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SUMMARY

During Caenorhabditis eleganslevelopment, the patterns the extra cell corpses seen ipag-3 mutants. In addition,
of cell divisions, cell fates and programmed cell deaths some neurons do not adopt their normal fates irpag-3
are reproducible from animal to animal. In a search for mutants. The phenotype of pag-3 mutants and the
mutants with abnormal patterns of programmed cell expression pattern of the PAG-3 protein suggest that
deaths in the ventral nerve cord, we identified mutations in in some lineagespag-3 couples the determination of
the genepag-3 which encodes a zinc-finger transcription neuroblast cell fate to subsequent neuronal differentiation.
factor similar to the mammalian Gfi-1 and Drosophila ~ We propose that pag-3 counterparts in other organisms
Senseless proteins. Ipag-3 mutants, specific neuroblasts determine blast cell identity and for this reason may lead
express the pattern of divisions normally associated with to cell lineage defects and cell proliferation when mutated.
their mother cells, producing with each reiteration an

abnormal anterior daughter neuroblast and an extra

posterior daughter cell that either terminally differentiates  Key words: Cell lineage, Neuroblast fate, Programmed cell d&ath,
or undergoes programmed cell death, which accounts for elegans

INTRODUCTION perhaps in part by rendering malignant lymphoblasts resistant
to programmed cell death (Inaba et al., 1996).
The known and essentially invariant cell lineage of the To define additional genes that control the programmed
nematodeCaenorhabditis elegankas provided a basis for deaths of specific cells 0. elegansve have sought mutations
analyzing at single-cell resolution the mechanisms thathat alter the pattern of cell deaths in the ventral nerve cord. A
establish cell lineages and cell fates during metazoanewly hatchedC. elegandarva contains 22 motoneurons in its
development (Sternberg and Horvitz, 1984). Programmedentral cord and associated ganglia (Sulston and Horvitz, 1977;
cell death is a major aspect of animal development, andhite et al., 1986). During postembryonic development, 12
abnormalities in programmed cell death contribute to a varietyentrolateral P blast cells migrate into the ventral cord and
of human diseases (reviewed by Lockshin et al., 1998lndergo a series of divisions. The divisions of the P cells,
Genetic and molecular analysesfeleganshave defined a together with those of a 13th blast cell, W, produce 65 neural
pathway for programmed cell death (Metzstein et al., 1998%ells, 10 of which undergo programmed cell death (Sulston and
This pathway is extensively conserved between animaldorvitz, 1977) (Fig. 1). Seven of the 10 cell deaths are of
(Horvitz, 1999; Ranger et al., 2001). How the process oells at equivalent positions in the W and P cell lineages.
programmed cell death is controlled during development iSpecifically, the six Pn.aap (Pn.aap, the posterior daughter of
less well understood. Two gene®s-land ces-2 regulate the anterior daughter of the anterior daughter of any P cell)
programmed cell death i€. elegansand have mammalian cells derived from the P lineages in the anterior and posterior
homologs with conserved functions (Ellis and Horvitz, 1991yentral cord (P1, P2 and P9-P12) and W.ap, a cell lineally
Inaba et al., 1996; Inukai et al., 1999; Metzstein et al., 199&quivalent to the Pn.aap cells, undergo programmed cell death;
Metzstein and Horvitz, 1999). Mutations that affect thethe six Pn.aap cells in the midbody (from P3-P8) survive and
mammalian homolog afes-2can cause leukemia in children, differentiate to become VC motoneurons.
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Fig. 1. Postembryonic development of the
ventral nerve cord i€. elegans(A) X:

the positions of the ten cells that undergo
programmed cell death. Filled circles
indicate the six cells in the midbody that B.

P1 P2 P3-P8 P9 P10

P11

survive and differentiate to become VC w
motoneurons. Anterior is leftwards and
ventral is downwards. (B) The
postembryonic cell lineages are shown
schematically, with vertical lines
representing time and horizontal lines

Pn

P12

representing a cell division along the

anteroposterior body axis. Each P cell c Pn.a

divides to produce an anterior daughter, - - Pn.p

Pn.a, which is a neuroblast, and a posterior

daughter, Pn.p, which is hypodermal. W, a Pn.aa Pn.ap

neuroblast in the retrovesicular ganglion,

follows a division pattern identical to that Pn.aaa @ = VC motor neuron

of Pn.a cells. (C) The nomenclature used X = programmed cell death
to identify cells in the P cell lineages. Cell Pn.aap Pn.apa Pn.app

lineages are from Sulston and Horvitz 1

(Sulston and Horvitz, 1977). Pn.aaaa Pn.aaap

In our search for mutants abnormal in ventral cord celConstruction and analysis of  pag-3/Df animals
deaths, we have identified alleles of the ggag-3 We  ced-1(e1735) males were mated withmnDpl/+; mnDf19
describe the effects of mutationspgag-3on programmed cell hermaphrodites, and non-UneniiDpZXcarrying) cross progeny
deaths in the ventral nerve cord and the rolepa§-3in  males were mated witbed-1(e1735); dpy-17(e164) unc-32(e189);

the determination of neuroblast cell fate and in neuronat@d-3hermaphrodites. Non-Dpy non-Unc-32 Pag-3 hermaphrodites
differentiation. were picked as late L2 Unc larvae, and the patterns of cell corpses

in the ventral cord of Ced animals examined using Nomarski optics.
Similar results were obtained with a second deficienayDf43,
which also deletes theag-3locus (Meneely and Herman, 1979). To

MATERIALS AND METHODS constructpag-3/pag-3/+animals, crosses were performed as above,
) except non-Dpy non-Unc cross progeny males were mated with
Isolation of - pag-3(n3098) ced-1; dpy-17 unc-32; pag{8rmaphrodites, and non-Dpy non-Unc

ced-lhermaphrodites were mutagenized with ethylmethane sulfonat€ed animals were scored.

(Brenner, 1974). A synchronized population of F2 progeny was

examined as late L2/early L3 larvae using Nomarski microscopy

(Sulston and Horvitz, 1977). Animals with abnormal numbers oAntibody preparation and staining of fixed animals

patterns of cell corpses in the ventral cord were recovered from th® DNA fragment encoding the Zn-finger domains of PAG-3
slide for analysis. A single allele phg-3, n3098was isolated after (amino acids 124-333, PAG-3ZC) was amplified from pag-3
screening approximately 9000 animals, or 4500 mutagenized haplogDNA (Jia et al., 1997) and cloned into pET21b(+) (Novagen)

genomes. to construct a HIS-tagged fusion protein. The expressed protein
) ) . was partially purified using the method described by the
Strains, alleles and cell lineage analysis manufacturer.

All strains were maintained at 20°C as described by Brenner (Brenner, PAG-3 antibodies were purified from rabbit serum as described
1974). Cell nomenclature and cell lineage analysis were as describ@oelle and Horvitz, 1996). The specificity of the antiserum
by Sulston and Horvitz (Sulston and Horvitz, 1977), except that ‘PO.avas demonstrated by recognition on western blots of an
is now known as W (Sulston et al., 1983). Unless otherwise indicatedpproximately 33 kDa band if. coli expressing PAG-3ZC and a
mutations used are cited by Riddle et al. (Riddle et al., 199747 kDa band in extracts of wild-tyj@& elegansFixedpag-3(n3098)

Mutations used were: animals did not stain with the antiserum, Hp-17(el64mutants

LGI, ced-1(el1735) fixed in the same tube did stain. For whole-mount staining,
LGIl, wdls4 (the integrated Rc-Qfp plasmid pNE-1, generously animals were fixed with Bouin’s fixative as described (Nonet et
provided by David Miller); al., 1997). Primary antiserum was diluted 1:50 for staining and
LGIII, wdlsl(the integrated fc-dacZ plasmid pNC4-22Lz) (Miller  detected with FITC- or Texas Red-conjugated goat anti-rabbit
et al., 1992)|in-39(n1760), mab-5(e123@ndegl-5(n945) secondary antibody. For experiments with PAG-3 antiserum and
LGIV, ced-3(n717) the Rinc-4acZ constructwdlsl co-staining, B-galactosidase was
LGV, oylsl4(Hao et al., 2001) kindly provided by T. Sarafi-Reinachdetected in fixed animals using a 1:500 dilution ofadacZ

and P. Sengupta; monoclonal antibody (Promega). FMRFamide staining was done

LGX, nis106 (Reddien et al., 2001)pn-2(e678); pag-3(Is64, I1s20) as described (Li and Chalfie, 1990), using collagenase for
(Jia et al., 1996)in-15(n765)andmnDpl X;V/+;mnDf1qMeneely = permeabilization. Antiserum against FMRFamide was kindly
and Herman, 1979). provided by Chris Li.
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RESULTS Anterior ventral cord Posterior ventral cord

Mutations in pag-3 affect the pattern of cell deaths in
the ventral cord

To visualize the pattern of programmed cell deaths in th
C. elegans/entral cord, we used a mutation in the geeé-1,

which encodes a receptor that allows engulfing cells t
recognize dying cells (Zhou et al., 2001)ckd-1mutants cell

corpses persist rather than being engulfed and degraded and 012345678 01234567 809101112
easily detected using Nomarski differential interference
contrast microscopy (Hedgecock et al., 1983). We mutagenize
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deaths were affected by3098 as the number of corpses g, es02 0| o202
generated by the Q neuroblasts (Sulston and Horvitz, 197 § 20 0
was normal (1.6£0.5 versus 1.7+0.5 and 1.3+0.1 versu S ]
1.4+0.1 forced-1versusced-1; n3098nutants for QL and QR, 101 104
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The additional corpses seen in the ventral cords3698
mutants resulted from programmed cell deaths, as mutatiol
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. h . ced-1(e1735); ced-1(e1735);
in the ced-3 gene, which encodes a caspase required fC g 4 pag-3(n3098)/Df 4 | pag-3(n3098)/Df
programmed cell death i€. elegans(Yuan et al., 1993), g .l 31202 o 48202
prevented their appearance (data not shom8)98 mutants < 20 "

had sluggish and uncoordinated movemergd-3; n3098 S III ]

mutants (but notced-3 mutants) were also sluggish and < 10 104

uncoordinated, indicating that the movement defect was n« e 0 e R E R
caused by the deaths of ventral cord motoneurons required 1

normal movement. Tha3098 mutation mapped to the right 50 - .
arm of LG X. The movement defect @8098mutants and the  , | o (s ol e (el
map location oh3098suggested it might be an allele of the g _ | 37=02 © 54202
genepag-3 originally identified in mutants that overexpressed ¢ ]

a Bnec-facZ transgene in the BDU neurons (Jia et al., 1996) & ] 201

pag-3is predicted to encode a 336 amino acid C2H2 zinc <101 10 IIII

finger protein with greater than 80% amino acid identity in its O s e me
five Zn-finger domains to the mammalian Gfi-1 and Gfi-1B No. corpses No. corpses

proteins (Jia et al., 1997; Tong et al., 1998). Genetic mosai. )

analysis suggests thaag-3is required in the nervous system Fig. Z.Numbers of cell corpses pag-3mutants._ The numbers of cell

for normal movement (Jia et al., 1996; Jia et al., 1997). deaths irpag-3mutants was assayed by counting cell corpses in the
We found thatn3098 mapped ’to the, region qnfag—3 and ventral cords of 60-65 early Lc&d-1; pag-Ghermaphrodites using

. Nomarski microscopy. The difference between the observed number
failed to complement the movement defect pafg-3(Is20) of corpses irted-1mutants and the number of deaths that occur in the

mutants. In addition, in aed-1 background,pag-3(Is20) corresponding lineages of developing animals can be accounted for by
mutants, liken3098 mutants, had an abnormal pattern ofan incomplete block in engulfment of cell corpses inceu 1

cell corpses in the ventral cord (Fig. 2ed-1; pag-3(Is20) mutants and by a role for engulfment in cell killing (Ellis et al., 1991;
mutants had more corpses in the ventral cord than diBeddien et al., 2001). pag-3mutants, no cell corpses were observed
ced-1; pag-3(n3098jnutants, suggesting that at least one ofin regions of the ventral cords that lack cell deaths in wild-type
these alleles is not null. Analysis of the phenotype of mutant@nimals. For the analysis pag-3alleles, we constructed strains
heterozygous for thpag-3(n3098 and pag-3(Is20 alleles in heterozygous for .th_e |nd|catpd.g-3alleles and for a small

transto chromosomal deficiencies that delete ihg-3locus ~ chromosomal deficiencyf) which deletes thpag-3locus (see
suggested that3098is a strong loss-of-function or null allele Materials and Methods). Using an unpaired Studedést, we found

: . . the differences in mean corpse numberts.e.m. betpapi3(Is20)
(Fig. 2). We determined the sequenceafg-3genomic DNA  5,4554.3(1520)/Dto be significant®<0.02 for both anterior and

from pag-3(n3098mutants and identified a G-to-A mutation posterior ventral cord data), while those betweeg3(n3098nd
changing the codon for tryptophan at amino acid 113 to an opghg-3(n3098)/Divere not P<0.40 andP<0.77, anterior and

stop codon, which is located before the sequences encoding isterior, respectively). Anterior ventral cord, cell corpses generated
Zn-finger domains of PAG-3pag-3(Is20)homozygotes had by W, P1 and P2; posterior ventral cord, corpses generated by P9-P12.



1766 S. Cameron and others

more corpses than djghg-3(Is20)Df mutants, suggesting that  For example, seven of the nine anterior-most daughter cells
pag-3(I1s20) while generally acting as a strong loss-of-function(the W.aaa and Pn.aaaa cells) we observed in the W, P1 and P2
allele, may cause abnormalities in addition to those resultinineages of threpag-3(n3098)mutants underwent one or two
from a complete loss @ag-3function (e.g. by a chromosomal extra rounds of division (Fig. 3B). The anterior-most daughter
deficiency that spans thmag-3locus). pag-3(Is20)/pag-3(+) cells ultimately exited the cell cycle and adopted a nuclear
and pag-3(Is20)/pag-3(Is20)/pag-3(+)mutants (the latter morphology typical of a neuron. The Pn.aaap cells, the
wild-type allele was provided on an attached chromosomalosterior daughters resulting from the Pn.aaa divisions, in the
duplication — see Materials and Methods) had a wild-typ&V, P1 and P2 lineages of wild-type animals survive to become
pattern of cell corpses. Th&20allele is an H228Y mis-sense motoneurons, but inpag-3(n3098) mutants instead often
mutation affecting the fourth Zn finger (Jia et al., 1997). Theinderwent programmed cell death, as do the Pn.aap cells in the
corresponding Zn finger in Gfi-1 is essential for DNA bindingwild type (Fig. 3B).

(Zweidler-Mckay et al., 1996), consistent with our hypothesis We also observed in the midbody and posterior ventral cord
that the PAG-3(Is20) protein interacts abnormally with DNAof pag-3(n3098)mutants extra cell divisions by Pn.aaaa cells
or other proteins and interferes with the function of aand the programmed cell deaths of the P9- and P10.aaap cells,
multiprotein complex in a way that is recessive to a singlevhich survive in wild-type animals (Fig. 3B). Compared with
wild-type allele ofpag-3 Taken together, our data indicate thatthe anterior ventral cord cell lineages, extra divisions by
mutations inpag-3can affect the pattern of cell corpses in thePn.aaaa cells were rare in the more posterior lineages of
ventral nerve cord o€. elegansand thatpag-3(n3098)is a  pag-3(n3098) mutants. We observed only a single extra

strong loss-of-function or null allele. division in the P9-12 lineages of spag-3(n3098)mutants

) o . ) (Fig. 3B). However, in threpag-3(Is20)mutants, five of 12
Differentiation of the BDU interneuronsin  pag- P9-12.aaaa cells underwent one extra round of division (Fig.
3(n3098) mutants is probably abnormal 3C). The more frequent extra divisions by Pn.aaaa neuroblasts

Previously described mutationspag-3lead to misexpression in pag-3(Is20)mutants and the increased number of posterior
of touch neuron genes in the BDU interneurons (Jia et aldaughter cells generated by these divisions (some of which
1996). We observed thgbag-3(n3098) mutants similarly undergo programmed cell death) can account at least in part
expressed an integratedmde-tacZ reporter in the BDU for the greater number of cell corpses in the ventral cords of
interneurons, which do not normally expressc-7(Jia et al., pag-3(Is20)compared witlpag-3(n3098)nutants. The greater
1996), and we quantified this effect. In 50 wild-type animaldikelihood of extra divisions by the Pn.aaaa neuroblasts in the
examined carrying the nRc-1acZ reporter, 0/100 BDU anterior compared with the posterior ventral cord suggests that
interneurons expresse-galactosidase, whereas 92/100 positional information influences tipag-3mutant phenotype.
ALM mechanosensory neurons did so. By contrast, in 50 The patterns of cell divisions and programmed cell deaths
pag-3(n3098mutants 39/100 BDU and 83/100 ALM neurons we observed are most easily explained by proposing that in
expresse-galactosidase, similar to the previously reportedpag-3 mutants, the Pn.aaa neuroblasts adopt the fate of their
phenotypes of mutants with other mutationpag-3(Jia etal., mothers, the Pn.aa neuroblasts (Fig. 3D). The predicted
1996) (data not shown). The ALM and BDU neurons ofconsequences of this reiterative lineage defect are that the
wild-type animals andpag-3(n3098) mutants were easily neurons normally generated by the Pn.aaa neuroblasts would
identified by their axonal morphologies and nuclear positiond)e abnormal or absent and that extra Pn.aap-like cells would
and no animal had more than two ALM or BDU neuronsbe produced.

These data suggest that the misexpression of mechanosensory

genes in the BDU interneurons results from a defect ifhe VA and VB motoneurons are abnormal or

neuronal differentiation, as previously proposed (Jia et alabsentin pag-3 mutants

1996). The normal descendants (Pn.aaaa and Pn.aaap) of the Pn.aaa
_ _ o neuroblasts are the VA and VB motoneurons (Sulston and

pag-3 is required for cell-fate determination by the Horvitz, 1977).pag-3mutants are defective in both forwards

Pn.aa neuroblasts and backwards movement, suggesting that the VA and VB

To determine the cause of the abnormalities in the patterns ofotoneurons, which control backwards and forwards
cell deaths inpag-3 mutants, we directly observed the movement, respectively (Chalfie et al., 1985), are defective. We
postembryonic cell lineages in the ventral cords of developingsed reporter constructs expressed in the VA and VB
pag-3(n3098)yndpag-3(Is20)larvae. As shown in Fig. 3, P- motoneurons to test whether these neurons were present in
cell lineages inpag-3 mutants had a reiterative cell lineage pag-3mutants. At hatching and in young L1 larvae, the ventral
defect. Specifically, in the P-cell lineages of wild-type animalsnerve cord and associated ganglia contain nine DA, seven DB
the neuroblast Pn.aa divides to produce an anterior daughtamnd six DD juvenile motoneurons (White et al., 1986). The
Pn.aaa that is itself a neuroblast and a posterior daughteostembryonic P cell lineages, which commence during the
Pn.aap that terminally differentiates or undergoes programmdate L1 stage, add 12 VA, 11 VB and 13 VD motoneurons to
cell death. Each Pn.aaa neuroblast then divides to produtiee juvenile neurons, as well as additional cells (Sulston and
two terminally differentiated neurons. pag-3 mutants the Horvitz, 1977). We used an integratednf0fp transgene
Pn.aaa neuroblasts, rather than producing two terminalligenerously provided by David Miller), which is expressed in
differentiated neurons, instead often produced an anterithe DA and VA motoneurons (Pflugrad et al., 1997), to
daughter that was a neuroblast and a posterior daughter thlikgtermine the number of VA motoneuronspag-3(n3098)
underwent programmed cell death or terminally differentiatednutants. We counted the number of fluorescent nuclei in L3
with a morphology typical for a neuron. larvae carrying the Jac-gfp transgene. From this number,
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Fig. 3.P cell lineages ipag-3mutants. Anterior e » Posterior
Abnormalities inpag-3lineages are indicated by Wild typ e
bold lines; surviving cells that die in wild-type

A.
lineages are indicated by circles. Cells that die in #WF_‘ FL P2, Pa SR ) Pe pr, P8 PO, R0 RLL P12
wild-type animals are indicated by an x; additional \Ilﬁ r?ﬁ ﬂ}‘? rﬁﬁ rﬁﬁ ﬂ}‘? ﬂ}‘? ﬂ}‘? rdﬁ rdﬁ FHE'F? r[lﬁll
cell deaths observed pag-3mutants are indicated
by an underlined ¥pag-3mutants initiated P cell pag-3(n3098)
divisions at the same time during development as o1

B.
w
wild-type animals. The time scale in B applies to all T e T o T S B N < E S
lineages. (A) Lineages of wild-type animals from ﬁﬁﬁ FEFTT #ﬁﬁ r'%ﬁ FEEFTW rrﬁl
Sulston and Horvitz (Sulston and Horvitz, 1977). 2 : =

(B) Lineages opag-3(n3098mutants. (C) P9-P12 . N

cell lineages of threpag-3(Is20)mutants. The 1 ow P2 P9, Pl PUL P12
variability we observed in the division patterns and r[lﬁ r[FF? r[;,ﬁ Hﬁ

cell fates inpag-3mutants has been observed 15T = I

generally in mutants with cell lineage defects & ﬁﬁﬁ r,ﬁ'}'? rrx‘i,ﬂ r[lﬂll s 0 Pu PL2
(Sternberg and Horvitz, 1984). In reiterated »s x ﬁﬁ FEFFTW rﬁgi ﬁ
divisions, the time between mitoses became po  pl0 Pl PL2

progressively longer and the morphology during i N

mitosis more abnormal with each round of 35- r&ﬁ rﬂﬁ FFF—T rﬁﬁ

attempts at cell division. In those lineages in which
the posterior daughter would normally have
undergone programmed cell death, cell death often

P9 P10 P11 P12
reiteration, often with what appeared to be aborted rdlﬂﬁ ﬁ r[‘ﬁﬁri r;'ﬁ rg'itr': éﬁ; r[ﬁ[r':l

occurred later than observed in wild-type lineages C D _ E _

and sometimes did not occur. (D) The cell fates in P pag-3(Is20) * Wild type © Wild type
cell lineages of wild-type anghg-3mutant Posterior A Pn.aa Pn.a
animals. A,B,C,D,E are distinct cell fates, I_‘_l

representing cells that may divide, survive and e T B C Pnaaa VCIX

differentiate, or undergo programmed cell death. rﬁlﬁ étr': rﬁﬁl |_‘_| |_‘_| VC/X DAS VD
VA, VB and VC are motoneuron classes (White et O L D E VA VB A VB

al., 1976). ‘Pn.aa’ is a neuroblast that divides to
generate daughter cells like those normally BOp pop pag-3 pag-3
generated by Pn.aa. (E) Experimentally determined rﬁiﬁﬁ Pna
cell fates in the Pn.a lineages of wild-type (Sulston &y

and Horvitz, 1977; White et al., 1976; White et al., 1 A "

1986) anchag-3mutant animals. Cell fates were PO PO Pl PL2 l—‘—| Ve
assessed as described in the text. VA is an rﬂ? ﬁiﬂ A ¢ "Praa’ VCIX (PAS)VD
abnormal VA cell (see text). The fate of the H H +VA VC/X
presumptive DAS cell ipag-3mutants was not .

tested experimentally (DAS). =

which represented expression in the DA and VA motoneurongdopt a VA motoneuron fate. Our observations suggest that as
we subtracted the number of fluorescent nuclei in L1 larvagssessed by expressionuoic-4 a characteristic of normal VA
which represented expression in the juvenile DA motoneurongnotoneurons (Miller and Niemeyer, 1995), the corresponding
The number of VA motoneurons inR-gfp; pag-3(n3098) cells of pag-3mutants differentiate abnormally.

mutants was significantly reduced compared with that in More strikingly, the VB motoneurons were essentially
otherwise wild-type animals carrying thenRgQfp transgene entirely absent from the ventral cordpzfg-3(n3098)mutants,
(Table 1). As noted above, the anterior-most daughteras determined by expression of therByfp reporter, which is
generated by the P2-P12 cell lineages of wild-type animalexpressed in the DB and VB motoneurons (Winnier et al.,

Table 1. Numbers of VA, VB and VD motoneurons irpag-3mutants

VA and/or DA* VB and/or DB* VD and/or DIb
Stage Bnc-gfp* Punc-0fp; pag-3 Pacr-5gfp8 Pacr-s0fp; pag-3 + pag-3
L3 11.4+0.5 (VA+DA)  8.5+0.7 (VA+DA)  13.3x0.4 (VB+DB) 6.3%0.2 (VB+DB)  19.0+0.0 (11) (VD+DD)  19.3+0.2 (50) (VD+DD)
L1 3.240.3 (DA) 3.5+0.3 (DA) 5.8+0.1 (DB) 5.6+0.2 (DB) 6.0+0.0 (10) (DD) 6.0+0.0 (37) (DD)
L3-L1 8.2+0.8 (VA) 5.0+1.0 (VA) 7.5+0.5 (VB) 0.7+0.4 (VB) 13.0£0.0 (VD) 13.30.2 (VD)

*Numbers of fluorescent nuclei in ventral cord; meanzs.e.m. in P3-P10 inte¥88l animals. In this interval in wild-type animals, there are eight VA and
eight VB motoneurons (Sulston and Horvitz, 1977).

TNumbers of GABA-staining nuclei; meants.e.m. in ventral cord and associated gasrglimbers of animals examined. There are 13 VD motoneurons in
the complete nervous system (Sulston and Horvitz, 1977).

*Punc-gfpis expressed in L1 animals in the juvenile DA neurons and in L3 animals in DA neurons and postembryonic VA neurons (Rflug@avetThe
difference between the number of VA neurons in wild-type animals comparegagitB(n3098mutants is highly significanP&0.0006; unpairetitest).

8Pacr5gfpis expressed in L1 animals in the juvenile DB neurons and in L3 animals in DB neurons and postembryonic VB neurons @Nirt®eogt
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1999). By contrast, the number of VD neurongag-3(n3098) used a fh-11gfpconstructlin-11 encodes a LIM homeodomain
mutants was normal, as determined by staining for therotein (Freyd et al., 1990) required for vulval morphogenesis
neurotransmitter GABA, which is expressed by the DD andFerguson et al., 1987) and is expressed in the VC
VD motoneurons (Mclntire et al., 1993). This observationmotoneurons, vulval cells, gonadal and uterine cells, and
suggests that the development of the VD motoneurons, whigeveral head neurons (Newman et al., 1999; Freyd, 1991) (this
are generated as the posterior daughters of the Pn.aprk). We generated an integrated reporter construct
neuroblasts, was not affected by losgag-3function. This  containing a portion of thdin-11 promoter fused togfp
conclusion was consistent with our observation that the ce(Reddien et al., 2001) and used it to detect VC and VC-like
divisions of the Pn.ap neuroblasts were normalpag-3  cells inpag-3mutantspag-3mutants had about three times as
mutants. The defects in P cell lineages and the abnormalitiesany Rn-11gfp-expressing neurons as did wild-type animals
in cell fates inpag-3mutants are summarized in Fig. 3E. (Fig. 4). To test whether the Pn.aap-like cells (i.e. Pn.aaap,
The absence of VB motoneurons and the abnormality in VA n.aaaap, etc.) ipag-3mutants showed other characteristics
motoneurons opag-3mutants accounts for the uncoordinatedof VC motoneurons, we stain@ag-3mutants with antiserum

movement of these animals. directed against the FMRF-amide neuropeptide expressed by
) the VC motoneurons (Schinkmann and Li, 1992) and observed
pag-3 mutants have extra VC-like motoneurons many extra FMRF-amide-positive neurons in the ventral cords

In the P3-P8 lineages of the midbody, the Pn.aap cells, tle# pag-3mutants (Fig. 4).
normal posterior daughters of the Pn.aa neuroblasts, becomeMost of the extra VC-like neurons were in the midbody, as
VC motoneurons, while in the W, P1, P2 and
P9-12 lineages of the anterior and posterio
Pn.aap (and W.ap) cells undergo program
cell death (Sulston and Horvitz, 1977) (Fig.
The cell lineage reiteration defect phg-3
mutants completely accounts for the e
programmed cell deaths in the anterior
posterior ventral cord (extra Pn.aap-|
daughter cells) and predicts tipag-3mutants
should also contain extra VC-like motoneur
along the midbody.

To assess the number of VC motoneuron

wild type 10 um

Fig. 4.VC and VC-like neurons ipag-3mutants.
(A-F) Anterior is leftwards, and ventral is
downwards. (A) Wild-type hermaphrodite stained
with antiserum against the neuropeptide
FMRFamide, which is expressed by the VC
motoneurons. The three VC motoneurons anterior
to the vulva are indicated, with a detailed view of
the inset containing VC3 shown in C. In C,
FMRFamide staining is visible in the cytoplasm
surrounding the VC3 nucleus; nuclei are stained
with DAPI. (B) pag-3(n3098hermaphrodite
stained with antiserum against the neuropeptide
FMRFamide. Seven FMRFamide-positive nuclei
anterior to the vulva are shown, with a detailed
view of the inset shown in (D). (E-G) A
chromosomally integratediR11gfp reporter,

nis106 was used to determine the number of VC
and VC-like neurons in wild-type anmhg-3mutant
animals. In wild-type animals, thaP1gfp reporter
is expressed in vulval cells and some head neurons, —— VC6 vulva
as well as in the six VC motoneurons (Freyd, 1991).
(E) Adult nls106hermaphrodite. VC motoneuron
nuclei are indicated. Vulval fluorescence obscures
one and often two of the VC nuclei that flank the
vulva (VC4 and VCS5) (White et al., 1976), as in lin-11::gfp lin-11::gfp pag-3
this image of a wild-type animal in which the VC4
nucleus is not visible. (F) Aduitls106 G. Number of VC or VC-like cells in the ventral nerve cord of pag-3 mutants
pag-3(n3098hermaphrodite. (G) Number of

fluorescent nuclei seen in the ventral cords of adult Genotype No. fluorescent nuclei n
hermaphroditeppag-3(I1s64)s R1150pal (Jia et al.,  nis106 4304 50
1997). No attempt was made to count nuclei nls106 pag-3(n3098) 13.9+0.4 33

obscured by vulval fluorescence. nls106 pag-3(Is64) 12903 50
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visualized by expression of thaenR1gfp construct (Fig. 4). Table 2. Effect of loss of Hox gene function on the number
However,pag-3 mutants also had some fluorescent nuclei ir of cell corpses in the ventral nerve cords gfag-3mutants
the anterior and posterior cord, where the Pn.aap cells
wild-type animals normally undergo programmed cell death

Number of corpses*

As seen in the cell lineages diagrammed in Fig. 3, not a__ Senowpe Anterir _ Midbody? _Posteriof
Pn.aap and ‘Pn.aap-like’ cells generated by the anterior ar Ceg'f s g-gfg-% g i-éfg-%
posterior P lineages died jrag-3mutants. For example, eight  cog 1 hogo S 0t0. 1% 42+ 7101
of 24 P9-12.aap survived in the giag-3(n3098)mutants we ced-1: lin-39; pag-3 43+0.0%%  4.1+0.3%MH 52402
observed. Some of the surviving Pn.aap cells may differentia’ ced-1; mab-5 2.28.1 0 3.2+0.88
to become VC-like cells and expressm-Bigfp [as has been gzg-ig eméllb5-5: pag-3 g-gfg-i 8 S'gfg'ﬁ
directly confirmed inced-3mutants or mutants defective in cod1. egl-s; pag-3 37:0.2 0 14109

engulfment of cell corpses (Reddien et al., 2001)] accountin
for the fluorescent nuclei in these regions of the ventral corc *values are meanzs.e.m. Sixty mutants were examined fdintse
of pag-3mutants. strains, 30 for thenab-5andegl-5strains.
We conclude that the number of corpses in the ventral cort lGe”erateg Ey W, P1and P2.
of pag-3mutants was determined by two factors: generatiol saoncrocy b)); P rs.
by reiterated cell lineages of extra posterior daughter cell 1pata from Fig. 2.
(Pn.aap-like cells) that can undergo programmed cell death a **In Iin-39 mutants, nuclei generated by P3-P6 cell lineages migrate to the

a failure of some of these cells to diepiag-3mutants. region of the ventral cord around the P2 descendants (Clark et al., 1993). As a
consequence, corpses derived from P3-P6 may be counted as P2 corpses,

The HOM-C genes do not encode the positional increasing the number of cell corpses in the anterior ventral cord and reducing
the number of cell corpses in the midbody.

information that influences the  pag-3 phenotype In lin-39 mutants, the six VC motoneurons undergo programmed cell
As noted above, the likelihood that a W.aaa or Pn.aaaa cideath; the null allelén-39(n1760)(Clark et al., 1993) and thEag-3(n3098)
would divide and thereby generate extra posterior daught<a"ele were used for the studies reported in this table.

. . - ¥Hn ced-1; lin-39; pag-3nutants, as many as 10 cell corpses were
cells (which could undergo programmed cell death) varied Wmobserved in the midbody in single animals, suggestindithasg is required

position along the anteroposterior body axis and C_jiffere‘for survival of the Pn.aap and Pn.aap-like cellsdg-3mutants, atin-39 is
between the twpag-3alleles. We tested the hypothesis thatfor the Pn.aap cells in otherwise wild-type animals (Clark et al., 1993).
genes of theC. eleganshomeotic gene cluster either promote 88mab-5is required for deaths of the P11.aaap and P12.aaap cells (Kenyon,
extra divisions in the anterior ventral cord or prevent extr‘1986)’ reducing by two the number of cell corpses in the posterior ventral
L . . P ‘cord ofmab-5mutants. The null allele1239(Kenyon, 1986) was used for
divisions in the posterior ventral cord. These genesh-13 e swudies reported in this table.
lin-39, mab-5andegl-5— specify spatial patterning along the i egl-5mutants, P12 is transformed to a P11-like fate, reducing by one
anteroposterior body axis (Brunschwig et al., 1999; Burglirthe number of cell corpses in the posterior ventral coetje mutants. The
and Ruvkun, 1993; Chisholm, 1991: Clark et al., 1993null allelen945(Chisholm, 1991) was used for the studies reported in this
Kenyon, 1986; Salser et al., 1993). We determined the numbe2>'®-
of cell corpses in the ventral cords @dd-1; pag-3(n3098)
mutants defective itin-39, mab-5 or egl-5 [ceh-13mutants all six mechanosensory neurons, the BDU neurons,
die during embryogenesis; (Brunschwig et al., 1999)]. Wepproximately ten cells in the tail as well as in the ventral cord.
found that loss of the spatial information controllediby39, PAG-3 staining of many cells in the head and tail remained
mab-5andegl-5did not affect the likelihood of extra divisions detectable in adult animals (data not shown).

(Table 2). How positional information influences thag-3 In the ventral cord, PAG-3 was first detected in the Pn.aa
phenotype remains unknown. neuroblasts (Fig. 5), the daughters of which are abnormal in
) ) pag-3 mutants. PAG-3 was not detected in the Pn.ap
PAG-3 is expressed in the Pn.aa neuroblasts and neuroblasts or their descendants, consistent with our
their descendants observation that these cells appear to be unaffected by loss of

To characterize the PAG-3 expression pattern, we raised pmg-3 function. PAG-3 was present equally in each of the
rabbit polyclonal antiserum that specifically recognized PAG-3lescendant cells of Pn.aa after subsequent rounds of division
and used it to stain wild-type animals of various stages (sd€ee. the Pn.aaa, Pn.aap, Pn.aaaa and Pn.aaap cells), including
Materials and Methods). Previous studies have indicated thatllae three differentiating neurons generated by each Pn.aa
transgene reporter construct wiflagalactosidase under the neuroblast. In most cells, PAG-3 protein became undetectable
control of pag-3promoter sequences is expressed in the BDWhortly after the cells had been generated in the L1, but PAG-3
neurons, the mechanosensory neurons, the two AViwas present in six cells in the ventral cords of adults (see
interneurons, and the VA and VB motoneurons in the ventrddelow). Pn.aap undergoes programmed cell death in the W, P1,
cord (Jia et al.,, 1997). We found that PAG-3 protein wa$2 and P9-12 lineages (Fig. 1). PAG-3 protein was observed
expressed more widely in the nervous system than had beenthe P2.aap and P9-P12.aap cells that died, as well as in the
observed using thepky-dacZ reporter. We detected PAG-3 homologous P3-P8.aap cells that survived (Fig. 5 and data not
during embryonic development in many nuclei ~280 minuteshown), indicating that the simple presence or absence of
after fertilization (data not shown). At this developmentalPAG-3 as these cells are being generated does not determine
stage, the cells derived from the AB cell lineages, whichhe life versus death decision. The precise expression pattern
generate most of the neuronal cells, are beginning to terminalbf PAG-3 in the W and P1 descendants was difficult to define
differentiate (Sulston et al., 1983). In late L2 larvae anti-PAG-3inambiguously, as there are many nuclei in the retrovesicular
staining was seen in approximately two dozen cells in the heaganglion at the anterior end of the ventral cord (in which W
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and P1l.a divide) and as two embryonic cells in this regiopag-3 probably affects differentiation of the PVQ
expressed PAG-3. Taken together these data suggest that in tieeirons
ventral cord PAG-3 protein is first produced precisely in thos@ag-3 was initially identified in mutants that misexpressed
neuroblasts abnormal ipag-3 mutants, persists through the mechanosensory genes in the BDU interneurons and was
divisions of the Pn.aaa cells, and is present at least transienflyoposed to affect specification or differentiation of the BDU
in the three differentiating cells generated by each Pn.azell fate (Jia et al., 1996). We found thazag-3 similarly
neuroblast. affects the PVQ interneurons. The PVQs are a pair of
PAG-3 expression persisted throughout the life of thenterneurons (PVQL and PVQR) located in the tail lumbar
animal in four cells in the retrovesicular ganglion at theganglia and can be visualized using afa-B)fp reporter
anterior end of the ventral cord and in two cells in the posteridiTroemel et al., 1995). In 30 adult wild-type animals, a total
ventral cord. In newly hatched L1-stage larvae, before thef 60 fluorescent nuclei were observed, whepeas3(n3098)
initiation of the postembryonic W and P cell lineages, twamutants failed to express the reporter (one fluorescent nucleus
cells in the retrovesicular ganglion expressed PAG-3. Basaglas observed in 30 adult animals). In those page 3mutants
on position, these cells were most likely the RIG interneurons which the PVQ neurons expresseslalggfp, the axons
(Fig. 6 and data not shown). After completion of the W and Rppeared normal (data not shown). Expressions@feffp in
cell lineages, two additional cells in the retrovesiculathe ASH and ASI neurons, which also express this reporter
ganglion and two cells in the posterior ventral cord containe(lfroemel et al., 1995), was normal ipag-3 mutants,
detectable PAG-3 protein. Based on the locations of the nucleuggesting that the PVQ neurons were missing or failed to
and their appearance only after completion of the W and P cadkpress the da-egfp reporter. Using Nomarski optics, we
lineages, we thought these nuclei might be the two AVF andxamined the tail region of wild-type animals carrying the
the VA1l and VA12 neurons, respectively. We confirmed thifsra-egfp reporter and in blinded assays identified the PVQ
hypothesis by staining animals carrying an integratecheurons, which have slightly larger nuclei than adjacent
Punc-4acZ reporter, which is expressed in the AVF and VA asneurons and occupy characteristic positions at the anterior
well as other neurons (Miller and Niemeyer, 1995), withmargins of the lumbar ganglia adjacent to the rectum (White
PAG-3 antiserum and monoclonal antibody againset al., 1986). In similar assays of£gfp; pag-3(n3098)
B-galactosidase (Fig. 6). The four postembryonicallymutants, we identified nuclei with the positions and
generated neurons that expressed PAG-3 in adults — AVFR/morphology expected of PVQ neurons, but, unlike in
VA1l and VA12 — are lineally related as the anterior-mostvild-type animals, these nuclei did not express the reporter.
descendants of W, P1, P11 and P12, respectively. The abnormalities in the PVQ neurons could reflect a defect

Fig. 5. Expression pattern of
PAG-3 during postembryonic A.
development of the ventral
nerve cord. (A,B) PAG-3
antibody staining of wild-type
L1/L2 larvae. In all panels,
anterior is leftwards and ventr
is downwards. (C,D) DAPI co:
staining of animals in A,B. In
the postembryonic ventral cot
anterior lineages generally
divide earlier than posterior
lineages (Sulston and Horvitz
1977). (A,C) In this animal the
P6.aa, P7.aa and P8.aa
neuroblasts have divided, whi
P10.aa and P6.ap are in the
process of mitosis. The P9.ae
and P11.aa neuroblasts have
yet divided. P12.aa and P12.¢
are out of the focal plane in tt

preanal ganglion. PAG-3 E. o
protein was detected in the n
Pn.aa, but not in the Pn.ap, !
neuroblasts. By examining tht Pn.aa Pn.ap
staining of many animals at

various stages of developmer

we could trace PAG-3 protein DAS VD
continuously from the Pn.aa VA VB VC/X

neuroblasts to all three neurons

generated by them. In A,C, the Pn.aaa neuroblasts were larger and appeared brighter than their posterior sister cgliele Rhiah
terminally differentiate (P3-P8.aap) or undergo programmed cell death (P1-P2.aap, P9-P12.aap). (B,D) PAG-3 proteintie daete of t
terminally differentiating neurons generated by the Pn.aa neuroblasts. (E) Diagram of P cell lineage with cells containprgteiG-3
indicated by green lines. Pn.aa neuroblasts did not contain detectable PAG-3 when they were generated, but becameopasitigdadesh
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Fig. 6. dentification of PAG-3-staining ventral cord neurons in adult animals. Otherwise wild-typ&adlégansarrying an integrated
Punc-4acZ transgene were co-stained with PAG-3 antiserum and monoclonal antibody directed@agalastosidase. DAPI was used to

identify nuclei. (A-D) The posterior ventral cord; anterior is leftwards and ventral is downwards. VA1l and VA12 are markedmwit

triangles. (E-H) The retrovesicular ganglion and anterior ventral cord; ventral view, anterior is leftwards. AVFR and Av&ikedewith

filled triangles. (A) DAPI, (B)p3-galactosidase expression in VA1l and VA12 (Miller and Niemeyer, 1995). (C) PAG-3 staining. (D) Merged
image. (E) DAPI staining of nuclei in the retrovesicular ganglionp{galactosidase expression in five cells in the retrovesicular ganglion.
Punc-4acZis expressed in the AVF interneurons, the VA motoneurons, and additional cells in the retrovesicular ganglion (Miller ared, Nieme
1995). (G) PAG-3 staining. By several criteria (see text), the two anterior-most PAG-3 expressing cells in the retrovesjioteagathe

right and left AVF interneurons. The two more posterior PAG-3-positive cells in the retrovesicular ganglion are the enpgamécated

right and left RIG interneurons; they are marked with asterisks. (H) Merged image.

in the cell lineages generating these neurons. The PVfate of specific anterior neuroblasts in the ventral cord of
neurons are generated during embryogenesis, making direCt elegans.Our data suggest thaiag-3 may also act in
analysis of cell lineages difficult. The sister cells of the PVQRheuronal differentiation, as discussed below.
and PVQL neurons undergo programmed cell death (Sulston We observed that ipag-3mutants the Pn.aaa neuroblasts of
et al., 1983). A defect in the cell lineages that generate thtle ventral nerve cord reiterated the fate of their Pn.aa mothers.
PVQ neurons might generate an abnormal number of cellhe posterior daughter cells produced by the reiterated
corpses, as we have observed in the ventral nerve cord lineagigsions (e.g. Pn.aap cells) generally adopted fates appropriate
of pag-3mutants. We compared the number of cell corpses ifor the corresponding wild-type lineages. However, some of
the lumbar ganglia afed-1; pag-3(n309&ndced-1mutants, the Pn.aap cells ipag-3mutants, none of which divided, were
and found them to be similar (0.7£0.1 and 0.6+0.1yvariably abnormal. Some Pn.aap and Pn.aap-like cells derived
respectivelyn=70 animals). PAG-3 was expressed in the PV{rom P cell lineages in the anterior and posterior ventral cord,
neurons throughout the life of wild-type animals, asall of which die in wild-type lineages, instead survived and
demonstrated by co-staining with PAG-3 antiserum of animaldifferentiated. These observations suggest that both daughter
carrying the Ba-g3fp reporter (data not shown). These datacells of the Pn.aa neuroblasts were abnormal: the Pn.aaa cells
suggest thapag-3is required for differentiation of the PVQ failed to determine their proper fate as neuroblasts and the
interneurons. Pn.aap cells did not always undergo programmed cell death.
These abnormalities presumably reflect a requirement for
pag-3in the Pn.aa mother cells to establish the Pn.aaa and

DISCUSSION Pn.aap cell fates prior to cell division, separate functions for
) pag-3in the two daughter cells after this division has been
pag-3 determines neuroblast fate completed, or both. The expression pattern of PAG-3 protein

Prior studies of thgpag-3gene established that losspHg-3 ~ was consistent with all three of these possibilities, as protein
function results in abnormal gene expression in the BDWvas present in the parental neuroblast Pn.aa and in both
interneurons and a behavioral defect in locomotion (Jia et aldaughter cells.

1996). Mosaic analysis suggests thatj-3is required within

the nervous system to prevent the locomotory defects, althoudi#g-3 may also affect neuronal differentiation

how pag-3acts has remained unclear (Jia et al., 1997). Throughhe PVQ and BDU neurons pag-3 mutants are abnormal,

an analysis of cell lineages in the ventral nerve cord and afespite being generated by apparently normal cell lineages,
PAG-3 protein expression in individual cells of the developingsuggesting that these neurons fail to differentiate properly in
nervous system, we have establishedphgt3determines the pag-3 mutants. The VA motoneurons also differentiate
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abnormally inpag-3mutants, as demonstrated by the defectivedefects that specifically affect development of the nervous
backwards movement of these animals and by abnormaystem. In addition to being required for neuroblast
expression of arunc-4 reporter gene. A role fopag-3in determination,unc-86 also specifies characteristics of the
differentiating and differentiated neurons is supported by thenechanosensory neurons generated by those neuroblasts
expression pattern of the protein. In the Q neuroblast lineagé€halfie et al., 1981; Duggan et al., 1998; Finney and Ruvkun,
PAG-3 protein was detected only after the generation of th#990; Sze et al., 1997pag-3 may function similarly in the
terminally differentiating AVM and PVM mechanosensory ventral nerve cord lineages. In these lineagag;3determines
neurons (data not shown). In many neurons, including thBn.aa neuroblast fate and may also establish the fate of the VA
PVQ, BDU and touch neurons, PAG-3 protein was preserdnd VB motoneurons generated by those neuroblasts.
throughout the life of the animal. Some of these cells are ) . ]
abnormal ipag-3mutants (the BDU and PVQ neurons), while Does pag-3 have a direct role in regulating
others have no obvious defect [the touch neurons (Jia et adprogrammed cell death?
1996)]. These data suggest thmtg-3 functions in diverse We identifiedpag-3in a screen for mutations in genes that
contexts within the developing nervous system, with araffect whether individual cells in the ventral nerve cord survive
essential role in the development of some neuroblasts amd undergo programmed cell death. Dpag-3function during
neurons and a currently unapparent role in other neurons. cell-death specification? Two observations intrigued us. First,
PAG-3 does not appear to be associated with any obviodlse protein most similar to PAG-3 encoded by @heslegans
single characteristic of differentiated neurons. In the ventrajenome is CES-1, which specifies the fate of programmed cell
nerve cord, PAG-3 was expressed in cells that live and in celteath for particular neurons (Ellis and Horvitz, 1991,
that undergo programmed cell death; in cells that expire$é  Metzstein and Horvitz, 1999). Second, Gfi-1, a mammalian
and in cells that do not; and transiently in the VA2-10protein structurally very similar to PAG-3, can directly repress
motoneurons but continuously in VA1l and VA12. PAG-3 istranscription of the proapoptotic genBax in cultured
required for cell-fate determination by the Pn.aa neuroblastgmphocytes and prevent apoptosis (Grimes et al., 1996).
but not by the Pn.ap neuroblasts. PAG-3 was expressed in adliiese observations suggested thatireleganspag-3might
animals in neurons of several different types, includingact to prevent programmed cell death and were consistent with
motoneurons (VA11, VA12), sensory neurons (ALM, PLM, our observation thgtag-3mutants contained extra cell deaths.
AVM and PVM) and interneurons (BDU, RIG and AVF). However, our studies established that the extra cell deaths in
Given its extensive similarity to mammalian Gfi-1 transcriptionthe ventral cord opag-3 mutants are instead explained by a
factors, PAG-3 most probably affects cell fates by regulatinglefect in the cell-fate determination of the Pn.aa neuroblasts.
transcription. Rather than affecting expression of a single Nonetheless, it remains possible that PAG-3 directly
common set of genes in all neuronal lineages, our finding thaégulates the programmed cell death pathway in ventral cord
pag-3is expressed in many neuronal subtypes at differermteurons or in other cells in which PAG-3 is expressed.
points in neuronal development suggests plagt3cooperates Specifically, loss-of-function mutations oes-1have normal
with other factors to regulate the expression of cell type- andatterns of cell deaths; the role aks-1 in regulating
developmental stage-specific sets of genes to generate th®grammed cell deaths of individual cells was identified by a
complex pattern of neuronal subtypes see@.ielegans gain-of-function mutation (Ellis and Horvitz, 1991). The
pag-3 expression was specifically activated in the Pn.a&urrent model foces-1function is thattes-lexpression must
neuroblasts, the descendants of which were abnormalg8  be repressed in cells that are to undergo programmed cell death
mutants. By contrast, expression was not activated to @letzstein and Horvitz, 1999). No similar gain-of-function
detectable level in the sisters of these cells, the Pn.aputations inpag-3are currently available. We tested whether
neuroblasts, the descendants of which appeared normal awerexpression ofpag-3 using the broadly expressed
pag-3 mutants. These observations suggest pa-3 acts heat-shock promoter could prevent programmed cell deaths,
specifically in the Pn.aa neuroblasts and their descendantait foundpag-3overexpression to be lethal (data not shown).
PAG-3 protein was present at the time of generation of neuroiairther work will be required to assess whether PAG-3 directly
descended from each Pn.aa cell. It is shortly after theegulates the transcription of genes that control programmed
generation of the terminal cells in these lineages that thesell death.
neurons begin to adopt identifying characteristics, such as . ) ]
class-specific patterns of axonal projections or théag-3 counterparts may determine blast cell identity
morphological characteristics of a dying cell (Sulston, 1976t other organisms
Sulston and Horvitz, 1977; White et al., 1992; Knobel et al.The Drosophilaprotein Senseless is very similar in sequence
1999). PAG-3 thus may well be expressed in response to PnimaPAG-3 and is necessary for the development of sensory
lineage-specific signals to determine blast cell fates andrgans in the peripheral nervous system (Nolo et al., 2000). In
then act later to induce distinctive differentiated featuresenselessutant flies, there is a severe loss of neurons in the
characteristic of the neurons produced by those lineages. peripheral nervous system and an excess of programmed cell
The function of PAG-3 may be similar to that of UNC-86, adeaths (Salzberg et al., 1997). It is unclear at present whether
POU-homeodomain protein that couples cell lineage cues the defects isenselesmutants result from abnormal cell-fate
aspects of terminal differentiation (Finney and Ruvkun, 1990¢etermination by peripheral nervous system neuroblasts,
Finney et al., 1988). Like mutations pag-3 mutations in  abnormalities in neuronal survival and differentiation, or both.
unc-86 result in the reiteration of some neuroblast lineagepag-3 mutants differ fromsenselessnutants in that neuronal
(Chalfie et al., 1981unc-86is the only othe. eleganggene loss was not a prominent aspect of pag-3mutant phenotype
known to be able to mutate to cause reiterative cell lineagend was noted in the ventral cord only after analysis of the cell
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lineages. However, this difference may be only quantitativeDuggan, A., Ma, C. and Chalfie, M.(1998). Regulation of touch receptor
There may well be equivalent underlying effects on neuroblast differentiation by theCaenorhabditis elegans mecehd unc-86 genes.

determination. The excess of programmed cell deaths iE”
senselessnutants could result from cell-lineage reiterations

that generate extra dying cells, as pag-3 mutants.
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11. In Biology, pp. 159. Cambridge, MA: MIT Press.

1§reyd, G., Kim, S. K. and Horvitz, H. R.(1990). Novel cysteine-rich motif

-and homeodomain in the product of thaenorhabditis elegareell lineage
genelin-11. Nature 344, 876-879.

early T lymphocyte development (Schmidt et al., 1998). Wilks, C. B., Bear, S. E., Grimes, H. L. and Tsichlis, P. N(1993).

report here that in the absencepafj-3function, specific blast

cells, the Pn.aa neuroblasts, adopt a stem cell-like pattern o

division. Our finding of a required role fquag-3 in this

Progression of interleukin-2 (IL-2)-dependent rat T cell lymphoma lines to
]JL-Z-independent growth following activation of a gef@&i{1) encoding a
novel zinc finger proteirMol. Cell. Biol.13, 1759-1768.

Grimes, H. L., Gilks, C. B., Chan, T. O., Porter, S. and Tsichlis, P. N.

determination of blast cell fates leads us to suggest that in(1996). The Gfi-1 protooncoprotein represses Bax expression and inhibits

mammals mutations in th&fi-1 genes may similarly affect cell

lineage determination and lead to cellular proliferation.

Perhaps, independently or together with an effe€fofl on

T-cell deathProc. Natl. Acad. Sci. US83, 14569-14573.

Hao, J. C., Yu, T. W,, Fujisawa, K., Culotti, J. G., Gengyo-Ando, K.,
Mitani, S., Moulder, G., Barstead, R., Tessier-Lavigne, M. and
Bargmann, C. . (2001).C. elegansSlit acts in midline, dorsal-ventral, and

apoptosis, such a defect may lead to a loss of particular cellanterior-posterior guidance via the SAX-3/Robo recefNeuron32, 25-
types or a pool of abnormal cells prone to the development of 38.

malignancy.
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