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SUMMARY

The NSM cells of the nematodeCaenorhabditis elegans
differentiate into serotonergic neurons, while their sisters,
the NSM sister cells, undergo programmed cell death
during embryogenesis. The programmed death of the NSM
sister cells is dependent on the cell-death activator EGL-1,
a BH3-only protein required for programmed cell death in

C. elegans and can be prevented by a gain-of-function
(gf) mutation in the cell-death specification geneces-1

which encodes a Snail-like DNA-binding protein. Here,
we show that the genedlh-2 and hlh-3, which encode

a Daughterless-like and an Achaete-scute-like bHLH
protein, respectively, are required to kill the NSM sister
cells. A heterodimer composed of HLH-2 and HLH-3,
HLH-2/HLH-3, binds to Snail-binding sites/E-boxes in a

cis-regulatory region of the egl-1 locus in vitro that is
required for the death of the NSM sister cells in vivo.
Hence, we propose that HLH-2/HLH-3 is a direct, cell-type
specific activator ofegl-1 transcription. Furthermore, the
Snail-like CES-1 protein can block the death of the NSM
sister cells by acting through the same Snail-binding
sites/E-boxes in theegl-1locus. In ces-1gf) animals, CES-
1 might therefore prevent the death of the NSM sister cells
by successfully competing with HLH-2/HLH-3 for binding
to the egl-1locus.

Key words: ApoptosisC. elegansegl-1, Snail-like transcription
factor, bHLH proteins

INTRODUCTION translation machinery. The programmed death of neurons by
trophic factor removal therefore also depends on intrinsic, cell-
The elimination of unwanted cells by programmed cell deatlautonomous programs and/or the fate of the cell.

or apoptosis is a fundamental feature of animal development Programmed cell death is also a fundamental feature of
and the mechanisms of programmed cell death have beeeurogenesis in invertebrates, including the nematode
conserved through evolution (reviewed by Ellis et al., 1991Caenorhabditis elegan3he nervous system of a wild-tyfe
Strasser et al., 2000). For example, more than 50% of adleganshermaphrodite is composed of 302 neurons of at least
neurons formed by neurogenesis in vertebrates are removi8 different types (Sulston and Horvitz, 1977; Sulston et al.,
by programmed cell death before adulthood (reviewed by983). During the development offa elegandiermaphrodite,
Oppenheim, 1991). By removing neurons that are superfluod81l somatic cells die by programmed cell death, a process
or that have not made appropriate connections with thethat is determined by the essentially invarid@ht elegans
targets, programmed cell death plays an important role in theell lineage. Most of these 131 cells are sisters of cells
formation of a functional vertebrate nervous system. Whathat differentiate into neurons and, when prevented from
triggers neurons to undergo programmed cell death in thendergoing programmed cell death, often adopt a neuronal fate
developing nervous system is largely unknown. One inducer dhemselves (Ellis and Horvitz, 1986; Avery and Horvitz, 1987).
neuronal death appears to be the removal of trophic factoldence, more than a quarter of the cells that are initially
such as nerve growth factor (NGF). NGF deprivation has beegenerated and that have the potential to form neurons are
shown to induce programmed cell death in a cell noneliminated by programmed cell death during the development
autonomous manner in a number of models of neuronal deattf, the C. elegansiervous system.

such as the death of sympathetic neurons (reviewed by Genetic analyses of programmed cell deatlCirelegans
Deshmukh and Johnson, 1997). The death of these neuronshae been instrumental for our current understanding of the
not only dependent on NGF deprivation but on the synthesisonserved, molecular mechanisms of this essential process
of macromolecules, i.e. on an active transcription andreviewed by Horvitz, 1999). Four genegl-1(egl, egg-laying
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defective),ced-9(ced cell-death defectiveed-4andced-3  death of the NSM sister cells, suggesting test-2causes the
have been identified, which, when mutated, can blocNSM sister cells to die by negatively regulating the cell-death
programmed cell death during development. These four genesotective activity ofces-1 ces-2 encodes a DNA-binding
act in a simple genetic pathway, in whiefl-1 negatively  protein most closely related to the proline- and acid-rich (PAR)
regulatesced-9 ced-9 negatively regulatesed-4 and ced-4  subfamily of basic leucine-zipper (bZIP) transcription factors
positively regulatesed-3 the activity of which is required for of vertebrates (Metzstein et al., 1996¢s-1encodes a DNA-
programmed cell death. Tleed-3gene encodes a pro-caspase binding protein most similar to members of the Snail family of
ced-4 an Apafl-like adaptorced-9 a Bcl-2-like cell-death zinc-finger transcription factors (Metzstein and Horvitz, 1999).
inhibitor andegl-1a pro-apoptotic member of the Bcl-2 family, cis-regulatory regions upstream of tbes-1transcription unit
a BH3-only protein. Genetic and cell biological observationsnclude a potential CES-2 binding site, which suggests that
indicate that CED-9, CED-4 and proCED-3 proteins ar€CES-2 might be a direct, negative regulator ads-1
present in most if not all cells duringC. elegans transcription. Thees-1gf) mutation is located adjacent to this
embryogenesis. It has been proposed that in cells that livpptential CES-2 binding site, which suggests that this mutation
CED-9 blocks the activity of CED-4 and, hence, the CED-4+esults in NSM sister cell survival by causing overexpression
dependent activation of proCED-3. Conversely, in cellof ces-1lin the NSM sister cells. This hypothesis is supported
destined to die, EGL-1 negatively regulates CED-9 therebipy the observation that overexpressionces-1from extra-
allowing the activation of proCED-3 (Chen et al., 2000). chromosomal arrays carrying the wild-types-1locus causes

Little is known thus far about how the central cell-deathNSM sister cell survival (Metzstein and Horvitz, 1999).
pathway and, in particular, the activity of its most upstream Members of the Snail family of zinc-finger DNA-binding
component, the BH3-only protein EGL-1, is regulated toproteins act predominantly as repressors of transcription
specifically cause the death of the 131 cells that are destiné@viewed by Hemavathy et al., 2000). It has therefore been
to die duringC. elegansgdevelopment. EGL-1 is likely to be proposed that ices-1gf) animals, CES-1 blocks the death of
regulated by cell-specific factors because genes have bedtre NSM sister cells by blocking the transcription of a pro-
identified that act upstream efl-1 and that, when mutated, apoptotic gene (Metzstein and Horvitz, 1999). ¢&s-1acts
block specific cell deaths. For example, mutations in the genegpstream of the cell-death activator gesg-1, egl-1is a
ces-2andces-1(ces cell-death specification) block specifically candidate target afes-1(Conradt and Horvitz, 1998). In this
the death of the NSM sister cells, and of the NSM sister celisaper we present data indicating that the basic helix-loop-helix
and the 12 sister cells respectively (Ellis and Horvitz, 1991)(bHLH) proteins HLH-2 and HLH-3 are at least partially
Furthermore, a mutation in the getra-1 (tra, transformer) required for the death of the NSM sister cells and that a
prevents the death of the hermaphrodite-specific neurormeterodimer composed of HLH-2 and HLH-3, HLH-2/HLH-3,
(HSNs) in males (Conradt and Horvitz, 1999). In addition toacts as a direct activator efjl-1 transcription. Furthermore,
being involved in the specification of the male-specific deatlve describe studies that suggest thatcés-1gf) animals,
of the HSNs, théra-1 gene has a more general role duthlg CES-1 acts as a direct repressoregi-1 transcription by
elegangdevelopmenttra-1 functions as the terminal regulator antagonizing the function of HLH-2/HLH-3.
of all somatic sexual fates @. elegangreviewed by Goodwin
and Ellis, 2002). The cell-specific pathways that regulate EGL-
1 activity therefore may not be cell-death specific pathways bWIATERIALS AND METHODS
rather pathways that play additional, important roles during
development. tra-1 encodes a zinc-finger DNA-binding General methods and strains
protein, TRA-1A, which directly represses the transcription ofC. eleganswas cultured and maintained as described by Brenner on
egl-1in the HSNs of hermaphrodites but not in the HSNs oNGM medium at 20°C unless otherwise noted (Brenner, 1974). The
males. At least in the HSNs, in which the life-versus-deatiBristol strain N2 was used as the standard wild-type strain. Mutations
decision is determined by somatic sex, EGL-1 activity igised in this study are listed below and are described by Riddle et al.
therefore regulated at the transcriptional level (Conradt angRiddle et al., 1997), except where noted otherwise. L(ic-
Horvitz, 1999). 87(e121§, ces-1n703, ces-In703 nl43)% ces-Z_n73ZS), hih-

In contrast to the male-specific death of the HSNSs, the deaf®*109 (Portman and Emmons, 2000). LGléhd-1ju29) (Hallam

. ) t al., 2000)pclsI(Peg-19fp; this study). LGIV:ced-3n717), bcls25
of the NSM sister cells appears to be determined solely o t%is S]t(ugg).]ngVz egl_l(gl)osél n308)23(Cor?radt and

lineage. Whether the signal that triggers this particular deatoryitz, 1998), unc-78e913, bels37 (Pegishis24-gfp this study).

also does so by regulatirgl-1transcription has not yet been | Gx: lin-15(n769, bcls24 (Ppn-gfp; this study),bcls30 (Ppn-1gfp;
determined. As described above, two gewes;landces-2  this study)

have been identified that, when mutated, can block the death _ _

of the NSM sister cells and therefore cause a cell-deafMolecular analysis and PCR mutagenesis

specification or Ces phenotype (Ellis and Horvitz, 1991). AStandard molecular biology protocols were used unless otherwise

loss-of-function (If) mutation in the gees-2blocks the death noted. aners used throughout th|§ study were based on sequences
of the NSM sister cells, indicating thees-2is required for ~ determined by the. elegansequencing Consortium (Tk elegans

their programmed death. The death of the NSM sister cells I%equenc'ng Consortium, 1998). Plasmid pBC105 was generated by

. . - . amplifying his24-gfp from plasmid pJH2.19 (M. Dunn and G.
also blocked by a gain-of-function (gf) mutation ¢es-1 Seydoux, personal communication), using the polymerase chain

which suggests thaes-1lhas cell-death protective activity and rgaction (PCR) and appropriate primers. The PCR product was
that it can function to prevent the death of the NSM sister cellgligested withSma and Ncd and used to replace tf®ma-Nca

A ces-1If) mutation causes no obvious phenotype; however, ifragment of plasmid pBC99 (Conradt and Horvitz, 1999). Plasmid
suppresses the ability of throes-ZIf) mutation to block the pBC08 (Conradt and Horvitz, 1998) was used to generate plasmids
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pBC119, pBC13, pBC11, and pBC149. Plasmid pBC148, which i#CR amplification in the presence of iGi [32P]-dATP using the
based on pBluescript and contains a 2.9Pi-Xhd fragment of  primers 5-aac tca tcc acg tca cca daaBd 53-ttg tcc act cgt tta cca
pBCO08, including Region B, was used to mutagenize the four Snaita-3 and plasmids pBCO08 (wild-type), pBC181 (Sn&tbox) or
binding sites/E-boxes in Region B. PCR-mediated mutagenesis waB8C182 (SnailE-box') as templates. The labeled PCR products were
performed. The sequence of the resulting plasmids carrying foyurified on a 6% acrylamide/TBE gel. A GST-CES-1 zinc-finger
Snail/E-box sites (5-CATATA-3') (pBC170) or four SnailE-box* fusion protein construct, expressing GST fused to amino acids 117-
sites (5-CATATA-3") (pBC180) was confirmed by sequence analysis270 of CES-1 (referred to as GST-CES-1), was made as described by
using an automated ABI sequencer (Applied Biosystems). A 1.4 khetzstein et al. (Metzstein et al., 1999). GST-CES-1 was produced
Hpal-Pst fragment, which includes the four Snail-binding sites/E-and purified fromE. coli as described by Ip et al. (Ip et al., 1992)
boxes, of pBC170 and pBC180 was used to replacedfa-Pst (4.25 ng representsx10-13 moles). Expression plasmids for ktis
fragment of pBC08 and to generate plasmids pBC181 (&a+dibx) HLH-2 (pKM1199) and HisHLH-3 (pKM1195) fusion proteins
and pBC182 (SnailE-box"). The plasmid for the expression i were provided by M. Krause (Krause et al., 1997)g4#ikH-2 and

coli of dsRNA ofhlh-2 (pBC132A) was constructed by subcloning Hiss-HLH-3 fusion proteins were produced h coli strain BL21-

the corresponding cDNA from plasmid pKM1199 into BaarHI site CodonPlus(DE3)-RIL (Stratagene) and purified as described
of vector L4440 (Krause et al., 1997; Timmons et al., 2001). ThéPortman and Emmons, 2000). 5.0 ng and 3.2 ng efiHi$i-2 and
plasmid for the expression of dsRNA twh-3 in vitro was obtained  Hiss-HLH-3 fusion protein, respectively, representd @ 13mol. The

by subcloning the corresponding cDNA from pKM1195 into thepurity and concentration of the fusion proteins were assessed by SDS-
BanH| site of pBluescript to generate pBC226. Plasmids for thdPAGE and the BioRad protein assay (BioRad). EMSAs were
expression ohlh-4, hlh-6, hih-12 or hlh-14in E. coliwere obtained performed as described for HLH-2 and HLH-3, and CES-1 (Krause
by PCR-amplifying coding regions of the genes from genomic DNAet al., 1997; Metzstein and Horvitz, 1999). Binding was quantified
using the following primers:'5§aa ggg atc ctg ttc tga aac aac atc ttccusing a phosphoimager (Fujifilm BAS-2500) and appropriate software
aac g-3and 3-gaa ggg atc cgc agt tga tgg ttg ata gaa atafty-8lh- (Aida Image Analyzer V. 3.21).

4, 5-gaa ggg atc caa ttc cac att cca act tcar8 5-gaa ggg atc ccc ] ]

aaa ctg atg agc tga aaa 'ttfi@& hlh-6, 5-gaa ggg atc cag cca cct ctt RNAi experiments

aca taa ttc-3and 3-gaa ggg atc cat ata aac att ggt ttg ggfpi3hlh- For RNAI experiments using feeding as the method of delivering
12, 5'-gaa ggg atc cct gag ctc aga ttt tca’ gu8d 53-gaa ggg atc ctg dsRNA, plasmids pBC132A, pBC124A, pBC188, pBC189, pBC190
cgt tct cte tea ttt ctg-Jor hlh-14 PCR fragments were digested with and pBC191 were transformed irfo coli strain HT115 (Timmons
BanHI and ligated into pBluescript to generate plasmids pBC22%t al., 2001). NGM plates containing 6 mM IPTG ps@ml ampicillin

(hlh-4), pBC228 filh-6), pBC229 filh-12) and pBC230H{lh-14). and 12.5ug/ml tetracycline were inoculated with transformed HT115
) ) bacteria. The expression of dsRNA was induced overnight at room
Transgenic animals temperature. The plates were subsequently inoculated with L4 larvae.

Germline transformation was performed as described by Mello and Firgnimals were cultured at 15°C and their progeny was analysed. For
(Mello and Fire, 1995). For transformation with thgykhis24-gfp ~ RNAI experiments using injection as the method of delivering dsRNA,
reporterced-3n717; lin-15(n765 animals were injected with plasmid plasmids pBC226, pBC227, pBC228, pBC229 and pBC230 were used
pBC105 (Rgy-1his24-gfp) (2.5 nglil) and the co-injection marker pL15- to PCR-amplify their inserts flanked by th@andT7 promoter using

EK (50 ngfil), which rescues th&in-15(n765 multivulva or Muv  appropriate primers. PCR products were used as templates for in vitro
phenotype (Clark et al., 1994). Injected animals were shifted to 25°@anscription using th&3 andT7 polymerases (Promega). Reactions
and non-Muv F1 animals were picked to establish transgenic lines. Tlwentained 100 O3 or T7 polymerase, 2 mM each rATP, rCTP, rGTP,
line carrying the extrachromosomal arlmEx78was used to integrate  rUTP, 10 mM DTT in a final volume of 1Q0 in DEPC-H0 buffered

the array into the genomeed-3n717; lin-15(n769; bcEx78animals  with transcription buffer. After incubating for 2 hours at 37°C, five
were mutagenized using ethyl methanesulfonate (EMS) (Brenneunits DNase was added and the reaction incubated for another 20
1974) and transgenic F2 animals were selected that gave rise to 10@%nutes at 37°C. The RNA was purified by phenol/chloroform
non-Muv progeny at 25°C. The strain carrying the integrdia37  extraction and resuspended in @D DEPC-HO. Single stranded

V was backcrossed five times tmed-In717; lin-15(n765. For  sense RNA was annealed with an equal amount of the corresponding
transformation with the ¢h-19fp reporter, we injectedin-15(n765 antisense RNA at 37°C for 20 minutes, centrifuged at 4°C for 10
animals with plasmid pBY668 {f-19fp) (Rohrig et al., 2000) (50 minutes and injected into the gonad of young adult worms, which
ngful) and pL15-EK (50 ngfl). Transgenic lines were selected and were subsequently incubated at 25°C. The progeny of injected animals
maintained at 25°C. The line carrying the arbagx113was used for was analysed.

integration. The strains carrying the integratidie$s24 bcls25and ) ) ] )

bcls30were backcrossed four times to N2. For NSM sister cell deathnalysis of P egr1 his24-gfp expression and NSM sister cell
rescueegl-1(n1084 n308Runc-7e911; lin-15(n765 bcls24animals ~ survival

were injected with theegl-1 rescuing plasmids pBC08 (2.0 pb/ For the analysis ofdgi-1his24-gfpexpression in the NSMs and NSM
pBC119 (1.5 ngll), pBC13 (1.1 ngdl), pBC11 (1.0 ngll), or pBC149  sister cells, the NSMs and NSM sister cells were identified in L1
(1.1 ngpl) and the co-injection marker p76-16B (75 py/ which larvae using Nomarski microscopy as described (Ellis and Horvitz,
rescues the uncoordinated or Unc phenotypenof7§e91) animals  1991) and analysed fdiis24-gfpexpression using epifluorescence.
(Bloom and Horvitz, 1997).efl-1 rescuing fragments are toxic and Percent NSM sister cell survival was determined in L3 or L4 larvae
were therefore injected at such low concentrations.) Non-Unc Fgarrying the Bn-1gfp reporter using a combination of Nomarski
animals were selected to establish transgenic lieesin732); bcls25; microscopy and epifluorescence. To obtain the number of surviving
egl-1(n1084 n308Runc-78e911) animals were injected with tregl-1 NSM sister cells per animal, the total number of GFP-positive cells
rescuing plasmids pBC08 (2 p8), pBC181 (2 ngil) or pBC182 (2  in the anterior pharynx of an animal was determined and subtracted
ngiul) and p76-16B (75 ngl). bclslis an integrated array of plasmid by two. Percent NSM sister cell survival represents the percent of
pBC99 (Rg-19fp) (2.0 ngpl) (Conradt and Horvitz, 1999) and the co- NSM sister cells that survived and n the maximum number of NSM
injection marker pL15-EK (50 ngl). sister cells that could have survived in the number of animals

) - ) ) analysed.
Electrophoretic mobility shift assays and protein

production Immunohistochemistry
For electrophoretic mobility shift assays, probes were generated Bmbryos were prepared in l0H20 on poly L-Lysine coated slides
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Fig. 1.egl-1is transcriptionally active in the NSM sister
cells but not in the NSMs or undead NSM sister cells.
(A) Merged Nomarski and epifluorescence image of the
anterior bulb of the pharynx ofcad-3n717 L1 larva
carrying an integratedsR-1his24-gfpreporter construct
(bcls37. Pegl-this24-gfpis expressed in the NSM sister
cell but not in the NSM. The complete genotype of the
animals scored wad-3n717); bcls37 (B) Merged
Nomarski and epifluorescence image of the anterior
bulb of the pharynx of ees-1703f); ced-3n717 L1
larva carrying an integrateddpihis24-gfpreporter
constructfcls37. Pegl-1his24-gfpis not expressed in the
undead NSM sister cell or the NSM. The complete
genotype of the animals scored was-81e121§ ces-
1(n703yf); ced-3n71%); bcls37

NSM sistegcell
o . T

and allowed to develop until the 1.5-fold stage in a moist chambemterfere with the expression of thegRthis24-gfptransgene.
They were fixed with 5% paraformaldehyde and stained as describgthis experimental design enabled us to analyse the expression
(Krause et al., 1990; Krause et al., 1997). HLH-2 was detected using Pegl-this24-gfpin the NSMs and in surviving ‘undead’ NSM
Zpolycl)onaé zzsn't:;HLH-Zdantlbogy raised in rabb||ts (ﬁ)row_dgtlj:gy M'.'ée ister cells in animals of the first larval stage of development
rause) an was detected using a monoclonal anti- antibogly. . . : iy o
(Clontech). Immunofluorescence was viewed using a Leica TCS N 1 Iarvag), in which the_se cells are |Qe_r1t|f|ablg by position in
; the anterior pharynx using Nomarski differential interference
confocal microscope. O ) .
contrast (Nomarski microscopy) (Ellis and Horvitz, 1991). In
ced-3(n71Y, Peg-1his24-gfplarvae, we observed GFP in 88%
of the NSM sister cells, which normally die, and in 0% of

RESULTS the NSMs, which normally surviven£51) (Fig. 1A). This

) o ) indicates that the activity of EGL-1 is regulated at the
egl-1 is regulated at the transcriptional level in the transcriptional level in the NSMs and NSM sister cells and,
NSMs and NSM sister cells hence, that the cell-death fate of these cells is specifieglby

About 400 minutes after the first cleavage o€aelegans 1 expression.
embryo, two bilaterally symmetric cells, ABaraapapaa and ces-lacts upstream oégl-1 and a gf mutation otes-1
ABaraapppaa, each divide. The ventral daughters of these cali303 specifically blocks the death of the NSM sister cells. To
survive and differentiate into serotonergic, neurosecretorgetermine whetheces-1n703yf) affectsegl-1 expression in
motoneurons, called NSMs, which are located in the anteriahe NSM sister cells, we analysed the expressiorgitits24-
pharynx. Their dorsal sisters, the NSM sister cells, howevegfpin ces-1n703yf); ced-3n717) animals. In this background,
die by programmed cell death shortly after they are borwe detected GFP in 2% of the NSM sister cells and in 0% of
(at about 420-430 minutes) (Sulston et al., 1983). Thehe NSMs (=51) (Fig. 1B). Theces-1gf) mutation therefore
programmed death of the NSM sister cells is blocked by Iprevents the death of the NSM sister cells by blocking the
mutations in theC. eleganscell-death activator genesgl-1,  transcription ofegl-1in these cells.
ced-3andced-4 and by a gf mutation in thé. elegansell- ) ) )
death inhibitor geneed-9 indicating that these specific cell Region B of the egl-1 locus is required for the death
deaths are dependent on the activation of the central cell-de&hthe NSM sister cells in vivo
pathway (Horvitz, 1999). The egl-1 If mutation n1084 n308Xlocks programmed cell

In the case of another specific cell death, the death of thieath, including the death of the NSM sister cells. A 7660 bp
HSNs in males, it has been shown that the decision betwegenomic fragment of cosmid C01G9, pBCO08, which includes
life and death is specified kBgl-1 expression (Conradt and theegl-1transcription unit, 1036 bp of its upstream region and
Horvitz, 1999). To determine whethegl-1 expression also 5575 bp of its downstream region, when introduced as an extra-
specifies the cell-death fate of the NSM sister cells, wehromosomal array, can rescue the cell-death defeeglef
monitored the expression @&gl-1 in these cells, using an 1(n1084 n308Ranimals, including the death of the NSM sister
integrated By-1his24-gfptransgene. &i-1his24-gfpexpresses  cells (Fig. 2) (Conradt and Horvitz, 1998). We therefore
a nuclearly localized fusion of the His24 protein and the greeconclude that pBC08 contains tlés-regulatory region or
fluorescent protein (GFP) under the control of the cisfegions required for the expressioneof-1in the NSM sister
regulatory regions of thegl-1 gene. The NSM sister cells cells. To determine which region or regions of pBCO08 are
normally die during a stage called the 1.5-fold stage o$pecifically required for the expressionegfl-1in these cells,
embryogenesis. At this stage of development it is difficult tave analysed subclones of pBCO08 for their ability to rescue the
identify cells on the basis of their position within the embryo.death of the NSM sister cells egl-1(n1084 n308p animals
We therefore analysed the expression éf.-fRis24-gfpin the  (Fig. 2A).
background of theed-3If mutationn717. ced-3n717 blocks Undead NSM sister cells are located close to and posterior
programmed cell death, including the death of the NSM sistdp their sisters, the NSMs, in the anterior pharynx and can
cells (Ellis and Horvitz, 1986). However, becausel-3acts therefore be identified due to their position using Nomarski
downstream ofegl-1 genetically, ced-3n717 should not microscopy (Ellis and Horvitz, 1991). In addition, like their
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Fig. 2.Region B of theegl-1locus is required for the specification of the NSM sister cell death. (A) Schematic representatiaglef theus

on linkage group V. pBC119, pBC13, pBC11, pBC149 and pBC165 represent subclonesgbfltescuing fragment pBC08. The abilities of
the fragments to rescue NSM sister cell death (see below) are summarized under ‘Rescue’. The arrow indicates Region &.{BLABZ0
and pBC149 can rescue the death of the NSM sister celig-iiflf) animals. Plasmids containing the fragments indicated were introduced by
germline transformation into hermaphrodites of genoggel(n1084 n308Runc-7&e911); lin-15(n769 carrying an integratedyd-1gfp

reporter construcbgls24 as described in the Materials and Methods. Rescue of NSM sister cell death was analysed as described in the
Materials and Method$¥100-240). For every plasmid, several independent transgenic lines were generated and chanaeterized (

(C) Region B of theegl-1locus is highly conserved. Alignment of the sequende. @legandkegion B C. elegansequence VF23B12L bp
2659-2792 an€. eleganzosmid F23B12 bp 1-218) with the sequence of the corresponding red@iobiaggsagC. briggsaecosmid

G12D19.2 bp 10590-10248). Identical nucleotides are shaded. The four conserved Snail-binding sites are indicated by boxes.

sisters, undead NSM sister cells differentiate into serotonifecated in the anterior part of the pharynx, the NSMs (0% NSM
expressing neurons. The NSMs are the only serotonirsister cell survival,n=414). In mostegl-1(n1084 n308}
expressing neurons in the anterior pharynxCofelegans animals, however, we observed GFP in the two NSMs and in
Hence, in wild-type animals, two serotonin-expressing cellswo additional cells located more posterior, the undead NSM
can be detected in this part of the pharynx, the two NSMs, arsister cells (96% NSM sister cell survivat120). Throughout

in animals, in which the NSM sister cells survive, fourour studies, NSM sister cell survival was therefore analysed
serotonin-expressing cells, the two NSMs and the two undeagsing a combination of Nomarski microscopy angh-P
NSM sister cells (Ellis and Horvitz, 1991). Thgrgfp (tph, 10fp/epifluorescence.

tryptophan hydroxylase) transgene expresgigsunder the As mentioned above, in wild-type animals, 100% of the
control of thecis-regulatory regions of thiwh-1gene, which  NSM sister cells die; however, 96% of them survivesgt-
encodes an enzyme required for serotonin biosynthesis ai¢h1084 n308p animals. In transgeniegl-1(n1084 n308}
which is expressed in serotonergic neurons, including thanimals carrying extra-chromosomal arrays of -1
NSMs (Sze et al., 2000). To test whether thg Bfptransgene  rescuing fragment pBC08, between 35% and 5% of the NSM
is also expressed in undead NSM sister cells (and therefore csister cells survived (6/6 lines), indicating that pBC08 rescues
be used to conveniently identify undead NSM sister cells), wehe death of the NSM sister cells (Fig. 2B). (Rescue was
analysed the expression of this reporter in wild-type animalglefined as 40% or less NSM sister cell survival.) Similarly,
in which the NSM sister cells die, and in animals homozygousubclone pBC119, which includes 3447 bp of the region
for egl-1(n1084 n308p, in which the NSM sister cells survive. downstream of thegl-1 transcription unit, rescued the cell-
In wild-type animals, we observed GFP in only two cellsdeath defect okgl-1(n1084 n308p animals (8/8 lines). By
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contrast, subclones pBC13 (806 bp of downstream region) at Probe Region B
pBC11 (377 bp of downstream region) failed to rescue (O/. wildtype  Snail /E-box  Snail /E-box’
lines and 0/5 lines). pBC13 lacks 2641 bp of pBC119 tha - - -

includes a 352 bp region, called Region B, which is conserve GST-CES-1 . — - = - =
between theegl-1locus of C. elegansand C. briggsae(Fig. L ————— —_—

2A,C) (see below). As sequence conservation between the s
two Caenorhabditis species suggests functional relevance

(Heschl and Baillie, 1990), we tested whether addition o

Region B alone can restore the rescuing activity of pBC1

(pBC149). We found that pBC149 rescued NSM sister cel g
death in four out of seven lines (4/7). Conversely, pBCO¢ GST-CES-1 —
lacking only Region B (pBC165) failed to rescue (0/6 lines). complex
These results indicate that Region B of #gd-1 locus is -
required to rescue the death of the NSM sister cellsgin g
1(n1084 n308panimals. As the death of the NSM sister cells

is dependent on the expressioregF1in the NSM sister cells, Free probe —

Region B most probably contains the cis-regulatory region [
necessary for the transcriptionegl-1in these cells. 1'23456789101112131415161718

Redion B tains f d Snail-bindi Fig. 3.CES-1 binds to the Snail-binding sit.es/E-boxes in Region B
egion B contains four conserved snail-binding of theegl-1locus in vitra A GST-CES-1 fusion protein binds to
sites to which a GST-CES-1 fusion protein can bind wild-type but not mutant Region B in vitro. Increasing amounts of
In vitro bacterially expressed, affinity-purified GST-CES-1 fusion protein
An alignment of the sequence of Region B of ¢heclegans [0 mol (lanes 1, 7 and 13)x80-13mol (lanes 2, 8 and 14)x2012
egl-1locus with the sequence of the corresponding region ool (lanes 3, 9 and 15)x20-12mol (lanes 4, 10 and 16)x80-12
the C. briggsae egl-llocus, revealed extensive sequencemol (lanes5, 11 and 17)x80'2mol (lanes 6, 12 and 18) were
conservation at the nucleotide level. Over their entire Iengt?”cubated with 7 ng of radioactively labeled wild-type Region B with
the sequences are 76% identical (Fig. 2C). Sequence inspect Qﬁr intact Snail-binding sites (lanes 1-6), or mutant Region B with

revealed that Region B contains four closely spaced Snag four Snail-binding sites mutated to Snéitbox sites (lanes 7-

e -‘. <

N . L - -12) or to SnailE-box" sites (lanes 13-18). Electrophoretic mobility
binding sites, DNA-binding sites for members of the Snaikyf assays were performed as described in the Materials and

family of zinc-finger transcription factors (Hemavathy et al.,vethods. Asterisks indicate protein-DNA complexes with one, two

2000). The core motif of three of these binding sites isrthree CES-1 molecules bound to Region B. Triangle indicates a

completely conserved i@. briggsagbinding sites |, Il and IV;  protein-DNA complex that is most likely a bacterial contaminant

6/6 bases identical), and one of them has one base changebiuind to Region B.

C. briggsagbinding site 1ll; 5/6 bases identical). The sequence

of binding sites | and Il of. eleganss a perfect match to the

sequence of the core motif of a consensus Snail-binding sitdout 50% of the wild-type probe (set to 100% binding), CES-

(5'-CACCTG-3) whereas the sequences of binding sites Il11 binding was reduced to on average 6%2] (Fig. 3, compare

and IV have one mismatch to the consensus sequefice (Bnes 4 and 10). Intact Snail-binding sites are therefore

CATCTG-3 and 3-CAGCTG-3, respectively). required for the ability of CES-1 to bind to Region B in vitro.
CES-1 is a member of the Snail family of DNA-binding The specificity of the observed binding was furthermore

proteins and has previously been shown to bind to Snaitonfirmed by competition experiments, using the wild-type

binding sites in vitro (Metzstein and Horvitz, 1999). In Region B as a probe and a wild-type or mutant Snail-binding

addition, inces-1gf) animals, CES-1 prevents the death of thesite as competitor (data not shown).

NSM sister cells by blockinggl-1 expression. To determine  These results suggest thates-1gf) animals, in which the

whether in ces-Igf) animals, CES-1 might block the NSM sister cells survive, CES-1 might bind to the Snail-

transcription ofegl-1 directly by binding to the four Snail- binding sites in Region B of thegl-1 locus thereby directly

binding sites in Region B, we tested whether CES-1 can bingpressingegl-1transcription in the NSM sister cells.

to these sites in vitro, using electrophoretic mobility shift

assays (EMSAs). A bacterially produced, affinity-purified The C. elegans bHLH genes hih-2 and hih-3 are

CES-1 fusion protein consisting of the C-terminal half of CESrequired for the programmed death of the NSM

1 (which includes all five zinc fingers of CES-1) fused tosister cells

glutathione S-transferase (GST) could bind and shift &egion B of theegl-1locus is required to rescue the death of

radioactively labeled 390 bp DNA fragment consisting of wild-the NSM sister cells irgl-1(If) mutants and is therefore most

type Region B, including the four Snail-binding sites (Fig. 3ikely to be necessary for the expressiorgflin these cells.

lanes 1-6). Long exposures and the use of various fragmenige therefore sought to identify transcriptional activators that

of Region B indicate that CES-1 can bind to at least three @fre required for the death of the NSM sister cells and that act

the four Snail-binding sites in vitro (data not shown). Bindingthrough Region B. The core motif of a Snail-binding site (5

of CES-1 to Region B was severely reduced after th€ACCTG-3) also represents an E-box motif-(BANNTG-

introduction of point mutations that destroy the core motif of3’), the DNA-binding site for members of the family of

the four Snail-binding sites '@&€ACCTG-3 to 5-CATATA-  bHLH DNA-binding proteins, many of which function as

3) (Fig. 3, lanes 7-12). Using an amount of CES-1 that bindsanscriptional activators (reviewed by Massari and Murre,
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2000). Indeed, it has been suggested that members of the Snaifable 1. Reducing the activity ohlh-2 and hlh-3 causes
family of transcription factors can functionally antagonise the NSM sister cells to survive

bHLH proteins by competing for binding to Snail-binding ,

sites/E-boxes (Fuse et al.,, 1994; Kataoka et al., 2000;
Nakayama et al., 1998). We therefore set out to test whether

% NSM sister cell survivah] at:

C. elegandHLH proteins are involved in the specification of Genotype 15°C 20°C 25°C

the NSM sister cell death in vivo. We were particularly+/+ 0 (416) 0 (414) 0 (408)

interested in theC. eleganshomologues of neuronal bHLH hih-2bx109 1(350) 4 (400) 5(410)
. : Lo e hih-6(RNA) 0 (116)

proteins, which can be divided into two families: the Achaetehlh_z(RNAD 15 (130)

scute complex-related proteins and the Atonal-related proteins:
The Atonal-related proteins are further subdivided into threg
groups: the Neurogenin group, the NeuroD group and the ATQ

group (reviewed by Hassan and Bellen, 2000; Lee, 1997y°m°re % NSM sister cell surviva(at 25°C
As tissue-specific bHLH proteins form DNA-binding E:E'G(E’\'l'gb 0¢g (ﬁ’g)
heterodimers with ubiquitously expressed E proteins OEIh:g((bilog-hlh-G(RNAD 411%176%
Daughterless-like proteins, we also analyséd elegans hIh-3(RNADV 743 (178)
homologues of this class of bHLH proteins. TBeelegans  hih-2(bx10§;hih-3(RNA) 30+11 (140)

genome contains at least 3#ILH genes, including one ) o ) )
daughterleséi-ke five achaetescutelike. oneatonaklike and (A) Reducing the_actlvny aflh-2 causes NSM S|sFer CFT‘” survival. The
! ! presence of NSM sister cells was scored as described in the Materials and

one Neur(_)Dllke_ gene (reviewed by Leden'g and_ Vervoort, viethods using thegi-1gfp reporter. dsRNA for RNAi was delivered by
2001). Using existing mutants and RNA-mediated interferencgeding. The complete genotype of the animals scored was as fdilciaas
(RNAI) (Fire et al., 1998), we tested whether these genes ahéh-2(bx108) bcis25 hih-6(RNAi); bels25 hih-2(RNA); bels25
involved in specibing the death of the NSM sister cells () Felng e ey dbcases Lol st oL o,

The onlyC. ?legans dathterlewe genehlh-2 has SQ far described in the Materials gnd Methods using theiBfp reporter. dsRNA
only been defined by weak If mutations, suclxE08 which  for RNAi was delivered by injections. The complete genotype of the animals
were identified in a screen for enhancers of the phenotypeored were as followsih-6RNAI); bels25 hih-2(ox108) bels25 hih-
caused by a weak If mutation bfi-32, the onlyC. elegans  2(bx108; hih-&RNAI); bels25 hih-3(RNAI); bels25 hih-2(bx108; hih-
atonatlike gene (Portman and Emmons, 2000§108is a 3(RNAV); bcls25 Values are average percent survival obtained for the

. A . LT NS . progeny of different injected animalszts.d.
missense mutation in the helix-loop-helix dimerization domairt
of HLH-2 and is predicted to affect the ability of the protein
to form heterodimers with other bHLH proteins such as LIN-

32 (Portman and Emmons, 2000). Howebst1 08has so far GFP positive cells itlh-2(RNA); Pph-10fp embryos represent
not been shown to cause a phenotype in an otherwise wild-typ@dead NSM sister cells.

background. The inactivation dflh-2 by RNAI results in The C. elegans atonaand NeuroDiike geneslin-32 (lin,
embryonic lethality, indicating thahlh-2 is essential for lineage abnormal) anadnd-1 (cnd C. elegansNeuroD),
development (Krause et al., 1997). To determine whetheespectively, have been defined by non-lethal, strong If
reducinghlh-2 function has an effect on the survival of the mutations (Zhao and Emmons, 1995; Hallam et al., 2000). To
NSM sister cells, we analyseldlh-2(bx10§ animals and determine whether these two genes are involved in specifying
‘escapers’ ohlh-2(RNA) for the survival of NSM sister cells the NSM sister cell death, we analysed NSM sister cell survival
using the Rnh-1gfp reporter. We found thdtlh-2(bx10§ leads  in animals carrying If mutations in either genecid-1(ju29)

to the survival of up to 5% of the NSM sister cells, an effecanimals, 0% of the NSM sister cells survived=0),

that is temperature sensitive (Table 1A). Furthermore, wandicating that theC. elegans Neurodomologue is probably
found that 15% of the NSM sister cells survivedlim-2(RNA)  not required for the NSM sister cell death. Similarly, If
embryos that escaped early developmental arrest amdutations oflin-32 did not affect NSM sister cell survival
developed to a stage, at which thenkRgfp reporter is in an otherwise wild-type background or inh#h-2(bx109
expressed (Table 1A). background (data not shown).

To confirm that the additional GFP positive cells observed The fiveC. elegans achaete-sctlike genes Itlh-3, hih-4,
represent undead NSM sister cells and not other pharyngdah-6, hlh-12 and hlh-14) have so far not been defined by
cells that have acquired a serotonergic fate, we anagesed mutations. For this reason, we used RNAI to analyse their
1(n703yf); hlh-2(RNA); Pph-1gfp animals. Inces-In703yf); potential role in the specification of the NSM sister cell death.
Pph-19fp animals, the NSM sister cells survive and thereforéNo effect on NSM sister cell survival was observedlim-
four GFP positive cells can be observed in the anterior pharyn#(RNAJ), hih-6(RNA), hih-12RNA) or hlh-14RNA) animals
the NSMs and the undead NSM sister cells. If the additiondlTable 1B and data not show)h-3(RNA), however, caused
GFP positive cells observedlith-2(RNA); Pph-1gfpembryos 7% of the NSM sister cells to survivie=178), indicating that
are not undead NSM sister cells, we would expect to deteblh-3 is at least partially required for the death of the NSM
more than four GFP positive cells ites-In703f); hlh-  sister cells (Table 1B). Moreovenlh-3(RNA) [but not hlh-
2(RNA); Pph-1gfp embryos. We found that 34% of tidh-  4(RNA), hlh-6(RNA), hih-12RNA) or hlh-14RNA)]
2(RNA); Pph-1gfp animals analysed had more than two GFPincreased NSM sister cell survival fiih-2(bx10§ animals
positive cells §=45) and that only 2% of thees-1n703)f); from 4% to 30%hlh-2 andhlh-3 therefore might act together
hlh-2(RNA); Pyph-19fp animals (=42) had more than four GFP to cause the death of the NSM sister cells.
positive cells. This indicates that the majority of additional To determine whether reducifgh-2 and hlh-3 function
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Fig. 4. A ces-1If) mutation is unable to suppress the NSI
sister cell survival caused Ih-2(RNA) or hlh-3(RNA).
(A) A cesd(If) mutation is not able to suppress the NSM
sister cell survival induced byh-2(RNA). NSM sister cell
survival was analysed as described in the Materials and
Methods (=96-142). dsRNA was delivered by feedih¢h-
6 dsRNA was used for control RNAI. The complete
genotype of the animals analysed was as follalivs
2(RNA)); bcls25 ces-In703 n143H); hlh-6(RNA); bcls25
ces-1n703 n143#); hlh-2(RNA); bcls25 (B) A cesi(If)
mutation is not able to suppress the NSM sister cell sur
induced byhlh-3(RNA). NSM sister cell survival was ; .
analysed as described in the Materials and Methwds7¢- qgg? S
218). dsRNA was delivered by injectidiih-6 dsSRNA was & C & & N C &
used for control RNAI. The complete genotype of the
animals analysed was as follovdh-3(RNA); bcls25 ces-1n703 n143#); hih-6(RNA); bcls25 ces-1n703 n143H); hlh-3(RNAJ); bcls25.
Error bars represent the standard deviation of the average percent survival obtained for the progeny of different ingsted anim
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causes a general block in programmed cell death or specificalySM sister cell survival, which suggests tbes-1is not acting
results in the survival of the NSM sister cells, we analysed théownstream oflh-2 andhlh-3. hlh-2 and hlh-3 therefore act
survival of other cells that normally die iiih-2(bx109; hih-  downstream of or in parallel toes-1to kill the NSM sister
3(RNA) animals using Nomarski microscopy. During thecells.

development of the anterior pharynx, 16 cells undergo ) ] ]
programmed cell death and mutations that block programme®l HLH-2/HLH-3 heterodimer can bind to the Snail-

cell death in general, such egl-1(n1084 n308p block many  binding sites/E-boxes in Region B of the  egl-1 locus

of these cell deathsgl-1(n1084 n308Ranimals therefore have N VItro

on average about 12 extra cells in this part of the pharynko determine whether HLH-2 and HLH-3 can bind to the Snail-
(Conradt and Horvitz, 1998). We found thdtt-2(bx108; hih-  binding sites/E-boxes in Region B of tlegl-1 locus, we
3(RNA) animals have on average 1.3 extra ceifsl6). 57%  performed EMSASs, using bacterially produced, affinity-
of these extra cells were undead NSM sister cells, as confirmedrified His-tagged HLH-2 and HLH-3 fusion proteins. Using
by the position of their nuclei and byR:gfp expression, and the 390 bp DNA fragment consisting of wild-type Region B,
23% possibly were undead m2 sister cells, as determined Inycluding all four Snail-binding sites/E-boxes as a probe, we
the position of their nuclei. We were unable to determine théound that homodimers of HLH-2 and heterodimers of HLH-
identity of 20% of the extra cells. Therefore, the majority of2 and HLH-3 but not homodimers of HLH-3 could bind and
the surviving cells are NSM sister cells. Reducing the activitghift the probe (Fig. 5A). Upon longer exposures and the use
of hlh-2andhlh-3, hence, results in the survival predominantlyof various fragments of Region B, we could determine that

of the NSM sister cells. HLH-2/HLH-3 heterodimers can bind to at least three of the

) four Snail-binding sites/E-boxes in vitro (data not shown). The
hih-2 and hih-3 act downstream of or in parallel to amount of protein required to detect binding to Region B and
ces-1 to kill the NSM sister cells to bind 50% of the probe was 10-fold and fivefold higher for

The ability of theces-2If mutationn732to cause NSM sister CES-1 than for HLH-2/HLH-3, respectively. This suggests that
cell survival depends on a functionaks-1 gene, which atleast in vitro, the binding affinity of HLH-2/HLH-3 for these
suggests thates-lacts downstream afes-2 To determine  Snail-binding sites/E-boxes is higher than the binding affinity
whether the ability ohlh-2(RNA) and hih-3(RNA) to cause of CES-1 [compare Fig. 3 (lane 3) with Fig. 5A (lane 13), and
NSM sister cell survival similarly depends on a functiares-  Fig. 3 (lane 4) with Fig. 5A (lane 15)]. The binding of HLH-
1 gene, we tested whether thes-1If mutationn703 n1434 2/HLH-3 heterodimers was much reduced when a DNA
can block the NSM sister cell survival observetlm2(RNA)  fragment consisting of mutant Region B, in which the four
andhlh-3(RNA) animals. Inhlh-2(RNA) animals, 14% of the Snail-binding sites/E-boxes had been mutate€CECCTG-3
NSM sister cells survived and aes-1n703 n143#) animals  to 5-CATATA-3') was used as a probe (Fig. 5B, lanes 7-12).
treated with control RNA, 0% survived (dsRNA delivered byUsing amounts of HLH-2/HLH-3 that are sufficient to bind
feeding) (Timmons et al., 2001) (Fig. 4A). bes-In703  50% of the wild-type probe (100% binding), binding to mutant
n1434f); hlh-2(RNA) animals, 14% of the NSM sister cells Region B was reduced to on average 43} (compare Fig.
survived. Similarly, inhlh-3(RNA) animals, 6% of the NSM 5B, lanes 4 and 10). HLH-2/HLH-3 binding to Region B in
sister cells survived and @es-1n703 n143#) animals treated vitro therefore is dependent on functional Snail-binding
with control RNA, 1% survived (dsRNA delivered by sites/E-boxes. We confirmed the specificity of the binding
injection) (Fire et al., 1998). Ikes-In703 nl143k); hlh-  observed by competition experiments (data not shown). These
3(RNA) animals, 5% of the NSM sister cells survived (Fig.results suggest that HLH-2 and HLH-3 might cause the NSM
4B). These data indicate that a functionak-1gene is not sister cells to die by acting as a direct activatoregkl
required for the ability ofilh-2(RNA) or hih-3(RNAJ) to cause transcription in the NSM sister cells.
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A B
His,-HLH-2 + - + Region B wild type Snail /E-box Snail /E-box"
His,-HLH-3 - + +
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Fig. 5.HLH-2/HLH-3 binds to the Snail-binding sites/E-boxes in Region B ottt locus in vitra (A) A HLH-2 homodimer and HLH-
2/HLH-3 heterodimer bind to wild-type Region B in vitro. Increasing amounts of bacterially expressed, affinity-purifiedjgtsl HLH-2
(lanes 2-6), HLH-3 (lanes 7-11) or both HLH-2 and HLH-3 (lanes 12-16) fusion proteins [0 mol (lar&Qt}*&ol (lanes 2, 7 and 12),
2x10-13mol (lanes 3, 8 and 13)x40-13mol (lanes 4, 9 and 14)x80-13mol (lanes 5, 10 and 15)x20-12mol (lanes 6, 11 and 16)] were
incubated with 7 ng of radioactively labeled wild-type Region B. Electrophoretic mobility shift assays were performedbesl desd
Materials and Methods. Asterisks indicate a DNA-protein complex with one or two heterodimers bound to Region B. (B) A HL3-2/HLH
heterodimer still binds to SnallE-box" binding sites in Region B. Increasing amounts of botlg-tigged HLH-2 and HLH-3 [0 mol (lane 1, 7
and 13), 81014mol (lanes 2, 8 and 14)x20-13mol (lanes 3, 9 and 15)x4013mol (lanes 4, 10 and 16)x80-13mol (lanes 5, 11 and 17),
2x10"12mol (lanes 6, 12 and 18)] were incubated with 7 ng of radioactively labeled wild-type Region B with four intact Snail-bésding s
(lanes 1-6), or mutant Region B with all four Snail-binding sites mutated to/&rldx sites (lanes 7-12) or to Srdit-box" sites (lanes 13-
18). Electrophoretic mobility shift assays were performed as described in Materials and Methods. Asterisks indicate a iDNARpp&Er

with one or two heterodimers bound to Region B.

HLH-2 is most probably present in the NSM sister (Ellis and Horvitz, 1986). Asgl-1acts upstream afed-3 ced-

cells at the time their cell death fate is determined 3(n717 does not interfere with the expression of thg-Bfp

If HLH-2 acts as a direct activator efll-1transcription, HLH-  transgene. In adg-19fp; ced-§n717) embryo at the 1.5-fold

2 should be present in the NSM sister cells at the time thestage, a large number of undead, GFP-positive cells can
cell-death fate is specified, i.e. in the NSM sister cells ofherefore be detected (Fig. 6). When staining these embryos for
embryos at the 1.5-fold stage of development (about 400-439LH-2, we found that a total of four cells expressegl-Bfp
minutes after the first cleavage). HLH-2 has been shown tand were positive for HLH-2 (Fig. 6). All four cells are located
be broadly distributed throughout the embryo during then the head region where the developing pharynx is found. To
proliferative phase of embryogenesis (until about 35@etermine whether two of these four cells may represent the
minutes). During later stages of embryogenesis, th&SM sister cells, we stained embryos of genotyes-
distribution of HLH-2 becomes progressively restricted1(n703f); Pegi-19fp; ced-3n717). As shown aboveces-
(Krause et al., 1997). Using an antibody specific for HLH-21(n703f) prevents the deaths of the NSM sister cells by
(Krause et al., 1997), we stained 1.5-fold stagd-3n717) blocking the expression o&gl-1 in these cells. In aes-
embryos and found that at that stage of development HLH-2 I§n703)f); ced-3n717) background, the distribution of HLH-
still present in a number of nuclei predominantly in the hea@ and the expression odrigfpin 1.5-fold stage embryos was
and tail region (Fig. 6). However, owing to the lack of a markeoverall unchanged; however, a total of only two cells expressed
for the early NSM lineage, we were unable to determinéeg-19fp and were positive for HLH-2 (Fig. 6). The two cells
whether the HLH-2-positive cells include the NSM sisterthat are still positive for HLH-2 but no longer expresg-Rfp
cells. We therefore stainetkd-In717 embryos carrying an may well be the NSM sister cells. This result suggests that
integrated By-1gfp transgene [R-19fp; ced-3n717)], which  HLH-2 is most probably present in the NSM sister cells at the
expresses thgfp gene under the control of tlés-regulatory  time their cell-death fate is determined.

regions ofegl-1 egl-1appears to be specifically expressed in ) o o

cells destined to die during embryogenesis (R. Schnabel atdncoupling bHLH binding to the four Snail-binding

B.C., unpublished), including, as shown above, the NSM sisté&ites/E-boxes in Region B from CES-1 binding

cells. In a wild-type background, about 98 cells haveOur results suggest that in the NSM sister cells, a repressor of
undergone programmed cell death by the time an embryegl-1 transcription, CES-1, as well as an activatoregf-1
reaches the 1.5-fold stage (Sulston et al., 1983). teda  transcription, HLH-2/HLH-3, act onegl-1 transcription
3(n717 background, most if not all of these 98 cells survivethrough the same DNA-binding sites in Region B ofagkl
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oHLH-2 aGFP overlay

Fig. 6. HLH-2 is most probably present in the NSM
sister cells. (Upper panel) Anti-HLH-2 and anti-

GFP immunofluorescence staining of a 1.5-fold
embryo of genotypbclsl(Peg-19fp); ced-3n717),

and overlay (from left to right). The images
presented are stacks of a confocal series through an
entire embryo. The four double positive cells found
in embryos of this genetic background are indicated
by arrows. (Lower panel) Anti-HLH-2 and anti-GFP
immunofluorescence staining of a 1.5-fold embryo
of genotypaunc-84e1216 ces-1n703yf); bclsl Ces-!(gf)
(Pegl-10fp); ced-3n717), and overlay. The images a
presented are stacks of a confocal series through an

entire embryo. The two double positive cells found

in embryos of this genetic background are indicated

by arrows.

locus. To test this hypothesis in vivo, we sought experimentaleath inces-Zn732s); egl-1(n1084 n308Ranimals.n732s is
approaches that would allow us to analyse the effect of bHLId temperature sensitive If mutationaafs-2 13% of the NSM
binding to Region B in the absence of CES-1 binding. sister cells survive ines-Zn7324s) animals raised at 15°C, the
As shown above, CES-1 and HLH-2/HLH-3 bind to wild- permissive temperature; and 73% survive in animals raised at
type Region B with the four intact Snail-binding sites/E-boxe®25°C, the non-permissive temperature (Fig. 7) (Ellis and
(referred to as ‘wild-type’ sites) in vitro but fail to efficiently Horvitz, 1991)ces-Zn732s) has been proposed to cause NSM
bind to mutant Region B with the four Snail-binding sites/E-sister cell survival as a result oés-1overexpression in the
boxes mutated to'8ATATA-3 (referred to as ‘SnaillE- NSM sister cells (Metzstein and Horvitz, 1999). Culturing
box™ sites) (Fig. 3, Fig. 5B). In contrast to the consensugransgenices-Zn732as), egl-1(n1084 n308Ranimals at 15°C
sequence for Snail binding'{6ACCTG-3), bases 3 and 4 of and 25°C therefore allowed us to analyse the ability of the
the consensus sequence for bHLH binding can be varidble (3ragments to rescue the NSM sister cell death defect caused by
CANNTG-3) (Massari and Murre, 2000). We therefore testedcegl-1(n1084 n308p in the presence of slightly or strongly
whether mutating the four Snail-binding sites/E-boxes irelevated levels of CES-1 protein in the NSM sister cells,
Region B to 5CATATG-3 (referred to as ‘SnailE-box"’ respectively.
sites) would disrupt CES-1 binding but still allow the binding Using Rph-1gfpto analyse NSM sister cell survival, we found
of bHLH proteins such as HLH-2/HLH-3 in vitro. As shown that the wild-type fragment pBCO08 rescued the death of the
in Fig. 3, CES-1 binding to a probe consisting of Region B, irfNSM sister cells ites-Zn732s); egl-1(n1084 n308Panimals
which the four Snail-binding sites/E-boxes have been mutategtown at 15°C (5/5 independent lines) but not at 25°C (0/5
to Snait/E-box", is severely reduced when compared withindependent lines) (Fig. 7A). This suggests that an activator
CES-1 binding to the wild-type probe (Fig. 3, compare lanesf egl-1 transcription, which is required to activaegl-1
1-6 with lanes 13-18). Using an amount of CES-1 protein thatanscription in the NSM sister cells, can function through cis-
is sufficient to bind about 50% of the wild-type probe (100%regulatory regions contained in pBC08, and that high levels of
binding), the introduction of the Srdl-box* mutation CES-1 in the NSM sister cells can block this activator. The
reduced binding to on average 6862) (compare Fig. 3, lanes ability of this activator to activateegl-1 transcription is
4 and 16). On the contrary, using an amount of HLH-2/HLH-dependent on functional Snail-binding sites/E-boxes in Region
3 that was sufficient to bind about 50% of the wild-type probeB of theegl-1locus, as the SnalE-box fragment (pBC181)
(100% binding), the introduction of the Sn#i-box* mutation  failed to rescue NSM sister cell death in animals grown at 15°C
only reduced binding to on average 179%3) (Fig. 5B; (0/3 independent lines) or at 25°C (0/3 independent lines) (Fig.
compare lanes 4 and 16). At least in vitro, the introduction intéB). Finally, the SnailE-box" fragment (pBC182) rescued the
Region B of SnailE-box* mutations therefore affects the NSM sister cell death in animals grown at 15°C (6/6
binding of CES-1 more dramatically than the binding of HLH-independent lines) and also in animals grown at 25°C (6/6

2/HLH-3. independent lines) (Fig. 7C). The ability of the activator to
) _ ) _ ) activateegl-1transcription is therefore dependent on functional
Functional E-boxes in Region B are required to kill E-boxes but not on functional Snail-binding sites in Region B
the NSM sister cells and functional Snail-binding of the egl-1 locus. This indicates that the activator agfl-1
sites for the ability of CES-1 to cause their survival transcription in the NSM sister cells is most likely an E-box

To determine the effect of bHLH binding and CES-1 bindingbinding bHLH protein. In light of our in vivo data

to the four Snail-binding sites/E-boxes in Region B in vivo, wedemonstrating a requirement for the gehias2 andhlh-3 for
introduced the SnailE-box and Snail/E-box" mutations into  NSM sister cell death and our in vitro data demonstrating
Region B of the rescuing fragment pBC08 and analysed thgnding of a HLH-2/HLH-3 heterodimer to the Snail-binding
ability of the resulting fragments to rescue NSM sister celkites/E-boxes in Region B, we propose that a heterodimer of
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NSM Sister  Fig. 7.CES-1 and an activator egl-1
A Cell Death  €xpression function through the Snail-binding

Wild type miscC . sites/E-boxes in Region B in vivBlasmids
£ 100 mc  15°C + pBCO8 (wild-type Region B) (A), pBC181
£ w0l (Region B with SnailE-box sites) (B) or
3 60 pBC182 (Region B with SnalE-box" sites)
8 ] (C) were introduced by germline
% 20| 213 transformation into hermaphrodites of
% 0] genotypeces-In7324s), bclspZS; egl-1n1084
S g 1 2 3 4 5 DISDISDIS _ n3082 unc-78e917) as described in the
@’N Independent Lines wild type Materials and Methods. Transgenic lines were
& cultured at 15°C and 25°C. Rescue of the NSM
N sister cell death was analysed as described in
& the Materials and Methode<60-222). For
B every plasmid, several independent transgenic
Snail-/ E-box. W15°C . lines were generated and analysed3(6).
£ 100 m25°C 15°C O _
% 804 a'a simultaneously by a weak hypomorphic
3 ‘2“; @ mfutation and bgOI;NA}i Iﬁa(?\lsst;\)/lth_e survivl?l
2] of on average 6 of the sister cells.
g o oo 1 2 3 25°C hlh-2 and hlh-3 are therefore at least
@'N} Independent Lines - partially required for the death of the NSM
& sister cells. Furthermore, a heterodimer
& composed of HLH-2 and HLH-3, HLH-
& 2/HLH-3, can bind to Snail-binding
C sites/E-boxes in thegl-1 locus in vitro,
B Snail-/ E-box+ W15°C e e which are required to kill the NSM sister
' = Snail-/E-box+ + cells in vivo, and HLH-2 appears to be
s o0 present in the NSM sister cells at the time
% Z their cell-death fate is determined. Hence,
5] Webpgl)pos$ that dHLI—:—Z/I;!LI—:Begﬂmi)st
2 a'a probably acts as a direct activatoregfl-
g o e o1 2 3 4 5 6 25°C A transcription in the NSM sister cells.
g Independent Lines Snail-/E-box+ + hih-2 and hih-3 have so far not been
> Region B defined by null mutations. It is therefore
& unclear whether the low penetrance of the

& Ces phenotype observed is due to additional
factors that can kill the NSM sister cells in
the absence dilh-2 andhlh-3 or residual

HLH-2 and HLH-3 activateggl-1 transcription in the NSM hlh-2 and hlh-3 activity in the NSM sister cells. It has been
sister cells to cause these cells to undergo programmed csliown thatC. elegansneurons are more resistant to the
death. inactivation of gene function by RNAIi than other cell types
The results obtained with the Sn##-boxt fragment (Timmons et al., 2001). As this also appears to be the case for
furthermore indicate that the ability of high levels of CES-1 tahe NSMs and NSM sister cells (J.H. and B.C., unpublished),
block the activator ofegl-1 transcription is dependent on we favour the possibility that the low penetrance of the Ces
functional Snail-binding sites in Region B of thgl-1locus.  phenotype observed is the result of the incomplete inactivation
As CES-1 and HLH-2/HLH-3 therefore act through of hlh-2 andhlh-3in the NSM sister cells. The inactivation by
overlapping DNA-binding sites, the NSM sister cells mightmutation of the Snail-binding sites/E-boxes in #dyt1 locus,
survive inces-Zn732s) animals grown at 25°C because highthrough which we propose HLH-2/HLH-3 activategl-1
levels of CES-1 protein successfully compete with HLH-transcription in the NSM sister cells, results in the complete
2/HLH-3 for binding to Region B in thegl-1locus. failure to kill NSM sister cells. This observation suggests that,
if additional factors exist that can kill the NSM sister cells in the
absence dfilh-2 andhlh-3, they are most likely to be additional

DISCUSSION E-box binding proteins, i.e. additional bHLH proteins.

) ) So far one If mutation ofes-2 three gf mutations afes-1
hih-2 and hlh-3 are at least partially required for the (which were found to carry the identical molecular lesion) and
death of the NSM sister cells and might encode a one If mutation ofces-3 a gene that acts upstream of or in
direct activator of egl-1 transcription parallel toces-1and that remains to be characterized at the

We found that reducing the activity bf-2 or hlh-3 by RNAI molecular level, have been identified in genetic screens for
results in the survival of 15% and 7% of the NSM sistermutants, in which the NSM sister cells survive (Ellis and
cells, respectively. Reducing the activity loth-2 and hlh-3 ~ Horvitz, 1991). However, these screens failed to recover
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Genotype CES-llevel egl-1 Fate |
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Fig. 8. Competition between CES-1 and HLH-2/HLH-3 for binding toagkel promoter specifies the cell-death fate of the NSM sister cells. In
wild-type animals, the level of CES-1 in the NSM sister cells might not be sufficient to compete with HLH-2/HLH-3 for horiklegidan B,
resulting in the activation afgl-1transcription and NSM sister cell deathcks-1gf) or ces-ZIf) animals, elevated levels of CES-1 in the

NSM sister cells might successfully compete with HLH-2/HLH-3 for binding to Region B, resultagl irrepression and NSM sister cell
survival.

mutations irhlh-2 andhlh-3. The failure to identify mutations 2(If) or ces-1gf) animals as a result oés-loverexpression in
in these two genes is possibly the result of one or more of thieke NSM sister cells (Metzstein and Horvitz, 1999). We have
following observations. First, the fact tlwgs-2andces-3have  shown that CES-1 can bind to Snail-binding sites/E-boxes in
so far only been defined by one If allele suggests that thée egl-1 locus in vitro, which are required for the ability of
screens performed to date were not saturating. Sebdmd, theces-2if mutationn732to block the death of the NSM sister
2(RNA) results in embryonic lethality (Krause et al., 1997).cells in vivo. This suggests that tes-ZIf) and ces-1gf)
However, previous screens were performed in a way that dighimals, CES-1 blocks the death of the NSM sister cells by
not allow the identification of mutations in essential genesdirectly repressinggl-1 transcription.
Finally, it is possible that the complete inactivationhti-2 Based on our finding that an activatoregi-1 transcription
andhlh-3results in a NSM sister cell survival phenotype within the NSM sister cells, most probably HLH-2/HLH-3, acts
low penetrance, decreasing the likelihood of identifyingthrough the identical Snail-binding sites/E-boxes indgbkl
mutations in these genes accordingly. locus, we propose a molecular model for how CES-1 can
bHLH proteins play key roles in the specification andrepressegl-1 transcription (Fig. 8). We propose that in wild-
execution of cell fates, including neuronal fates, in variousype animals, in which CES-1 most likely is absent or present
organisms (reviewed by Lee, 1997; Massari and Murre, 20003t low levels in the NSM sister cells, HLH-2/HLH-3 binds to
For example, irC. elegansthe daughterlesdike genehlh-2  the Snail-binding sites/E-boxes in tlegl-1 locus thereby
and theatonatlike genelin-32 function at multiple steps activatingegl-1 transcription in the NSM sister cells, which
during the establishment of a specific neuronal sublineagegsults in the death of these cells. das-ZIf) or ces-1gf)
which gives rise to two neurons and one support cell (Portmamimals, in which CES-1 levels in the NSM sister cells most
and Emmons, 2000). To our knowledge, however, it has not yékely are elevated, sufficient CES-1 protein is present to
been demonstrated that bHLH proteins play a direct role in theuccessfully bind to the Snail-binding sites/E-boxes thereby
activation of programmed cell death. Our results indicate thaireventing HLH-2/HLH-3 from binding to these sites and from
the daughterlesdike and achaete-scutéike geneshlh-2 and  activating egl-1 transcription. This molecular model implies
hih-3 of C. elegansare at least partially required for the that in wild-type animals, CES-1 might play no role in
execution of the programmed cell death fate of the NSM sistepecifying the cell-death fate of the NSM sister cells. This is
cells. Furthermorehlh-2 andhlh-3 may not be required for the supported by the fact that tlees-1If mutation n703 n1434
specification and execution of the neuronal fate of the NSMsloes not cause a phenotype in the NSM sister cells. Our model
as the pn-1gfp reporter continues to be expressed in the NSMsilso suggests that aes-1gf) animals, CES-1 acts by blocking
in animals, in whichhlh-2 and/or hih-3 have been at least the function of HLH-2/HLH-3, which is supported by our
partially inactivated. Ifhlh-2 and hlh-3 function in the finding that geneticallges-lacts upstream of or in parallel to
specification or execution of the NSM fate as well, thehlh-2 andhlh-3.
requirement for their function for this process is less stringent What might the function ofes-1be in wild-type animals?
than the requirement for their function in promoting theThe ces-1like geneSLUG of mammals is required to protect

programmed death of the NSM sister cells. hematopoietic progenitor cells from radiation-induced

] ] o programmed cell death in vivo (Inoue et al., 2002). One
The NSM sister cells might survive in  ces-2(If) and speculative model therefore is that the cell-death protective
ces-1(gf) animals, because high levels of CES-1 activity of ces-1might be required to protect the NSMs, the
prevent HLH-2/HLH-3 from binding to the Snail- fate of which is to survive, from programmed cell death.
binding sites/E-boxes in the  egl-1 locus However, inces-1If) animals, the NSMs survive like in wild-

It has been proposed that the NSM sister cells survicesn type animals, which suggests that eithes-1is dispensable
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for the survival of the NSMs or that its function is redundantproto-oncogenélLF (HLF, hepatic leukaemia factor) (Inaba et
Hence, the normal function e&s-1remains enigmatic. al., 1996). The oncogenic form of HLF, the E2A-HLF fusion
It has previously been shown that the function of bHLHprotein, found in patients carrying the t(17; 19) (q22;p13)
proteins can be antagonized by Snail-like proteins. Fochromosomal translocation, is composed of the trans-activation
example, the Snail-like protein Escargot @fosophilacan  domain of the Daughterless-like bHLH protein E2A and the
repress the E-box-dependent transcriptional activation of BNA-binding domain of the CES-2-like protein HLF. E2A-HLF
reporter gene by the bHLH proteins Daughterless and Scute liras been shown to block the programmed death of pro-B cells
transfection assays (Fuse et al., 1994). In addition, it has be#rereby allowing their leukaemic transformation and it has been
shown that the murine Snail-like protein mSna competes withroposed that it does so by inappropriately activating the
a homodimer composed of the Daughterless-like protein E4ffanscription of a gene with anti-apoptotic function. Ths-1
and with a heterodimer composed of E47 and the Achaetéke geneSLUG of humans was found to be a target of E2A-
scute-like protein MASH-2 for binding to E-boxes in vitro andHLF and the overexpression oB8LUG can block the
in cultured cells (Nakayama et al., 1998). Finally, the muringgrogrammed death of leukaemic pro-B cells (Inukai et al., 1999).
Snail-like protein Smuc can block the binding of a heterodimeFurthermore, hematopoietic progenitor cells from mice lacking
composed of the Daughterless-like protein E12 and the bHLI functional SLUG gene are more sensitive to DNA-damage
protein MyoD to E-boxes in vitro and represses E12/MyoDinduced programmed cell death, supporting an anti-apoptotic
dependent activation of a reporter gene in transfectiorole for SLUGIn hematopoietic lineages (Inoue et al., 2002). A
experiments (Kataoka et al., 2000). Our results nownammalian counterpart of the genetic pathway involved in the
demonstrate that by binding to the Snail-binding sites/E-boxespecification of the NSM sister cell deathGn eleganamight
in cis-regulatory regions of thegl-1locus in vivo, the Snail- therefore play an important role in the regulation of the
like protein CES-1 ofC. elegansblocks the ability of HLH-  programmed death of pro-B cells in mammals. We have shown
2/HLH-3 to activate the cell-death activator gegtland to  that the Snail-like CES-1 protein can prevent the death of the
execute the cell-death fate of the NSM sister cells. NSM sister cells irC. elegandy antagonizing the function of
o o HLH-2 and HLH-3 thereby directly blocking the transcription
Transcriptional activation of the ~ BH3-only gene egl-1  of theBH3-onlygeneegl-1 (Fig. 8). It is therefore feasible that
is @ common mechanism of cell-death execution homologues of. elegandHLH-2 and HLH-3 in mammals act
The cell death of at least two types of neuronS.ielegangs  downstream of or in parallel to SLUG to activate a mammalian
dependent on the transcriptional activation of Bi¢3-only = BH3-only gene in pro-B cells. Indeed, the Daughterless-like
geneegl-1 the male-specific death of the HSN neurons and theHLH protein E2A, a mammalian homologue of HLH-2, is
death of the NSM sister cells. Transcriptional regulation mighéxpressed in B-cell lineages and has been shown to have tumour
therefore be an important mechanism through which theuppressor activity (Massari and Murre, 2000). Furthermore, a
activity of EGL-1 is regulated. The activity of at least four of number ofBH3-onlygenes have been shown to be expressed in
the 10 mammalian BH3-only proteins identified to date ishematopoietic cells in mammals, includirigk/DP5 and Bim
regulated at the transcriptional level (reviewed by PuthalakattPuthalakath and Strasser, 2002). WheHd&/DP5 or Bim are
and Strasser, 2002). For example, after DNA damag8HBe targets of the conserved, HLF- and SLUG-dependent cell-death
only genes Noxa and Puma/Bbc3 are transcriptionally pathway in pro-B cells and whether E2A plays a role in their
upregulated in a p53-dependent manner in thymocytes amdtivation remains to be determined.
fibroblasts (Han et al., 2001; Nakano and Vousden, 2001; OdaThe BH3-onlygeneegl-1of C. eleganss required for most
et al., 2000; Yu et al., 2001). Furthermore, Bi¢3-onlygenes if not all of the 131 programmed cell deaths that occur during
Hrk/DP5 and Bim have been found to be upregulated inC. eleganglevelopment. The studies described resulted in the
cultured neurons after NGF withdrawal, a process that appeadentification of two new factordhlh-2 and hih-3, that are
to be dependent on the activation of the c-jun N-terminal kinasevolved in specifying the death of two of these 131 cells, the
(JNK) (Harris and Johnson, 2001; Imaizumi et al., 1999death of the NSM sister cells. The death of the NSM sister cells
Putcha et al., 2001; Whitfield et al., 2001). In sympathetiés specified by lineage. Like their counterparts in higher
neurons, it could further be shown that the upregulation afrganismshlh-2 andhlh-3, which encode a Daughterless-like
Bim after NGF-withdrawal is required for their programmedand an Achaete-scute-like bHLH protein, respectively, have
death (Putcha et al., 2001; Whitfield et al., 2001). Henceéheen implicated in cell fate determination. The lineage-
the observation that NGF-withdrawal induced death oflependent signal required to kill the NSM sister cells might
sympathetic neurons in culture is dependent on the synthediserefore be transduced hih-2 andhlh-3.
of macromolecules can be explained by the requirement for
Bim expression. The transcriptional activation B 3-only We thank Scott Cameron, Mike Krause, Mark Metzstein, Heinke
genes therefore is crucial for the programmed death of neurofishnabel, Simon Tuck and Nicole Wittenburg for comments
not only inC. elegansin which neuronal death is specified by concerning this manuscript; Scott Cameron, Bob Horvitz and Mark
cell lineage, but also for the programmed death of neurons jHetzstein for insightful discussions; Doug Portman for providithg

mammals. in which neuronal his or minantly tri red(bx109; Yishi Jin for cnd-1ju29); Mike Krause for plasmids
byacellerllg;’l-autoncz)moeuljs osi;na?liat s predominantly trigge eg(KMllgs and 1199, and for anti-HLH-2 antibodies; Melanie Dunn

and Geraldine Seydoux for plasmid pJH2.19; and Ralf Baumeister for
) Nt ; o mi plasmid pBY668. We are grateful to Claudia Huber for technical
The cell (?jeath activating function of HLH-2 might be support, Helga Zepter for secretarial support and Helma Tyrlas for
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