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SUMMARY

bHLH transcription factors function in neuronal
development in organisms as diverse as worms and
vertebrates. In the C. elegans male tail, a neuronal
sublineage clonally gives rise to the three cell types (two
neurons and a structural cell) of each sensory ray. We show
here that the bHLH geneslin-32 and hlh-2 are necessary
for the specification of multiple cell fates within this
sublineage, and for the proper elaboration of differentiated
cell characteristics. Mutations inlin-32, a member of the
atonal family, can cause failures at each of these steps,
resulting in the formation of rays that lack fully-
differentiated neurons, neurons that lack cognate rays, and
ray cells defective in the number and morphology of their
processes. Mutations inhlh-2, the gene encoding theC.

elegansE/daughterlessortholog, enhance the ray defects
caused by lin-32 mutations. In vitro, LIN-32 can
heterodimerize with HLH-2 and bind to an E-box-
containing probe. Mutations in these genes interfere with
this activity in a manner consistent with the degree of ray
defects observed in vivo. We propose that LIN-32 and
HLH-2 function as a heterodimer to activate different sets
of targets, at multiple steps in the ray sublineage. During
ray development, lin-32 performs roles of proneural,
neuronal precursor, and differentiation genes of other
systems.

Key words: Neurogenesi€, elegansMale tail, Sublineagéin-32,
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INTRODUCTION external sensory organsmosophila(Jan and Jan, 1994; Gho
et al.,, 1999; Reddy and Rodrigues, 1999); although this
The development of the multiple cell types of a metazoaprogram is not cell-autonomous, as it is@n elegans its
organism requires that precursor cells pass through a variety sifnilarity indicates that it may be derived from the same
intermediate cell states as cells become progressively moamcestral sublineage. In addition, development of the sensory
restricted in their developmental potential. Much remaingatches in the vertebrate inner ear has been proposed to employ
unknown about how intermediate cell states are established similar lineage-based strategy (Adam et al., 1998), and
during development, and how the restricted potentials ofertebrate CNS development may use defined sublineages
intermediates allows well-ordered transitions between state@ian et al., 1998), suggesting that the use of sublineages
Understanding how signals and transcription factordo control cell state transitions may be a widespread
orchestrate changes in gene expression, and hence changedavelopmental theme. Studying a well-defined sublineage in a
cell states, is a major area of interest in developmental biologgenetic system provides a unique opportunity to dissect the
One experimental approach to addressing these questiongésjuirements for individual cell states, state transitions,
to study a developmental sublineage, in which the generatiasymmetric divisions, and the establishment of differentiated
of multiple cell types is coupled together through the use of eell fates by the sublineage’s postmitotic descendants.
stereotyped pattern of division and differentiation. A sublineage The ray sublineage in th@. elegangmale tail is executed
may represent a series of cell state transitions intrinsicallgy each of nine pairs of hypodermal ray precursor cells, giving
programmed into a precursor (Chalfie et al., 1981; Sternberise to nine rays on each side of the mature animal (Sulston
and Horvitz, 1982; Sulston and Horvitz, 1977), in which aand Horvitz, 1977). Each ray is a small sensillum containing
single cell gives rise to distinct differentiated progeny with fixedwo neurons and a structural cell. Together, the rays function
relative frequencies. Nematode development provides a numhbter sense the hermaphrodite during the mating process
of examples of such sublineages, particularly in the ventrdEmmons and Sternberg, 1997; Emmons, 1999). Specification
hypodermal lineages that give rise to ventral cord neurons amd the ray neuroblasts has been shown to require theligene
the vulva, and in the lateral hypodermal development of seaB®, a basic-helix-loop-helix (bHLH) transcription factor of the
cells and the male tail rays (Chalfie et al., 1981; Sulston aratonal family (Zhao and Emmons, 1995)n-32 has been
Horvitz, 1977; Sulston et al., 1983). A lineage very similar toproposed to serve a proneural function for the ray precursor
that which generates the rays occurs in the development oélls, making them competent to become neuroblasts. Since
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ectopic lin-32 expression in anterior epidermal cells isincreases the frequency of males in self-fertile populations. Strain
sufficient to cause them to generate rays (Zhao and Emmorenstruction and maintenance were carried out as described by
1995),lin-32 may initiate the ray sublineage program. Brenner (1974). Mutants used were as follows: (L@&dy-5e63),

In Drosophila genetic functions in neuronal developmentUnc-7%e950, unc-13e61), unc-29e193, dpy-14e188) (LG IIl)
have been separated into discrete categories, according to '3(921%3' g;ab-ggXS?.’ (Iég X) “”'32(“283’"”'32(922?;9"'”'
progressive determination model (Ghysen and Dambly24PX48. lin-32(e192§, lin-32(u779, unc-2e59. cat-2:gfp was
Chaudiere. 1989 Jan and Jan. 1994: Hassan and Vaessin. 1 ressed from the extrachromosomal complex abralgg45(Lints

' s ' y . ! Emmons, 1999) amckEx38(R. Lints and S. W. E., unpublished),

Dambly-Chaudiere and Vervoort, 1998). In this model, the earlyhich were maintained at 25°C using the selectable matharl
specification of neuronal competence, and perhaps also neuf@lanato et al., 19943yEx313vas used to expregid-2::gfp(Barr
type, is provided by the proneural genes, such as the genesa@ti Sternberg, 1999). pJS191, which expresses the adherens junction
the achaete-scuteccomplex andatonal. Later, the neuronal markerjam-1::gfp, was generously provided by J. Simske, and was
precursor genasensds expressed only in cells that will give used to create the extrachromosomal arEx48 Male tail
rise to neurons, presumably committing cells to a neuronal fatehenotypes were scored using DIC microscopy in adult males
Finally, neuronal differentiation genes are postulated to endo@ounted on agar pads (Sulston and Hodgkin, 1988).
neurons Wit_h specific _diffe_rentiated ch_aracteristics. This moo!q}n_32: gfp reporters
]?f prr(]Jgresswe detr(]armrl]natlgn has péov!ded 3gener3! found”atkiqs's kb genomic fragment containing tlre-32 coding region and
or the progress that has been made in understanding cell st3lg .y, of promoter sequence was PCR-amplified from wild-§pe
transitions in nervous system development. , _ elegansgenomic DNA and cloned into the vector pCR-XL-TOPO

In vertebrates, a number atonatclass factors, including (invitrogen). (The sequences of all primers used in this work are
MATH1, MATHS, and the more distantly-related NeuroD andavailable from the authors upon request.) GFP coding sequence was
neurogenins, have been implicated in neuronal developmenixcised from pPD119.16 (A. Fire lab vector kit) and inserted in-frame
These factors are thought to have a variety of functions, fromto the uniqueAcdll site at the end of the findih-32 exon to create
precursor specification and control of division and migration oplin-32::gfp. Stable extrachromosomal arrays were generated by
precursor cells, to the establishment and maintenance of tfginjection ofpha-1 him-5 hermaphrodites withlip-32::gfp DNA
differentiated state (reviewed by Hassan and Bellen, 2000). The&k 50 ngil with pBX1 (Granato et al., 1994) at 100 pg/

: : f croinjection ofC. eleganhermaphrodites was as described (Mello
studies have led to the idea that cascades of bHLH proteins wi nd Fire, 1995). A reporter containing only the first 71 amino acids

speciali_zed functions may (_)rchestrate n_euronal _development LIN-32 (plin-32AbHLH:'gfp) was generated by PCR-mediated

controlling cell state transitions. According to this model, eaclye|etion of in-32::gfp; this construct was transformed into worms

gene activates targets that characterize a given state, as welk@%ibove. Several transgenic lines were examined for both constructs,

the next downstream gene in the cascade. This model drawasd all gave identical expression patterns.

heavily on the framework of the progressive determination model . -

in Drosophila and highlights the extent of conservation of theScreen for /in-32(e1926) modifiers

roles of bHLH proteins in neuronal development. To isolate modifiers of thén-32(e1926)ray-loss phenotypéyim-5
Here, we have further characterized the role of atmmal lin-32(e1926) unc-2(e55hermaphrodites were mutagenized with

[ ; ; EMS. B hermaphrodites were plated individually, andhales were
homologlin-32 during C. elegangay development in order to creened by DIC microscopy for changes in ray frequency. Candidate

better understand its functions in the cell-fate SpeclflCamo'fjnodifiers were recovered by cloningliermaphrodite siblings. After

program. Using weak alleles and ray-neuron-specific moleculz%reening 2500 mutagenized genomes, two strong enhabxe6s

markers, we have found that, in addition to having an early rolg,qhx115 were isolated. Both mutants were outcrossed at least four
in establishing ray neuroblast falie-32 also functions later in  times before further analysis.

the ray sublineage. Hypomorpliiie-32 mutations can cause the  PCR-based STS mapping (Williams, 1995) was used to map both
generation of incomplete or defective ray cell groupsjiar@2  mutations to chromosome I. Three-factor cross data further localized
function is also necessary for at least some of the differentiatdth bx108 and bx115 to approximately +1.8 map units on this
characteristics of the three ray cell types. This suggesthinthat chromosome. (Data from segregation of recombinants is available
32in C. elegandulfills multiple roles that require multiple factors golng);'gfﬁgel?:g‘(g'g;genqglt'ecss hig”:ﬁ; Z;mg’:ﬁgp;?:ﬁﬂggs
(proneur_al genes, _neuronal precursor genes, and differentiati anot eabxl_OSIin-32 ©1926 andbx115 lin.32(e1926 (data nc;t
gﬁgﬁr?éageDrgz;)e%T!ac?ig%ZV e;ﬁi?;ﬁis‘c Q]ddgéon:rl:%aggg d rzg/ ghown){qi)ndicating that tfge mu?ations did not cor(nplen?e(nt each other.
mutations that we have isolated in the galhe2, which encodes  hih-2 rescue and sequencing

the C. elegansrtholog of the Elaughterlesgamily of bHLH =~ To determine the sequence of thia-2 gene inbx108and bx115
heterodimerization partners (Krause et al., 1997). In vitro, LINanimals, thélh-2 open reading frame was PCR-amplified from these
32 and HLH-2 heterodimerize and bind to an E-box-containingnutants and the products were sequenced directly. Both mutations
sequence, and this activity is disrupted by mutations in both efere confirmed by sequencing at least twice.

these genes. Together, our results suggest that LIN-32 and HLH-To rescue thehlh-2; lin-32(e192§ enhanced phenotype, we

2 act as a heterodimeric complex to activate specific target gergnﬁdp"tfri]‘zd :nﬁéo (':‘gdf:]ag';‘ggt gr?géaif?g‘n% 3'(')|dktt) Eghgfflgr?nmgﬁi
multipl ring . velopment. ( ! Ing sequ 1 wild-ty u
at multiple steps during ray development animals. These fragments were cloned into the vector pCR-XL-TOPO

(Invitrogen) to producetgh-2(+)-gen and plh-2(bx115-gen. These
DNAs were individually coinjected at 4 nd/(higher concentrations

MATERIALS AND METHODS yielded no transformants) with pBX1 at 1@@/ml intohlh-2(bx115;
) pha-1e2123; lin-32(e1926§ hermaphrodites. For both constructs,
Nematode strains and methods several stably transmitting lines were generated. Males were scored

All strains used contained the mutatidrim-5(e1490Y, which for ray development as above; ‘rescue’ was defined as reversion of the
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wild-type 1in-32(u779) lin-32(e1926) lin-32(u282)
B Fig. 1.1in-32 male tail phenotypes and
SL1 thelin-32 gene. (A) The wild-type
B H1 L H2 C. elegansnale tail, with nine rays
I — ] f I ] per side, and the ray-loss phenotypes
t t ot 1 of threelin-32 alleles, in order of
u779 u282, e1926 bx46 increasing severity. (B) The genomic
Q-»stop gﬂi‘-?g D—F Q-stop structure ofin-32. Boxes indicate exons

and shading depicts the open reading
frame. B, H1, L and H2 indicate the positions of motifs in the bHLH domain. The positions of known mutations are showin astgothated
molecular changes. Note that this structure contains an extra upstream exon compared to that described by Zhao and Ejndeiagdy 5995
this exon will be described elsewhere (D. S. P., C. Zhao and S. W. E., unpublished).

rayless phenotype dflh-2(bx115); lin-32(e1926)o the partial ray-  corresponding ttlh-2(bx108, hlh-2(bx115 andlin-32(e192§ were

loss phenotype din-32(e1926). introduced into these constructs using a PCR-based method (Horton,
| . 1993) and verified by sequencing. Constructs were transformed into
RNAI ‘soaking the E. coliexpression host BL21-CodonPlus(DE3)-RIL (Stratagene);

Double-stranded RNA was prepared as previously described (Firprotein production was induced by the addition of 1 mM IPTG
1998); instead of injecting animals, L1 larvae frorhim-5 culture (isopropyl-1-thioB-p-galactopyranoside) to the culture, followed by
were incubated overnight at 20°C in aul5drop of dsRNA solution  growth for 3 hours at 30°C (LIN-32) or 37°C (HLH-2). Cultures

in the cap of an inverted microfuge tube. Larvae were then transferredere spun down and lysed by sonication;esHéggged protein was

to plates seeded with. coli OP50 and raised to adulthood as usual.purified from the supernatant using the Ni-NTA Spin kit (Qiagen).
Adult males were scored for their ray phenotype by DIC microscopfRecombinant proteins were assessed for purity and concentration with
as described above. SDS-PAGE and the Bio-Rad protein assay reagent.

HLH-2 antibody staining Electrophoretic mobility-shift assay

Rabbit anti-HLH-2 polyclonal antisera were generously provided byEMSA was performed essentially as described by Krause et al. (1997).
M. Krause (Krause et al., 1997). To assist in the identification ofhe probe was an E-box-containing sequence from Hime2
hypodermal cells, we used nematodes expressing the refornter promoter: >ACCTAATTTTTTCACCTGCTGCTCCAGCCC-3(the
1::gfp, which labels adherens junctions. Briefly, synchronized animal&-box hexanucleotide is underlined). Sense and antisense probes were
were placed in a small drop of water on a polylysine-coated slide argynthesized chemically, end-labeled witR (Sambrook et al., 1989),
flattened under a coverslip. The slides were frozen on a metal blo@nnealed, and purified using the QIAQuick nucleotide removal kit
cooled to —70°C, and the coverslips were quickly snapped off with &iagen).

razor blade. Slides were then immersed in —20°C methanol for 10

minutes, followed by brief incubations in methanol:3.7% buffered

formaldehyde (Miller and Shakes, 1995) at 7:3, 1:1, and 3:7. ThRESULTS

specimens were then fixed in 3.7% buffered formaldehyde for 20

minutes at room temperature. Slides were washed three times in TTIJ?ypomorphiC lin-32 alleles disrupt ray development

(100 mM Tris, pH 7.5, 0.1% (v/v) Tween 20; Miller and Shakes, 1995}. 32 d basic helix-I heli tei f
with 0.9% (w/v) NaCl, followed by incubation with anti-HLH-2 'N-54 €ncodes a basic helix-loop-helix protein necessary for

antisera at 1:400 overnight at room temperature. Slides were washi development of the sensory rays in theelegansnale
again and treated with Cy3-conjugated goat anti-mouse antibodies @il (Zhao and Emmons, 1995), and mutationslim32
1:1000 for 2 hours at room temperature. DAPI was used to identifglisrupt ray development with varying expressivity (Fig. 1,

cell nuclei. Table 1). The strongest allelas282 and gm239 cause the
) L loss of nearly all rays as a result of a non-conservative change
Ex;z:roe”ssmn and purification of LIN-32 and HLH-2 from in the DNA-binding basic domain of LIN-32. A change in the

- te bacterial _ {rite32 and hih-2 CDNA first helix of the HLH domainljn-32(e1926) results in a less
0 generate bacterial expression constr anahin-2 CDNAS - geyere phenotype, though most rays are still absent. Weaker
were subcloned into the expression vector pET15bn/82 cDNA ay loss is seen with the alleléin-32u779, which

lacking the first 71 amino acids, but containing the entire bHL . . .
domain, was generated by RT-PCR from toal elegansRNA. presumably causes truncation of 18 amino acids from the N-

(Experiments using a full-lengtn-32 cDNA gave identical results terminal end of LIN-32 as a result of a change in the site of
to those shown in Fig. 7.) A full-lengthih-2 cDNA was provided translational initiation, leaving the bHLH domain intact (D.
by M. Krause and A. Corsi. These cDNAs were subcloned intéS. P., C. Zhao, and S. W. E., unpublished). None of these
PET15b to generate pET1%#h-2 and pET15Hin-32. Mutations  alleles is likely to be null, an-32(u282/Df is embryonic
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Table 1. Ray frequencies in selected mutant backgrounds

Genotype Number of rays per side
Wild-type 9.0
lin-32(u779 4.3
lin-32(bx46 2.1
lin-32(e192§ 1.8
lin-32(u282 0.05
lin-32(gm239 0.05
hlh-2(bx108; lin-32(e192§ 0.0
hlh-2(bx119; lin-32(e192§ 0.0
hlh-2(bx109 9.0
hlh-2(bx115 9.0
hih-2(bx108/+; lin-32(e 192§ 0.3
hih-2(bx115/+; lin-32(e 1926 0.5
hlh-2(bx108; lin-32(u779 0.2
hlh-2(bx119; lin-32(u779 0.4
mab-5bx549) 2.1
hlh-2(bx108; mab-§bx54 1.6

All data are presented as the average number of rays per side as scored
using DIC microscopy. At least 100 sides were scored for each listed strain.

lethal (Zhao and Emmons, 1995), as is interference limith
32 function by RNAI (data not shown).

lin-32 reporter genes are expressed until the
terminal division of the ray sublineage

During the L3 larval stage, each of the nine ray neuroblastseuroblast fate (Zhao and Emmons, 1995). Instead, this cell
begins the execution of the ray sublineage (Sulston and Horvitemains in the hypodermal state and divides only once,
1977; Fig. 2). Three successive asymmetric divisions give risesulting in the clonal loss of all three cells of each ray. With
to the three cell types of a mature ray: two neurons (RnA andeaker alleles ofin-32, rays form with a higher frequency
RnB) and the ray structural cell (Rnst). In the adult male, théTable 1). In these cases, ray loss might similarly result from
cell bodies of the ray neurons lie in the tail. Each has a dendritan early failure to specify the Rn.a neuroblast fate. However,
process extending to a single ray, and sends an axon into tindight of lin-32 reporter expression later in the sublineage, we
preanal ganglion (Sulston et al., 1980). The ray structural celfondered if lin-32 might have functions beyond Rn.a
extends a process that is ensheathed by the surroundiggecification. If this were the case, wédak32 alleles might
hypodermis to form the ray structure that is visible by lightcause some ray loss by individually disrupting the ray
microscopy. The ray structural cell is both necessary anstructural cell fate, rather than causing the complete clonal loss
sufficient to generate a ray: ablation of the two ray neurons doe$ a ray. To address this issue, we observed the division patterns
not affect ray morphogenesis, but ablation of the ray structuralf several Rn cells itin-32(e1926)males and found only two
cell prevents ray formation (Sulston and White, 1980; Zhantypes of lineage: the wild-type ray sublineage and the bafly
and Emmons, 1995). The fates of the ray structural cell and t182(u282jtype ray neuroblast defect, in which Rn.a divides

Fig. 2.1in-32 reporter gene expressit
during the ray sublineage. (A) The
positions of ray precursor cells and
their descendants in the lateral
hypodermis, from mid-L3 to mid-L4.
Green shading indicates the ray
precursor cells (Rn cells), the ray
neuroblasts (Rn.a cells) and their
descendants. (B) The ray sublineag
beginning with the ray precursor cel
Rn, in mid-L3. The anterior daughte
of the ray precursor cell is the ray
neuroblast, Rn.a, which divides twic
to give rise to the two ray neurons
(RnA and RnB), the ray structural c
(Rnst) and a cell that undergoes
programmed cell deatkx)

(C,D,E) Expression dfn-32 reporter

A

ray neurons are determined cell-autonomously, as ablation of
individual cells during the ray sublineage does not affect the
fates of neighboring cells (Sulston and White, 1980).

As shown previouslylin-32 is required for the Rn.a cell to
adopt the neuroblast fate, and, consistent with this idia, a
32::lacZ reporter gene was shown to be expressed in all nine
Rn cells (Zhao, 1995). Though we have not been able to obtain
antibodies against LIN-32, we have carried out additional
studies with both translational and transcriptioima32::gfp
reporter fusions. These constructs suggest thatlithd2
promoter may continue to be active in the nine Rn.a neuroblasts
and their progeny, Rn.aa and Rn.ap (Fig. 2D,E). We have also
observed GFP fluorescence in cells of the next generation (data
not shown). It is possible that this latter expresssion could
result from perdurance of GFP. However, we do not see GFP
perdurance in Rn.p, which has a fluorescent signal only for
a short period of time after Rn division. This raises the
possibility thatlin-32 continues to be expressed in Rn.a
descendants after the specification of ray neuroblast fate, and
may have functions later in ray development as well.

lin-32 mutations cause multiple types of ray
sublineage defects

Strong lin-32 alleles almost completely eliminate ray
development by preventing the Rn.a cell from adopting a

Rn

RnB Rnst

hyp

genes. (C) Expression if-32::lacZ in Rn cells, taken from Zhao (199%h-32::gfp expression is only weakly detected in Rn cells (not
shown), perhaps owing to the longer latency period of GFRIr({3p::gfp expression in nine Rn.a cells. (i&)-32::gfp expression in the nine

pairs of Rn.aa and Rn.ap cells.
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wild-type lin-32(e1926)

R[5,7,9]A
(cat-2::GFP)

RnB
(pkd-2::GFP)

Fig. 3.1in-32(e192§ can uncouple development of individual ray cell fates from the complete ray sublineacg-2A)fpexpression in

wild-type males marks the A-type neurons of rays 5, 7 and 9 (Lints and Emmons, 1999). (B) Réip-32tel 926)male (arrowhead) lacking

a GFP-marked A-type neuronal process. (C) Two GFP-expressing cell bodies (arrowheads) in the absence of aliy-B(e 11926)male.

Note that the more anterior cell body extends a process that terminates in a small protuberance (arrow) at the edgthisf itheyfae; an
incompletely differentiated ray structural cell. (D) The B-type neurons of most rays epkde8sgfp(ray 6 expresses this marker only rarely,
perhaps owing to the lack of a required regulatory region in the reporter construct). (E) Two rays fhiat-Biaifpexpressing RnB neurons

in lin-32(e1926)males (arrowheads); the most posterior ray on the lower side has a GFP-expressing neuron. (F) Two RnB cell loodies in a
32(e1926male expressingkd-2::gfp(arrowheads) yet lacking rays formed by associated ray structural cells.

only once to give two hypodermal cells (Zhao and Emmonganature A- and B-type neurons expressiad-2::gfp or pkd-
1995). However, since direct observation of large numbers &::gfp in the absence of their lineally related ray (Fig. 3C,F),
cell lineages is cumbersome, we wished to have another meamkich never occurs in wild-type animals. Taken together, these
of assaying ray development, to allow us to detect potentiallgesults demonstrate théih-32 function is required for the
less-frequent defects. development and differentiation of individual ray cell types
To see whether ray neurons could be generated in tftownstream of the ray neuroblast Rn.a. Moreover, these later
absence of their cognate ray structural cellBni¥82(e1926)  functions oflin-32 are separable, since defects can occur in
and vice versa, we used molecular markers for each of the tveither ray neurons or ray structural cells, but not necessarily
ray neuron types, RnA and RnB. The reporter geate?::gfp, both.
which marks the expression of tyrosine hydroxylase in Scoring the frequencies of ray formation and reporter gene
dopaminergic cells, allowed us to visualize the A-type neuronexpression in these two strains (Table 2) revealedlith&2
of rays 5, 7 and 9 (Lints and Emmons, 1999; Fig. k- mutations affected the development of all three ray cell types.
2:.gfpis a reporter for &. elegandromolog of the vertebrate In addition, we found that the strorimp-32 allele gm239
polycystic kidney disease gene and is expressed in the B-typéiich causes almost complete loss of rays as scored by DIC
neurons of all rays, though with a low frequency in the B-typenicroscopy, also occasionally allows the development of
neuron of ray 6 (Barr and Sternberg, 1999; L. Jia, R. Lints anicdividual ray cell types (Table 2). By our measurement
S. W. E., unpublished data; Fig. 3D). criteria, we found that the development of the ray structural
Using these markers to score for the presence of A- and Bell was more sensitive to loss lfi-32 function than was
type neurons itin-32 mutants, we found théin-32 mutations  either of the ray neurons. lin-32(e1926) each adult male side
can indeed uncouple differentiation of the ray structural celéontained 0.79 rays competent to express2::gfp (i.e., ray
from ray neurons descended from the same ray neuroblast.3n7 or 9), yet 1.3 GFP-expressing neurons were observed per
lin-32(e1926)males, rays lacking differentiated A- or B-type side. Similarly, only 1.4 rays which would be predicted to
neurons (expressingat-2 or pkd-2reporters, respectively) are contain pkd-2::gfpexpressing RnB neurons formed lin-
observed with significantly higher frequencies than would b&2(e1926) males pkd-2::gfp expression is usually not
expected from transgene loss alone (Fig. 3B,E). For exampldetectable in ray 6), but 2pkd-2::gfppositive B-type neurons
in lin-32(e1926)males, ray 5 forms without a GFP-marked A- were observed per side. Similar differences in ray versus ray
type neuron with a frequency of 26¥=64); in wild-type, this neuron development frequency were also observetinin
number is 12%n=172), presumably as a result of transgene32(gm239)males (Table 2). These data indicate that different
mosaicism. Similarly, rays lack a GFP-expressing B-typdates within the ray sublineage have different requirements for
neuron process with a frequency of 71%=122) in lin- lin-32 function, suggesting thdin-32 is activating different
32(el926)males, as opposed to 19%=828) in wild type. target genes in different cells.
We also frequently observed the reverse phenotype, namely,lt seems likely that the expression c&t-2 and pkd-2
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reporter genes that we have observed in ray neurons that latlapped both of these mutations to a small interval on
ray structural cells is in cells that are in the lineally-appropriatehromosome | that contained the géaite2, which encodes the
position for expressing these reporters, namely Rn.aaa apdotein CeE/Da, theC. elegansortholog of theDrosophila
Rn.apa. Alternatively, it is possible that these reporters are

being activated in Rn.aa or Rn.ap cells that have prematurelyTable 2. Frequency of expression of GFP reporter genes

exited the cell cycle. Because of the relatively low frequency
of these events, it has not been experimentally feasible for us
to distinguish between these possibilities by direct observation

of reporter genes during the ray sublineage. However, eith@(_type neurons ¢at-2::GFP)

of these cases is consistent with a requirementirfe82 at

multiple steps in the ray sublineage.

lin-32 mutations cause differentiation defects in ray

neurons and structural cells

Closer examination din-32(e1926)males revealed additional

defects affecting both ray neurons and structural cells that form
in this mutant. As shown above, ray neurons often develop in
lin-32 males in the absence of rays, and by inference, in the

Number of Number of

‘competent’ GFP-positive
Genotype rays cells
Wild-type 3.0 2.4
lin-32(€1926 0.79 1.3
lin-32(gm239 0.047 0.53
hlh-2(bx115; lin-32(e192§ 0.0 0.08

B-type neurons pkd-2::GFP)

Wild-type 8.1 7.3
lin-32(e1926 11 25
lin-32(gm239 0.066 1.2
hlh-2(bx115; lin-32(e192§ 0.0 11

absence of properly differentiated ray Struc_tural cells. In thes_e_ Data are shown as number of competent rays per side, compared with
cases, these ‘rayless’ ray neurons sometimes have dendrifignber of GFP-expressing cells per side. ‘Competent’ rays are defined as 5, 7
processes that extend to a small protrusion at the side of the9 forcat-2::gfp(Lints and Emmons, 1999). Fpkd-2::gfp the rays

body (Fig. 3C, arrow). This protrusion may result from a ray:ompetent to express the reporter are 1-5 and 7-9, plus ray 6 with a frequency

structural cell that has failed to attach to the cuticle and/or thg

approximately 10%. Hence, in wild-type males, 8.1 rays are competent to
press the reporter. In the mutants, this number represents the number of

surrounding hypodermis to initiate the development of a wellrays 1-5 and 7-9 that formed, plus 10% of the occurrences of ray 6. All data

formed ray. When rays do form iin-32 males, they are

shown are mean counts per side; more than 100 sides were scored for each

often defective in their shape and can lack an opening to theutant/reporter combination.
external environment (Fig. 4A). This suggests - ~*

postmitotic Rn.app cells requite-32 function tc
differentiate as well-formed ray structural cells.

The ray neurons that formed Im-32(e1926
males were sometimes found to have defects i
number, size and path of their processes. Abnc
process outgrowth was seen in both A- and B-
neurons; for example, neurons were seen
processes growing in the wrong direction (Fig.
or growing past normal turning points (Fig. 4
Sometimes, multiple small neurites were ¢
emerging from a single cell body (Fig. 4D). ~
latter phenotype is similar to those that have |
associated with a variety of mutants (Peckc
al., 1999), and may be an indirect effect of o
defects caused bijn-32. Together, this variety
phenotypes demonstrates tHat-32 function is
required for the elaboration of the differentic
characteristics of all three ray cell types, whic
the final step in ray development.

Latent hlh-2 mutations enhance
loss

To better understand the role 1@-32 in the ray
developmental program, we sought to ider
mutations that suppressed or enhanced the ra
phenotype oflin-32(e1926) This genetic scres
resulted in the isolation of two mutanbx108and
bx115 that eliminate all rays ilin-32(e1926)males
(Fig. 5A and Table 1). While both of these alls
have semidominant effects inlia-32 backgrount
(Table 1), neither results in a mutant phenotyy
an otherwise wild-type background, in either m
(Fig. 5B) or hermaphrodites (not shown).

lin-32 ray

Fig. 4.Ray neurons and structural cells are sometimes defective3a(e1926)

males. (A) Two morphologically defective rays (arrowheads), likely arising from
defects in the ray structural cell. Ray 5 is small and lacks a well-defined opening to
the environment, and ray 6 is bulbous at its end and improperly tapered. (B) An
RnA neuron (likely R5A) whose cell body is positioned too far anteriorly

(normally the R5A soma is located at the position indicated by the asterisk). Also,
the cell body is extending two processes posteriorly (arrowheads), and none
anteriorly. Normally, RnA neurons extend one dendritic process posteriorly, and
one axon anteriorly. Interestingly, the lower process grows posteriorly, then
reverses course, growing anteriorly, then ventrally, and finally terminating in the
preanal ganglion, where ray neurons normally synapse (Sulston et al., 1980; L. Jia,
R. Lints, J. Lipton, and S. W. E., unpublished data). (C) An axon from a B-type ray
neuron which has grown too far anteriorly and laterally, without a ventral turn
(arrowhead); normally, all B-type axons turn ventrally by the point indicated by the
asterisk. (D) An A-type neuron with a well-formed dendritic process, but lacking

an axon. Instead, three small neurites can be seen extending from the cell body
(arrowheads).
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daughterlesgiene and the vertebrate E protein family (Krausehlh-2(bx115)also rescued this phenotype (data not shown),
et al., 1997). These proteins, which are also bHLH transcriptiosuggesting thaix115retains some level of wild-type function.
factors, have been shown to be general heterodimerizatidrhird, the hlh-2 alleles do not have an allele-specific
partners for cell-type-specific bHLH proteins involved ininteraction withlin-32(e1926) as the phenotypes of thie-32
muscle and nervous system development (Littlewood and Evahypomorphic allelesox46 and u779 were also enhanced by
1998; Murre et al., 1989). Because CeE/Da had been proposeoth hlh-2 alleles (Table 1 and data not showmj-2(bx108)
to heterodimerize with the LIN-32 protein (Krause et al., 1997)also enhanced the ray loss of the hypomorphic aitede-
hih-2 was an excellent candidate gene for our enhancinf(bx54) mab5 is a Hox gene required for the activationiof
mutations. We sequenced thi&-2 gene in these mutants, and 32 in ray precursor cells (Chow and Emmons, 1994; Kenyon,
found missense changes in bb#i108andbx115animals (see 1986; D. S. P., C. Zhao and S. W. E., unpublished data), and
below). In addition, the enhanced ray loss phenotyxbf5; the hypomorphic allele partially disrupts this function.
lin-32(e1926)males was rescued by transformation with theEnhancement ofmab-5(bx54) indicates that ourhlh-2
wild-type hlh-2genomic DNA (Fig. 5C). Together, these resultsmutations do not depend on the presencelinf-32 mutation
prove that the ray-loss enhancbxd08andbx115are mutant to affect ray development. Finally, postembryonic interference
alleles ofhlh-2 with hlh-2 function by RNAi (see Materials and Methods)
Because bothhlh-2 mutants are semidominant for the resulted in partial ray loss in a wild-type background (Fig. 5D)
enhancement of thdin-32 phenotype (Table 1), it was and slight enhancement of thia-32(e1926)ray loss defect
important to determine whether the mutant phenotype resultddata not shown). Together, these results indicatdnth<thas
from loss or gain ohlh-2 function. We were unable to use functions required for ray development in wild-type animals,
genetic deficiencies to distinguish between these possibilitieand thabx108andbx115mutants reduce, but do not eliminate,
owing to the lack of a deficiency spannihifp-2. bx108and its activity. The semidominance of théh-2 phenotypes ifin-
bx115are not likely to be null alleles, based on their sequencd2 mutants likely represents a heightened sensitivity to the
alterations (see below), and the fact thét-2(RNAi)causes level of hih-2(+) gene dosage in these sensitized backgrounds
highly penetrant embryonic lethality (Krause et al., 1997)(i.e., hih-2 haploinsufficiency), and indicates that the products
However, based on the following criteria, bdth-2 mutants  of these genes may interact functionally (see below).
are highly likely to be partial loss-of-function alleles. First, as . )
noted abovehlh-2(+) supplied from a transgene was able to/1/h-2 also functions at several steps in the ray
rescue the enhanced ray loss phenotypelloR(bx115); lin-  sublineage
32(el926)males, demonstrating that the defect does not resulthe ray loss phenotype blh-2; lin-32(e1926ouble mutants
from increasedhlh-2 activity. Second, transgene expression ofis stronger than that seen from strding32 alleles alonehlh-
2 mutations could cause this phenotype by enhancing all of the
ray sublineage defects caused loy32 mutations, or by
affecting only a subset of these. To examine these possibilities,
we usectat-2andpkd-2reporter genes to score the frequency
of the development of RnA and RnB neuronklim2(bx115);
lin-32(e1926)males. We found thatilh-2(bx115)enhanced
defects in all three ray cell types (Table 2), and that both classes
of defect (rays lacking GFP-expressing neurons, and neurons
lacking rays) could be observed. This suggests fifta?
function is likely to be required for the multiple rolediof32
during the ray sublineage and thah-2 mutations do not
abolish ray development Im-32(e1926)solely by enhancing
an early defect in the establishment of the neuroblast fate in
Rn.a. Direct observation of ray lineages in double mutant
males confirmed that partial ray sublineages, in which one
branch (e.g. Rn.aa) divides, while the other does not, do
occur in this background (data not shown). Moreover, the
development of RnA and Rnst, as assayed by reporter gene
expression and ray development, respectively, seems to be
more sensitive to reductions in the levehti-2 function than

hih-2(bx115); lin-32(e1926); hih-2(RNAi) development of RnB (Table 2), suggesting that different
Ex[hih-2(+)] branches of the ray sublineage have different genetic
requirements for the function ¢flh-2, as they seem to for
Fig. 5.hlh-2 mutations enhance ray lossliim-32(e1926)males. lin-32.
(A) The tail of anhlh-2(bx115); lin-32(e1926dult male. No rays
are formed in this background. (B) The tail offdh-2(bx115); lin- hih-2 is expressed during the ray sublineage

32(+) male, in which all nine rays develop normally. (C) Expression ) .
of wild-type hlh-2 from an extrachromosomal array partially restores Krause et al. (1997) have shown thdt-2 has a dynamic,

rays tohlh-2(bx115); lin-32(e1926nales, rescuing thelh-2 defect restricted pattern of expression duridgeleganglevelopment,

but not thein-32 defect. (D) Postembryonic RNA interference in contrast to the Iarggly ubiquitous ex_pression dabghterless _
(RNAI) of hih-2leads to ray loss in a wild-type background. The ~ factors in other organisms. To determine whether HLH-2 protein

right (upper) side lacks rays 4 and 6. is present during the ray sublineage, where it could function as
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dimerization partner, and has been proposed to be important
for heterodimer formation (Ellenberger et al., 1994; Shirakata
et al, 1993). Thebx115 mutation, V352M, changes a
conserved valine in helix 2. In the E47 structure, this residue
interdigitates with residues of two other helices in the four-
helix bundle of the dimer (Ellenberger et al., 1994); again, this
change seems likely to affect the formation or stability of a
dimeric species involving HLH-2. Both of these positions are
conserved within the Haughterlesssubgroup of bHLH
proteins, but not among bHLH proteins in general (Atchley and
Fitch, 1997; Krause et al., 1997), suggesting that they are
important for the specific heterodimerization properties of the
E/daughterlessfamily. Because neither of the mutations
dramatically changes the character of the amino acid residue
at its position, we suggest that twel 08andbx115mutations
disrupt hlh-2 function by reducing, but not abolishing, its
dimerization affinity, or perhaps by altering its dimerization
specificity.

R1 R2 R3 R4

Fig. 6.HLH-2 is expressed during the ray sublineage. (A,B) Anti- LIN-32 and HLH-2 can heterodimerize and mutations

HLH-2 antibody staining of late L3-stage male tails. HLH-2 in each protein affect this activity
immunofluorescence is shown in green; DAPI-labeled nuclei are in To determine whether LIN-32 and HLH-2 proteins can
red. (A) An Rn-stage male tail. All nine Rn cells have nuclear HLH- heterodimerize and bind to DNA, and to test the predictions of
2 staining. (B) An Rn.x-stage male tail. Only the anterior cell of eachthe structural information above on the effects of tHe?2
Rn.a/p pair, the ray neuroblast Rn.a, stains with HLH-2 antibodies. mytants, we sought to examine their functions in vitro. Wild-
type and mutant Héstagged LIN-32 and HLH-2 proteins were
produced inE. coli, purified, and tested for their ability to
a heterodimerization partner for LIN-32, we used antibodiebind a consensus E-box-containing sequence using an
raised against HLH-2 to determine its localization during malelectrophoretic mobility-shift assay (Fig. 7B). Both LIN-32
tail development. HLH-2 was not detectable in the seam cellBnd HLH-2 alone (lanes 2 and 4) were able to bind to the probe
that give rise to the ray precursor cells before the mid-L3 stages homodimers, though HLH-2 binding to this probe was easily
(data not shown). Expression in the seam was first apparentseen only on longer exposures (not shown). Our observation of
each of the nine Rn cells (Fig. 6A); upon the division of thesélLH-2 homodimerization is consistent with that previously
cells, HLH-2 could be detected only in the anterior daughter, thehown (Krause et al., 1997); however, homodimerization of a
ray neuroblast (Fig. 6B). We also observed !=ter

expression of HLH-2 in ray sublineage cells tha bx108 bx115
believe to be both Rn.aa and Rn.ap, but have A R31g—H V350—M
unable to unambiguously identify individual c +

because of the higher levels of HLH-2 expres

direCtly underlying the hypOdermiS in the male TDRRSQNNARERVRVRDINSAFKELGRMCTQHNQNTERNQTEKLGILYNAVSVITQLEEQ

. . BASIC HELIX 1 LOOP HELIX 2
muscle cell lineages. The coexpression of HL
protein andin-32::gfp reporter genes during the |
sublineage supports the possibility that these prc B LIN-32(wt) +
function as a heterodimeric complex during H[ﬁg{{ﬂ)m’ +
development. HLH-2(bx108) + +
HLH-2(bx115)

bx108 and bx115 mutations disrupt the HLH
domain of HLH-2 HLH-2:HLH-2 —

LIN-32:HLH-2 —

To better understand how the mutants we iso
affect hlh-2 function, we sequenced tiéh-2 gene LIN-32:LIN-32 — :
from bx108andbx115animals (Fig. 7A). We four
that both alleles contain missense changes i free probe — .
helix-loop-helix domain, which has been showi 1 > 3
mediate the dimerization of bHLH prote o _ o
(Littlewood and Evan, 1998). THex108mutation Fig. 7.hih-2 mUtauor}Str:m%rlfieLrli \(/jwth L_IN-:?Z;IC}I:'HZ-Z_ hg_ter?dln?[ﬁrlzapon. (A) The

; . : : primary sequence of the omain o -2, indicating the missense
E:I?;(&_(')'f Isthae CBZnLgl_? Igot:;i::rskrsesilglye?rg; t?l?c changes of the twblh-2 allelesbx108andbx115 (B) Electrophoretic mobility-

- ) . shift assay. Each lane contains wild-type and/or mutant LIN-32 and/or HLH-2
structural StUd'eS. of the bHLH domain of proteins, as indicated. The positions of the three shifted complexes (LIN-32 and
orthologous protein E47 (Ellenberger et al., 18 i H-2 homodimers and LIN-32:HLH-2 heterodimers) is shown. In lane 4, HLH-2
this position is one of a stripe of basic residue homodimerization is detectable as a very weak band; on overexposure (not
helix 1 that is closely apposed to helix 2 of shown), the signal can be seen more clearly.

4 5 6 7 8 9 10 11 12 13 14
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cell-type-specific bHLH protein such as LIN-32 is unusual. That the roles of a single gene can span these multiple
Homodimerization of either protein was undetectable when weategories seems to be at odds with the ideas @frtisophila
tested the mutant versions (te&926mutant of LIN-32, and progressive determination model (Ghysen and Dambly-
bx108or bx1150f HLH-2; lanes 3, 5 and 6). Chaudiere, 1989; Jan and Jan, 1994; Dambly-Chaudiere and
Binding activity was strongest, however, when wild-typeVervoort, 1998). Interestingly, howeveatonal has recently
LIN-32 and HLH-2 were combined, and the mobility of thebeen shown to have multiple roles in the development of the
resulting shifted band indicates that this strongly bindingohotoreceptor cell R&tonal was originally described as the
species is a LIN-32:HLH-2 heterodimer (lane 7). Heterodimeproneural gene for R8 and the mechanosensory chordotonal
binding was considerably reduced by #E926mutation of organs (Jarman et al.,, 1993, 1995), acting to specify the
LIN-32 (lane 8), though some binding was still detectableneuronal competence of their precursaatonal also has
consistent with the low level of ray formation (20%)lim- additional later roles in R8 development, being required for its
32(el1926)mutants. When either of the HLH-2 mutants wasability to recruit neighbors by inductive signalling, and for
tested with wild-type LIN-32 protein, only a slight decrease irproper guidance of R8s axon (White and Jarman, 2000).
binding was seen (lanes 9 and 10), consistent with the lack 8ithough the cell signalling events in the fly eye do not have
any mutant phenotype associated with blin-2 alleles in a direct parallels inC. elegansray development, the role of
wild-type genetic background. However, binding activity wasatonalin these processes could be seen as the activation of the
undetectable when either of the HLH-2 mutants was combinegkpression of cell-type-specific characteristics, namely, genes
with the LIN-32 mutant (lanes 11, 12); in vivo, this required for R8s inductive functions. Along with the axonal
combination results in nearly complete loss of all ray cell typesoutgrowth function, these roles afonal are quite similar to
The excellent correlation between in vitro binding activitiesthose that we have described fior32. Additionally, Hallam
and mutant phenotypes strongly suggests that the biologicat al. (2000) have shown that t8e elegansNeuroD ortholog
activities oflin-32 andhlh-2 occur within the context of a LIN- cnd-1, also aratonalclass gene, is required for multiple steps
32:HLH-2 heterodimeric complex. in the development of ventral cord motor neurons. This finding
As noted above, thélh-2 mutants are semidominant for is in contrast to the functions that have been suggested for
enhancement of théin-32 ray loss phenotype. We tested vertebrate NeuroD genes, which are thought to act only in the
whether this might be the result of a dominant-negative effedate specification of differentiated neural types (reviewed by
by investigating whether mutant HLH-2 proteins could interfereHassan and Bellen, 2000). It therefore seems possible that a
with the formation of the wild-type LIN-32:HLH-2 heterodimer general property cdtonatclass genes is that they function at
in vitro. No inhibition of binding was observed when eithermultiple steps in neuronal lineages.
HLH-2 mutant was combined with wild-type LIN-32 and HLH-  Our mutations in the gerfdh-2, which encodes the worm
2 (lanes 13, 14), suggesting that the semidominance of oortholog of Drosophila daughterlesand the vertebrate E
mutants is not a dominant-negative (antimorphic) effect. Thegaroteins (Krause et al., 1997), represent the first opportunity
results are in agreement with our in vivo genetic experiment$or a genetic dissection @ith-2 function, as mutants have not
and are consistent with the idea that the semidominance of doeen previously describedh-2 has been proposed to function
mutants results from an increased sensitivityhlio-2 gene  in neuronal development i@. elegansbased on the specific
dosage in din-32 mutant background. expression of HLH-2 protein in most, if not all, neuronal
precursors during embryogenesis, and the ability of the protein
to heterodimerize in vitro with @. elegans achaete-sctlike
DISCUSSION bHLH protein, HLH-3 (Krause et al., 1997). Our loss-of-
function mutations imlh-2 demonstrate that this gene is indeed
We have shown that the gedies32 andhlh-2, both of which  required for neurogenesis in the male tail. These alleles seem
encode bHLH transcription factors, are required for multipleonly to weakly disrupt function, so that a phenotype is revealed
steps in the developmental sublineage that generates the thoedy in a sensitized background — in this cdse32. The
cell types of each mature ray in tilie elegansmale tail. bx108andbx115alleles presumably leave the roleshtf-2in
Previously, loss-of-function and ectopic expression analysesmbryonic neurogenesis intact. Stronigier2 loss-of-function
have shown thdin-32 function is both necessary and sufficient alleles may be lethal, sinddh-2(RNAi)has been shown to
for hypodermal seam cells to enter the ray sublineage, leadimguse embryonic arrest (Krause et al., 1997), and may therefore
to the idea thalin-32 functions as the proneural gene for thehave been missed in traditional forward-genetic screens for
rays (Zhao and Emmons, 1995). Here, we have used weak losguronal defects.
of-function alleles oflin-32 and hih-2 in combination with ) o )
specific markers for ray cell fates to show that these gend#ow do /in-32 and hlh-2 function in multiple steps of
are also required for later steps. In these mutants, we hat@y development?
observed partial ray sublineages and clonal groups in whid@ur evidence for partial defects in the ray sublineage comes
some, but not all, cells have fully differentiated. These resultirgely from the finding that the expression of specific reporter
demonstrate that the development of individual ray cell typegenes that mark the ray A- and B-type neurons is uncoupled
can be uncoupled from each other by losBm82 andhlh-2  from the formation of a ray. Oftercat-2::gfp or pkd-2::gfp
function, indicating that these genes have separable functionsarker expression occurred in the absence of a well-formed
required at different points in ray development. Tiu82, in  ray; we also sometimes observed rays lacking marker-
addition to having a proneural-like competence function in thexpressing neurons. This indicates tia32 and hih-2 have
ray neuroblast, specifies later aspects of ray cell determinati@t least two separable functions later in the ray sublineage, one
and differentiation as well. in Rn.aa or its descendants, and another in Rn.ap or its
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descendants. The absence of specific differentiated ray neuratesvelopment? At least two possibilities, not mutually
and structural cells itin-32 andhlh-2; lin-32 mutants can be exclusive, seem reasonable: first, either or both proteins could
explained in two ways. One possibility is that the cell inbe posttranslationally modified in a lineage-specific manner,
question was never born, as a result of the failure of its interithanging their specificity for target choice or interaction with
precursor to divide. Alternatively, the precursor may haveother factors; second, LIN-32:HLH-2 target genes might
divided and given rise to a cell lineally equivalent to therequire the activity of cell-type-specific cofactors for
‘missing’ cell, but this cell would have failed to fully adopt activation, allowing activation of targets to be coupled to
some or all of the differentiated characteristics of the matureegulated cofactor expression. Precedent for both of these ideas
cell type. These two possibilities are not mutually exclusivegxists. Phosphorylation of several bHLH proteins has been
and it seems likely that both of these defects occur in theshown to be important for their function (Littlewood and Evan,
mutants. Our observation of ray sublineages suggests that inl#98), and acetylation of MyoD is required for its activity
least some caseslin-32 andhlh-2; lin-32 mutants, one of the (Sartorelli et al., 1999). Also, bHLH proteins have been shown
intermediate neuroblasts (Rn.aa or Rn.ap) can fail to enter the interact with other types of transcription factors, particularly
last mitosis, while leaving the other unaffected; this would_IM-domain-containing proteins (Bao et al., 2000).
indicate a role fotin-32 andhlh-2 in specifying the fates of The LIN-32:HLH-2 complex may also have roles other than
these intermediate cells, and for promoting their terminathe direct activation of target genes. A number of bHLH
division. However, we also believe that the alternativeproteins have been shown to interact with or recruit histone
possibility, the failure of one of the two postmitotic siblings toacetyltransferase activity (reviewed by Massari and Murre,
fully differentiate, explains some of the loss of marker2000), leading to the idea that bHLH proteins can modify
expression. In the case of the posterior branch of the raghromatin structure at target loci. An appealing but speculative
sublineage, which gives rise to RnB and Rnst, we sometimemtion is that the LIN-32:HLH-2 complex may act in ray
observed the loss of one differentiated cell type (usually thprecursor cells to modify the genome such that it is made
ray structural cell, but sometimes the ray neuron) without anompetent for the expression of neuronal genes.
effect on the other (Fig. 3; Table 2). If this were the result of o
a premature exit from the cell cycle by Rn.ap, then our resulfy}h-2 functionin - C. elegans
would indicate that this cell can prematurely differentiate and’he two alleles ohlh-2 that we isolated as enhancerdliof
adopt the fate of either a ray neuron or a ray structural celB2(e1926)ray loss are both weak loss-of-function alleles,
Though this may sometimes occur, an alternative explanatidmased on the criteria discussed earlier. Whylte2 mutants
is that one sister cell at the final division (Rn.apa or Rn.apf)ave no defects in otherwise wild-type animals? We suggest
differentiated properly, while the other did not. This seemghat these mutations in the HLH domairhtif-2 sensitize it to
likely in the cases in which we observed small protrusions dbosses of function in its partners. Presumably, HLH-2
the side of the fan that may represent undifferentiated Rn.apyeterodimerizes with a variety of proteins during development,
cells. This model suggests that the functions of botB2 and  including theC. elegans achaete-sctike factors HLH-3, -4,
hih-2 are required to specify both RnB and Rnst differentiatior, and -14 (Krause et al., 1997; Ruvkun and Hobert, 1998) and
independently, and that a loss of one of these functions cdine C. elegans twishomolog CeTwist (HLH-8) (Corsi et al.,
occur without disruption of the other. 2000; Harfe et al., 1998). Ohth-2 mutants might only affect

Based upon the genetic evidence we have presented here,these functions in the context of lowered function of its other
cannot determine how direct the functiondinf32 andhlh-2  partners. Thehlh-2 mutations that we have isolated do not
are on the steps for which they are required. Indeed, it iselectively disrupthlh-2 function in ray formation, aslh-2
possible that the LIN-32:HLH-2 heterodimer is acting only atmutations also enhandm-32 defects in the development of
an early step, perhaps in ray precursor cells, to activate the posterior touch cells (data not shown).
variety of targets, each required for a different subsequent step ) ) ) )
of ray development. These intermediates might then bBYynamic expression of hlh-2 in the male tail
segregated as determinants into different branches of th&uring male tail development, we found that HLH-2 protein is
sublineage, allowing them to function in the proper cells at thaot expressed in the lateral hypodermis until the Rn stage. Its
proper time. Sincdin-32 and hlh-2; lin-32 mutations can activation in these cells coincides with that of dun-32
disrupt these steps separately, it is clear that the multipleporter genes, and suggests that bio#32 and hih-2 may
functions of these genes are independent of each other tositare common mechanisms for spatial, temporal and sex-
least some degree, and that failure to activate one target or specific expression in the lateral hypodermis. Spatially, this
of targets can occur without serious effects on another. Ttentrol is likely to involve the functions of the Hox gemneab-
alternative hypothesis, that LIN-32:HLH-2 complexes might5 andegl-5 which are necessary for ray development (Chow
be activating different targets at different times, seems mor@nd Emmons, 1994; Kenyon, 1986; Salser and Kenyon, 1996;
likely to us, and is supported by the observation that thehang and Emmons, 2000). Less is known about the temporal
expression oflin-32 reporter genes and HLH-2 protein and sex-specific factors that direct the expressidin-&2 and
continues until the final division of the ray sublineage.hlh-2. Mutations in the sex-determination gemeab-3disrupt
Clarification of these possibilities will await the identification ray development (Shen and Hodgkin, 1988); however, they
of direct LIN-32:HLH-2 targets, and determination of the pointseem not to affect expression of eittiar32 or hlh-2 (Yi et
in the ray sublineage at which they are activated. al., 2000).

If a LIN-32:HLH-2 complex is indeed acting at different ) . ) o
temporal steps, how is its activity controlled so that it activate§n-32 and lineage identity specification
the appropriate targets at distinct points during raylhe results presented here have shown that whenliea89-
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