-
tions that activate (e, cedh3 and ced-4) and [unceions
that inhibit {e.g., ced-9) programmed ccll death. Becausc
ced-3, ced-d, and ced-9 do not seem wo affect cach other's
transcription |5, Shaham and H.B. Horvtz, unpubl.; M.
Hengariner, pers. comm.; Yuan and Horeiez 1992, Yuoan
ot al, 1923 9t 95 likely that this antagonism s not at the
transcrptional level but rather involves the activities of
the proteins encoded by these genes. Cells might initiare
programmed ocll death cither by reducing a protective
activity or by increasing a killing activity, Interestingly,
not all of our overexpression lines could overcome the
protective effeces of ced-# (see Table 1), This observation
suggests that the dosage of (e ced-3 or the ced-d product
in theae lines was insufficient o overcome ced-# protec-
tion. Supporting this notion is our observation that lines

VRIS mﬂwr than himnzmms for the insertions
Pm.-u- :E{'ﬂ-ﬂ'ﬂ. Fﬂ,., ;-l.'ll'd.i.n'i. md FM..., :r':ﬁ'-d"'rﬁ Shﬂ"'l“d
little ALM death |5, Shaham and H.E. Horvitz, unpubl.).
For example, ALMs survived oo 23 of the 25 [92%) sides
scored in animals heterozyvgous for the P, cced-dA
transgene i 2 wild-type background as opposed to 4 of
the 39 [10%) sides in P -ced-d8 homozygotes, indi-
cating that gene dosage is important for Killing by either
cirdd -3 or ced-d.

Our hypothess that surviving eclls im O, elegens
might contain antagoaistic protective and killing cell-
death funetions s consistent with a number of findings
froim studies of programmed cell death in other organ-
isms. For example, in many cases cells can be induced to
undergo programmed cell death im the absence of mac-
romolecular synchesis (for review, see Vaux and Weiss-
man 1993, suggesting that the protein components
needed for cell death are present i livang cells, Simi-
larly, many and perhaps all mammalian cells are pro-
tected by exogenous growth factors from dying by pro-
grammecd coll deach, which has led Raff [1992] to propose
thar all cells contain cell-death killing factors. Our find-
ings provide direct evidence that ae least some living

cells are indleed poised for death in this way,

Matcrials amd methods
Creneral methods and strains

We calured . elegans as described by Breancr (19741 All
atraing were grown at 20°C. The wild-aype strsin used was O
eligans varvety Bristol steain M1 Genevic noomenclaure fallows
the standard . elegans system [Horvies et al. 19790 The s

SHE GENES & DEVELOPMENT

rtions wsed have Been described by Ellis and Horvitz (L9885,
Hedgecock e al. [1983), Mengasmer o al. [1992), aml Sulsimn
(1978] or were dsoloved by ws. These mutstions are as falbows:
LG I ceed He? 7350 LG T cead-dind 1620, cod Sin2812, ni @50,
] 95 p2ad), unc&NeSETH LG IV: ced 3(nTIT. nFI&, nlikn.
ol 129 n2433, o2, LG X- s e 13920, Iin- 15(67651 Allele
desapnations for the integrated lines ane as fallows: P, o8-
A s oSG, P sced- A0 s wl=3R P, cced-30 is nfald, P,

cced dh bs nlsdl, P cced 4B is nfedd, P cced A0 is mled?,
P cceddDis nlzds, P, cod A s nled? P, ced 3008
i a2, P aoted A s alsdd, and P oed-<B s nlsds The
integrated mec- "=leed fusaon conseruet s designated as allele
telsl |1 Way, pers, SOENML L

Plasrmd comsdruchioms

P, roed-3: The vector pPDSL 02 |A. Fire, M. Hamelin, and J.
Culote, pers. comm. ) was digested with the restnction cnzymes
Shel and EcoRY amd was ligated tooam Spel=3mal fragment ule
taingd from plasmid pS126, which contains the full-length
codh 3 cDNA P Leed-d: The vecoor pPDAL 02 was digested
with the restriction enzymes Nhel and FcoRY aml was Ligased
b an Spel-Smal fragment obtained from plasemid p&1 35, which
comitaans a fall-lengeh ced-d cDMNAL I, waed-30 Plasmed pS 26
wian dipesicd witls the enzyime Spel, dephosplony laved using calf
inteatinal alkaling phosphatass [Mew England Bialabe, Bevedy,
Mal and ligaved eoa 3.5-kb Xbal fragment that concains non-
coding sequences upstream of the une-30 svan codon sulhiciont
to xpress 3 e repomer gene in the VI3 and DD newrons of €.
plegans (o ox al. 19948, Y. lin, pers. comm.). P ced-d: Plas-
mdd pS1ES was digessed winh she coeyme Spel as above and
ligared v the same Xhal fragment wsed o construct P, goed
L F.... sced-% The cad-9 e DBA insen of pl.umi.l B0 [Hempgart-
mer arel Hoevitz 1994b] was amplificd using the polymerase
chain reaction and cloned imo the vector pPDSL 102 wsing its
Pl and EcoRY sifes, P, ced-90if0: Plasemid P, . ceel-% was
digested with Harmlll, the overhangs weore fllad with Elenow
enzvmse and religated 1o create a Frameshife muatatinn [Hemgare-
merand Farvicz 1984h). Plhismid p5s1 72 was made as follows: We
replaced the soquenos TG at the codon cnooding cysteine 358 of
CED-3 with the sequence G using an oligonweleotsde-medi-
ated sie-dirccied mutagencsis kit and following the insimuc-
tions of the manufacturer (Amcrsham Arlingeien Heaghes,
IL). An oligoonucleatide that emoalis the pepride OAARG
B OCTTTT TG TGCACGCTOCTCCACCCCAACCTOGT:
31 was used o introdduce the muscation, and plasmid psl 26 was
used as the template. The sequence of the entire nutsted plas-
mild woas derermened oo confiom vhar only the desired muocacon
was imroduged. The resuluing plasmid was then digesved wath
the cazymes Spel and Smal and ligeted 1 tha 'p-h.u'ul.d
pPO52 102 as described above vo generate plasmid pS172. Mas-
mid p51 73 [which comains a T-w-A substitution at the codon
cncodmg psdowcane 2538 of CED-4| was made as above except
thar as oligoiwcleoide encodusg the pepoede TRHEWA (57-0G0C-
TCCTOACCCCAACCATTTOCTTTCTTCTTCAACT-3"] was
used o inroduce ihe muoistion, and plamid pS125 was weed 43
the templaic

Ceerrn-dine transformation aod integration of
extrorchmencsoral erravs

Oar procedune for macroinjectaon and germ-line transformanon
followed that of Fire 1986] and Mcllo ex al (1991). DA for
injections was puridicd using a Ciagen system ard felbowing the
instnections of the marfacqurer ((Hagen Inc., Charsworth,
CAL The corcentrations of all plasmisds wsed for injecisons were




betweeen 50 and 100 pgdeal. All constreces were connjected with
the pRFA placmbd, shich conraimns the ml-tiamfiis) allele 15 a
droeninans marker. Amimals carrying the pRE4 plasmid exhihit a
m¥ler (Raol] phenogype, We transtomed strains of genotype ced-
W28 2); cod- AT 7), ced-Sfn ] 162) ced - Wn28 20, or wild type.
Approximacely 50 amimals were injocted in cach expenoment,
and 50100 Fl Rol anamals were pucked envo scpamte plates. Fl
animals segregatirg Rol progery wete estahlished as lines con-
wining extrchromosomal arrays (Way and Chalfie 1988]. To
assay the activity of P, cced @and P ced Hilf], we injected
animals of genotype ced-dinl162) ced-9n2E12): nlsd5: fin
WS with cach plasmisl and with a plasmid containing the
wild-type fir-15 genc (Clark o al 1994; X Lu, pers comm.].
Approximatzly 40 FI non-Lin-15 animals were abtained inesch
experiment, and lines transmitting the non-Lin-15 phenotype
wiere catablishid.
T obriin lines containing amtegrated copies of the P soed
3, P riidd, T pated-3, of Py, ooed-4 constmugts, we gx:
o plage of worms sontaining o given cosstrict as an ox
grachmimisamal AfTAY B0y EAVS OF X YR A0 A dise ol 45000 rade
Thirty o 50 foarth larval siage animals [L4s] were picked from
the plate onee a separate plate and allowed o genenane seli prog:
eny. FI Ral progeny of the metagenized amimals were picked
otk inedividual plaves and allowed o generare self progeny. $ix
tor gight ol F2 animals were picked Froen each Fl plae and
Allkvwesd g penerare self propeny. FI plares conrvining 100% Ral
animals were maintaned as invegraved lings. The invemranon
cvent was confirmed by a cross with wild-iype animals. Puta-
vive heworozygore animals from these crosses wene allowed o
gencrane self progeny and were slwwno o scgregace homozygous
Rel apimals ar a frequency of approximately one in three ani-
misls picked These resulis also showed thar all our incegraced
lines had a dominant Rol phenotype. All integrated strains we
obtained were backerosied at lesst cwice either to N2 o to
another strain when appropriate. Overall, we screeped =340 XK
FZ animals 1o obtain thros indepensdent P, o003 intogrants,
30,000 F animale to obiain four indopesdent P ccod-4 inte-
gramts, WL FY animals to obtain two independent P ooed-3
integranes, DOLOO0 F1 animals o obtain two independent
P, gpced-d integrants, 5000 F2 animals to obtain two indepen:
dient integrants contaming both the P soed-3and Py, soecd-4
constructs, and 1000 F2 animals v obtain omre nlcgeant o
saining bath P, goed 3 and P, eeed 4 construsts, Mo of
the integrated lines uwsed in our expenments cxhibitod any ob-
wious abnormaliey besides the Rol, Mec, or Une-30 phenorypss.

Asvays Jor ALM aad DD cell deark

ALM cell death was assaved by sconng transgenic animals fog
the presonce of ALM nucled as follows: approsimanely 40 carly
LI animals wene mounted onte & deop of 50 ma Nabd, an MO
b (Sulston and Hodgkn 1958] on & slide convainimg & pad of
5% agar in watcr and were covered with a coverslip. Aaimals
weara then abserved using Momarcki ootees [Sulivon ard Hosvinz
1977|. The Bol phenoaype conferrad by the pRIF4 plasmibd is
cxpressed |n L1 laress, which thus are easier w score for the
presesce of absence of the ALMs, The lefr side of animals was
spared for the presence of an ALML nucleus, and ihe nghe sude
of the animals was scofed for the presence of the ALMBR -
clous. Afecr scoring L s for the presenee or absence of ALMs, we
allowed shem to mawre; only Roel animals or animals segregat-
ing Rol progeny were included im our dsia.

D cell death was assayed as folbows; ¥Young LI animals (at a
stage prior (o the migration of the P-<ell nuclei] om an inte-
grated lime were scored wsing Momar:ki oprics for the prosence

Opposing celll-deanh actividies in werm peussns

of 15 acuronal suclel leeated Between the retmvesicular gan:
gleam and the pre-amal ganglion. Four of thess 15 el a0 DT
nuclei [Sulsson and Horviez 1977, some of which were missing
in scrains containieg P ooed-3 or B aeced -4 constmucts.

Wi also directly observed the desths of PYM neuwrons in ced-
28124 ced-¥nFi T P, sced-35dA and in ced-dfn 11621 ceds
Dfn2812); P ccod-dA animals by followieg the QL odl lin-
eage |Saluton snd Horviez 1977 6n living lamvae (m= 2], Oocas
sionally, we abso saw the sister of the FYM neuron, SDKL,
undergo programmed cell death. The mec. ¥ promoter is known
o b expressed weakly in this cell (M. Chaltie, pers. comm.|,
suppircting our hypothesis cthae the level of overexpression of
ced-1 or cedd is imporant for the penetrance of ccll killing, 'Wie
ales ohaerved directly thie deaths of the VI nearons in one ced.
W20 ced-AnTITL P wieed-37dA animal by following the
15112 ecll lincages in that animal.
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