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Summary

Caenorhabditis eleganpolycystins LOV-1 and PKD-2 are  neurons. The ciliogenic pathway regulator DAF-19 affects
expressed in the male-specific HOB neuron, and are downstream components of the HOB-specific program
necessary for sensation of the hermaphrodite vulva during indirectly and is independent of EGL-46 activity. The
mating. We demonstrate that male vulva location behavior sensory function of HOB requires the combined action of
and expression oflov-1 and pkd-2 in the ciliated sensory these two distinct regulatory pathways.

neuron HOB require the activities of transcription factor

EGL-46 and to some extent also EGL-44. This EGL-46-

regulated program is specific to HOB and is distinct from  Key words: Transcriptional regulation, Cell specification, Zinc finger
a general ciliogenic pathway functioning in all ciliated proteins, TEF, RFX factors, Polycystins

Introduction have large nuclei and send dendrites into the hook structure;

Because of its simple nervous system with invariant ceffoWever, their anatomy can be distinguished by cell
lineage and positiorC. elegangorovides an excellent model Morphology and synaptic contacts (Sulston et al., 1980).
to study how diverse neuronal subtypes are specified (Sulstglation of either HOA or HOB results in a Lov phenotype,

and Horvitz, 1977; Sulston, 1983). The anatomy andndicating that HOA and HOB have non-redundant functions

interconnectivity of all 118 hermaphrodite neuron types aréiU and Sternberg, 1995). .
known (White, 1986), as are the molecular details of many 1heC. eleganshomologues of human autosomal dominant
neuronal subtypes (Chalfie, 1995). Theelegansnale has 79  Polycystic kidney disease gerre&D1 (lov-1) andPKD2 (pkd-
additional neurons, falling into 37 classes (Sulston et al., 1080%) are expressed in the HOB hook neuron (Barr and Sternberg,
Most of those male-specific neurons are located in the ta#999; Barr et al., 2001; Kaletta et al., 2003). Human PKD
region and contribute to specific motor output during matingenes, which encode divergent members of the TRP family of
behavior (Sulston and White, 1980; Loer and Kenyon, 1993ation channels, possibly act in signal transduction important
Liu and Sternberg, 1995; Garcia et al., 2001; Garcia antpr renal epithelial differentiation, as mutations in PKD1 and
Sternberg, 2003). PKD2 are associated with pathogenic renal cyst formation
During mating, theC. elegansnale scans for the vulva by (reviewed by Wu, 2001). IrC. eleganslov-1 and pkd-2
touching the hermaphrodite with the ventral side of his tail angnutations disrupt vulva location behavior, consistent with a
backing along her body. If the vulva is not found, he turns adefect in HOB sensory function (Barr and Sternberg, 1999;
the hermaphrodite head or tail and scans the other side (LRarr et al., 2001). Although LOV-1 and PKD-2 are localized
and Sternberg, 1995). The male hook sensillum is a copulatoify sensory cilia and cell bodies, the ultrastructure of cilia and
structure that is located just anterior to the cloaca and mediatdendrites appears normallov-1 and pkd-2mutants (Barr et
vulval location behavior (Liu and Sternberg, 1995). Intact wild-al., 2001).
type males usually stop at their first or second vulval encounter. Another class of genes required for vulva location affects the
When the hook sensillum is ablated, operated males circle tfiermation of ciliated endings in sensory neurons. This class
hermaphrodite multiple times and fail to stop at the vulva (Liuncludesche-3 daf-10 osm-5andosm-6(Barr and Sternberg,
and Sternberg, 1995). This defect is referred to as the Ld999).che-3 osm-5and osm-6are required for most or all
(location of the wvulva defective) phenotype (Barr andsensory cilia (Lewis and Hodgkin, 1977; Perkins et al., 1986),
Sternberg, 1999). The hook sensillum consists of five cellsyhile daf-10 only functions in a subset of ciliated sensory
including a structural cell and two ciliated sensory neuronseurons (Albert et al., 1981). The hermaphrodite expression of
HOA and HOB (Sulston et al., 1980). The two hook neuron®sm-5 a homolog of the mouse autosomal recessive polycystic
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kidney disease (ARPKD) gene (Haycraft et al., 2001; Qin etarrying the HOB markeceh-26::gfpwith EMS using standard

al., 2001), andsm-6has been shown to be regulated by a RFXprotocols (Rosenbluth et al., 1983). In particular, we picked males
transcription factor DAF-19, which plays a critical role in descended from each single hermaphrodite daughter of mutagenized
general sensory cilium differentiation (Swoboda et al., 2000arents and examined them under a conventional epi-fluorescence
Haycraft et al., 2001). microscope for GFP expression. Three-factor mappingy628on

. : _ : . linkage group V used alleles ahc-46 dpy-11 unc-68andunc-42
We report the isolation of an allele egl-46 a putative zinc unc-46(16/16 recombinantspy-11(0/16 recombinantsly628 dpy-

finge.r'trar)scription factor, in a screen for loci required for fatg ; (0/44) sy628(44/44) unc-42 dpy-11(4/10) sy628(6/10) unc-68
specification ofC. eleganshook neuron HOB.egl-46 was  pyying the mapping experiments, the presency628mutation was
previously characterized as a gene when mutated affecting thetermined by loss afeh-26::gfpexpression in HOB.

development of two mechanosensory neurons (FLP cells) (WuThe ~0.6 map unit interval betweetpy-11 and unc-68 was
et al., 2001), as well as having defects in the hermaphrodite HSMvered by 17 cosmids, including 97 identified genes or predicted
egg-laying motoneurons (Desai et al., 1988; Desai and Horvitzpding sequences (www.wormbase.org, version WS74).sy628
1989). We demonstrate that EGL-46 and the transcriptioRermaphrodites had a mild egg-laying defective (Egl) phenotype. A
enhancer factor (TEF) homolog EGL-44 are expressed in tHgeviously identified gene associated with an Egl phenoggie
HOB hook neuron and are required for expression of gend$ !ocated in the middie of that interval. Cosmid K11G9, which
encoding polycystins LOV-1 and PKD-2, homeodomain proteir?omam? the entiregl-46locus, was injected into the strain PS3568

. - . ceh-26::gfp egl-46(sy628) him-5(e149@t 40 ngjl using pmyo-
CEH-26, and neuropeptide-like protein NLPe§l-44andegl- 2::gfp plasmid pPD118.33 (5.5 ngj as co-transformation marker
46 mutants are_defectwe m_vulva location behawo_r dunn_g(Me”O et al, 1991). Three stable lines were obtained from
mating, suggesting compromised normal HOB function. Thisndividual F1 progeny that expresseadyo-2::gfp in pharynx.
HOB-specific pathway is distinct from the DAF-19-regulatedinjection of cosmid K11G9 restored teeh-26::gfpexpression in
general cilia formation pathway in sensory neurons. We founHOB in 76/81 males from three independent transgenic lines.
that daf-19 acts independently afgl-44 and egl-46to affect  Injection of another cosmid in the same interval, F44C4, which
expression of downstream genes in the HOB-specific prograréontains a different predicted zinc-finger transcription factor,
indicating that general and cell-specific regulatory factors worghowed no rescue of HOB expressionceh-26::gfpin fourteen

in concert to establish cell-specific features crucial for HOng’;(b'sepéggsgeecr;igp:icn2f;rt7'szs)ib§2§§e2g‘?gr‘%?ﬁnaicng%fgnhggt:rig?“'
neuronal function in sensory behavior. to HOB, most likely PVT. It is not clear that this ectopic expression

is due to injected F44C4 cosmid or interaction betwaeno-2::gfp

Materials and methods plasmid and F44C4 cosmid. Cosmids were obtained from the Sanger
_ Institute (Cambridge, UK).
Strains To test for complementation, PS3568h-26::9fp egl-46(sy628)

Nematodes were cultured at°@0as described (Brenner, 1974). All him-5(e1490) males were crossed to MT2316gl-46(n1127)
strains used containim-5(e1490)V to obtain males, except fegl- hermaphrodites. F1 hermaphrodites with CEH-26::GFP expression
46(n1127) in which case we usddm-8(e1489)V (Hodgkin et al.,  were cross progeny, and were examined for an Egl phenotype. F1
1979). The following alleles were used in this studigf-19(m8§ Il males were analyzed by HOB expressionceh-26::gfp All 79
(Perkins et al., 1986ggl-44(n1080)I, egl-46(n1127)V (Desai and  sy628/n1127 heterozygous males examined lackegh-26::gfp
Horvitz, 1989);pha-1(e2123ts)ll (Schnabel and Schnabel, 1990); expression in HOB, and heterozygous hermaphrodites were Egl.
unc-119(ed4)ll (Maduro and Pilgrim, 1995)unc-31(e169)V, unc- Thus,sy628andnl1127fail to complement.

46(e177)V, dpy-11(e224)/ (Brenner, 1974)unc-68(e540)/ (Lewis )

etal., 1980)unc-42(e270Y (Riddle and Brenner, 1978sm-5(p813) PCR and sequencing

X (Dusenbery, 1980); anlih-15(n765ts)X (Ferguson and Horvitz, A 2318 bp genomic DNA fragment containing the entg-46
1985). Integrated GFP fusions or extrachromosomal GFP arrays wemding region was PCR amplified fresy628mutant DNA using the
nis133 (pkd-2::gfp), nIs128 (pkd-2::gfp)l (H. Schwartz and H. R.  pair of primers 5CTCCCCTTCTTGTAAGGTGTCTT-3 and 53-
Horvitz, personal communicationnnisl7 (osm-6::gfpy (Collet et ~ AATTCACTCAGCAATTTGGAAAA-3'. The PCR products from six

al., 1998);syEx301 (lov-1::gfpfBarr and Sternberg, 1999j1yEx256  independent PCR reactions were separately purified using QIAquick
(osm-5::gfp)(Qin et al., 2001)rtEx227 (nlp-8::gfp)(Nathoo et al., PCR purification kit and were pooled together for direct sequencing.

2001); andsaEx490 (daf-19::gfp{Swoboda et al., 2000). Two nested primers, B TTCGTTCACATCTACCGTAACC-3 at the
5 end of the gene and-EGGGGGAAATTGTAAAGAGTTAG-3 at
ceh-26 gfp construct the 3 end, and two internal primers, the reverse primér 5

A 6.4 kb fragment ofeh-26containing 5277 bp'3lanking sequence CCTCTTATGTGCCTTCGTTTTG-3at 109-131 bp of the intron 2
plus coding sequence to the fourth exon was amplified by long-rangad the forward primer'85CTAATGACACCGAGAAAACGAAC-

PCR using primers P26-22 (GTCCTTTGGCCAATCC- 3 at 274-297 bp of the same intron, were used for sequencing. This
CGGGGATCCAGAGCTACTGTTACTTTCAGGGC) and P26-23 sequencing therefore did not cover the 189 bp gap in the intron 2
(GCCTGCAGAACATTGGCATGTGGCGTCACGGG). BanHlI- between reverse and forward primers. The PCR primers and two
digested pPD95.77 was joined to tbeh-26fragment by primer outside sequencing primers were picked by an oligo design program
extension and linear amplification (Cassata et al., 1998). The produict the C. elegans genome project at the Sanger Institute
was cut withPst and circularized to give plasmid pRFP7. pRFP7 (100(www.sanger.ac.uk/Projects/C_elegans/). The two internal sequencing
ng/ul) was co-injected witllpy-20(20 ngful) into dpy-20(e2017her- primers were obtained using Macvector software (Oxford Molecular
maphrodites as described (Mello et al.,, 1991). Integration of &roup). The G-to-A lesion site at nucleotide 165 of the first exon was
transgenic line yielded strain TB1200 witeh-26::gfpintegrated  observed in both strands.

transgenehls1200linked to chromosome llichls1200was crossed

into him-5(e1490}o yield strain TB1225. Transgenics
) ) ) The N-terminalcfp::egl-46translational fusion plasmid TU#627 and
Mapping, cloning, and complementation test yfp::egl-44 fusion plasmid TU#628 were kindly provided by Ji Wu

The sy628allele was generated by mutagenizing the strain TB122%nd Martin Chalfie. Plasmid DNAs of TU#627 and TU#628 were
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Table 1. HOB gene expression in wild typesgl-46and egl-44males
GFP expression in the HOB neuron

Genotype Marker gene Normal Decreased Absent n

Wild type ceh-26::gff 100% >1000
egl-46(sy628) 100% >1000
egl-46(n1127) 2% 98% 118
egl-44(n1080) 51% 49% 99
Wild type lov-1::gfpf 93% 7% 113
egl-46(sy628) 1% 99% 92
egl-44(n1080) 21% 79% 75
Wild type pkd-2::gfp(nls128) 100% >200
egl-46(sy628) 4% 1% 95% 81
Wild type pkd-2::gfp(nls133) 100% >200
egl-46(sy628) 8% 5% 87% 123
egl-46(n1127) 2% 2% 96% 131
egl-44(n1080) 87% 11% 2% 89
wild type nlp-8::gfp' 96% 4% 98
egl-46(sy628) 49% 51% 97
egl-44(n1080) 7% 16% 7% 87
egl-44(n1080); egl-46(sy628) 17% 59% 24% 93
Wild type osm-6::gff 100% >200
egl-46(sy628) 100% 79
egl-44(n1080) 100% 104
Wild type osm-5::gfg 96% 4% 80
egl-46(sy628) 100% 69
egl-46(n1127) 94% 6% 83
egl-44(n1080) 98% 2% 102

*Integrated transgenes
TExtrachromosomal arrays; a few animals lack expression in HOB because of mosaicism.

injected separately into the strainc-119(ed4); him-5(e149@x 49 Results

ng/ul. We used 50 ngd of pDP#MMO016B, a plasmid containing a . o
wild-type copy of theunc-119 gene, as the co-injection marker. Mutations of egl-46 affect gene expression in the
Transgenic animals were recognized by rescue of the Unc phenotyp@ok neuron and disrupt vulva location behavior in
of unc-119Maduro and Pilgrim, 1995). Three independent lines weremale mating

obtained for each construct and the male expression pattern in thopge male tail is remodeled during the L4 stage, undergoing a
I(i:n:s Waz c\f{wg;act?rize_dd TLansg‘?"mC agim?'s ge”eratedf""ith the sa@igies of changes in cell shape and position (Sulston et al.
an asmids but wittnyo-2::gfp as a transformation Lo
marker had simiIF;r expression pattgrns irgl] Fhe male tail. 1980). By the Iat_e L.4 stage, _most of th(_a qalls that functlo_n In
adults reach their final locations, and initiate morphological
Mating assay (Vulva location behavior) changes to form the adult tail structures. At this stage, a
The mating behavior of mutant or control males was observed witiomeodomain-containing putative transcription facten-26
sluggishunc-31adult hermaphrodites. All males were isolated from (Burglin, 1994) begins to be expressed and perdures through
hermaphrodites at the L4 stage and were kept on fresh plates in groupg adulthood in the HOB hook neuron (Fig. 1A1,A2).
of ~30 animals before observation. For the mating assay, a virgin adtherefore, the presence of CEH-26::GFP indicates a
male (12-36 hr post L4 lethargus) was placed on a 0.5 cm bacterigifferentiated neuronal fate of HOB. Non-sex-specific
lawn with five 24-hour-oldunc-31hermaphrodite adults (Barr and expression oteh-26::gfpis mostly in nuclei of the head (R.

Sternberg, 1999; Garcia et al., 2001). Each individual male w. ; ; ; ; ;
watched under a Zeiss Stemi SV11 or Wild M420 ‘Macroscope’ f(?rﬁ' P.and T. R. B., unpublished). To identify genes involved in

. : OB fate specification, we performed a screen for mutants
ten vulva encounters or until he stopped at the vulva (pausing for molé. . e -
than 1 second or inserting his spicules), whichever came first. Tﬁ’g'th altered expression co)feh-2§..gfp|n_the HOB cell. This
vulva location efficiency of individuals for a population was Pattern allows for a rap|d visual inspection of GFP fluorescence
calculated as described by Barr and Sternberg (Barr and Sternbekflder a compound microscope in the male tail.
1999). To facilitate calculation, the vulva location efficiency of males One of the mutants recovered from this screg628 failed
with more than 10 vulva encounters (pass all ten vulva encountert) expressceh-26::gfpin the HOB neuron of homozygous
was considered to be O (actual valli1). The Wilcoxon (Mann-  males with complete penetrance (Fig. 1A3; Table 1). No effect
Whitney) test was used to determine statistical significance. on non-sex-specificeh-26::gfp expression (e.g., the head
nuclei) was observed iny628animals, suggesting that the

Mi . : .
Icroscopy 628mutation does not cause a general defect in expression

. . S
GFP expression was analyzed by conventional fluorescenc ) -
microscopy (Zeiss Axioskop) using a Chroma Technology High GFP transgenes or oeh-26(data not shown). Anatomical

GFP long-pass filter set (450 nm excitation, 505 nm emission). CF amination osy628males at the third and t_he fourth larval .
and YFP were visualized using a Chroma Technology CFP filter sét@ges showed that P10.ppap, the presumptive HOB neuron in
‘31044v2’ (exciter D436/20, emitter D480/40, beamsplitter 455dclp)Wild-type animals, was present and occupied its normal
and an YFP set ‘41029' (exciter HQ 500/20, emitter HQ520Ip position insy628mutants. In addition, the hook structure and
beamsplitter Q515Ip). overall tail morphology appeared normal under Nomarski
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Fig. 1.HOB gene expression in
wild-type and mutant males. Left
lateral views (anterior leftwards,
ventral downwards). Scale bar: 20
pm. (A1,A2) Expression ofeh-
26::gfpin the HOB neuron of a
wild-type adult male. Absence of
fluorescence in aegl-46(sy628)
mutant (A3), aregl-44(n1080)
mutant (A4) and daf-19(m86)
mutant (A5). (B1,B2) HOB and
ray expression gbkd-2::gfpwas
observed in a wild-type adult
male. (B3) Anegl-46(sy628nale
with ray but not HOB expression.
(B4) An egl-44(n1080)nale with
expression in both HOB and ray
cells. (B5) No visible expression
in both HOB and rays of @af-19
mutant. (C1,C2) Normasm-
6::gfp expression in HOA and
HOB at the L4 stage. Expression
was not affected iegl-46(sy628)

ceh-26::gfp pkd-2::gfp osm-6::gfp

Cell positions of HOB in
A3,A4,A5,B3,B5, and HOA and
HOB in C5 were located by
overlaying with the Nomarski
pictures of the same animal. Hook
structure autofluorescence is
HOB W Mg indicated by small arrows. The

N . oy original osm-6::gfpstrain has a
ncl-1(-)backgroundncl-1(-)was
still present in thénim-5strain of
osm-6::gfpintegrant (C1,C2) and
anegl-46(sy628)nutant
background (C3), but was crossed
out inegl-44(n1080)C4) anddaf-
19(m86)mutants (C5)egl-
46(sy628mutant also had @py-
11 mutation in the background
(C3). No effect orosm-6::gfp
expression was detected forl-
1(-) anddpy-11mutations.

. ray neurons (C3) andegl-44(n1080)mutants
©0 . " (C4). (C5) No expression was
<t .. HOB - ‘. observed in HOA and HOB cells
-é’ \ 3 of adaf-19(m86)nutant male.

L'H)

egl-44

daf-19

optics. Initial observations indicated thet628males had a transition at position 165 of the first exon (161-
decreased mating efficiency. Analysis of their mating behaviof CTGGAACCCAACGC-175), which changes a tryptophan
determined thasy628males were deficient in vulval location codon UGG to an UGA opal stop codon. This residue is located
(the Lov phenotype), but had no obvious defect in other stegs position 55 out of 286 of the inferred EGL-46 protein, before
of mating, such as response, turning, spicule insertion, dhe putative glutamine-rich transcriptional activation domain
sperm transfer. About 97% of wild-type control males stoppedresidues 61 to 75) and other conserved domains (Wu et al.,
at the vulva during the first two vulva encounters (88% vulv&001). This early stop is not necessarily a null allele.
location efficiency), as opposed to only 39%syb628males We confirmed the male phenotypes of #td-46 mutant
(Fig. 2A). On averagesy628males required more than five using a different allelen1127 which alters the splicing donor
encounters to find the vulva, with an overall vulva locatiorof intron 2, located before the region encoding the three zinc
efficiency of 36%. fingers of EGL-46 protein (Wu et al., 200hL127andsy628

We mappedsy628to linkage group V betweedpy-11and  failed to complement (see Materials and methods). Desai and
unc-68 and identified it as an allele efl-46 (see Materials Horvitz (Desai and Horvitz, 1989) found thall27 has a
and methodskgl-46encodes a putative C2H2-type zinc-fingerdecreased male mating efficiency (~50%). We observed that
transcription factor homologous to human and mouse IAD1127males had a Lov phenotype similar 9p628mutants
protein, mouse MLT1 protein aridrosophilaNerfin 1 protein  (Fig. 2B). The vulva location efficiency ofl127males was
(Wu et al., 2001). The lesion By628mutants was a G-to-A 39% (=17), compared with 94%£16) for the control males.
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Fig. 2. Vulval location behavior. Thg-axis represents the number of
vulva encounters measured until a tested male stopped at the

hermaphrodite vulva. Theaxis represents the distribution of males
in the tested group that located the vulva at each vulva encounter.

>10

(A) egl-46(+) versusegl-46(sy628)Both strains haveeh-26::gfp
III; him-5(e1490) in the background. (Bggl-46(+) versusegl-
46(n1127) Strains in B contaihim-8(e1489)V. (C) egl-44(+) vs.
egl-44(n1080)Animals in C are all witthim-5(e1490). In each

assay, similar number of wild-type control males and mutant males
were examined at same time using the same microscope.

There was a marked decreaseceh-26::gfpexpression in
n1127HOB neurons (Table 1). Only two out of 108127
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ray neurons
v v ¥ ¥

- oy
A

_'-'
AA

Fig. 3.egl-46::cfpexpression in HOB and ray neurons of the male

tail. Nomarski (A) and fluorescence (B) images of an L4 male with
expression in HOB (arrows). Nomarski (C) and fluorescence

(D) images of an adult male with CFP expression in HOB (arrows)
and ray neurons (arrowheads). (E) Ventral view (left side upwards) of
an adult male tail with CFP expression in some ray neurons of both
sides (arrowheads). Not all the ray neurons are in the same focal
plane. Scale bars: 20n. Left lateral views.

(Fig. 3A-D), consistent with the timing of HOB differentiation,
and a potential role in the maintenance of HOB function. No
detectable expression was seen in the HOA hook neuron. The
egl-46 mating defect is reminiscent of ablation of a hook
neuron (Liu and Sternberg, 1995). Based on expressiegl-of

46 gene in a single hook neuron, we infer that the Lov
phenotype okgl-46mutant males is probably due to impaired
HOB function.

The dependence ofeh-26::gfp expression on EGL-46
activity suggested that the defective HOB sensory behavior
caused by aegl-46 mutation could result from loss of HOB-
specific gene expression. T@e elegangolycystin genetov-

homozygous males examined retained a faint GFP expressiérandpkd-2are expressed in HOB and are required for vulva

in HOB. No altered expression oéh-26::gfpwas detected in

cells other than HOB in1127mutants.

egl-46 regulates cell-specific expression of
pkd-2 to specify the behavioral function of the HOB

neuron

The hermaphrodite expression pattern egfl-46 has been
described by Wu et al. (Wu et al., 2001). Usingegh46::cfp

lov-1 and

location (Barr and Sternberg, 1999) (Table 1; Fig. 1B1,B2). To
test whetheegl-46 regulates these two genes, we used GFP
transgenes to visualize their expression inegh46(sy628)
mutant backgroundsy628mutants lacked expression lof/-
1::gfpin the HOB neuron (Table 1): only one out of 92 animals
examined had detectable expression. The expressipkdef
2::.g9fp in HOB was also greatly reduced by thg628and
nll27mutations okgl-46(Table 1; Fig. 1B3). A neuropeptide-

construct, we analyzed its expression in males and found li&ke protein-encoding genajp-8, is also expressed in HOB as
similar pattern for non-sex-specific expression (such as theell as in the non-sex-specific neuron PVT in the tail (Nathoo
FLP cells, ventral cord neurons and PVD). Both HOA ancet al.,, 2001). The PVT expression bpip-8::gfp was not
HOB are born from a single precursor cell (P10.p) at the lateffected byegl-46 mutations; however the HOB expression of
L3 stage, and they differentiate into their neuronal fates duringlp-8::gfp was absent in about half egl-46(sy628males and

the L4 stageegl-46::cfpwas expressed in the HOB neuron was decreased in the remainder (Table 1). Therefore, EGL-46
beginning at the L4 stage and continuing throughout adulthoaaktivity is necessary for the HOB expression of all three genes,
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Fig. 4.egl-44::yfpexpression in the male tail. Left lateral view. Scale
bars: 20um. (A,B) Different levels of YFP expression in PVX, PVY,
HOA and HOB (arrows). In this particular animal, HOA has
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HSN development in hermaphrodites (Desai and Horvitz,
1989). egl-44 encodes a transcription enhancer factor of the
TEA domain class (Burglin, 1991) and is orthologous to the
mammalian TEF factors (Wu et al.,, 2001). We therefore
examined the behavior efjl-44(n1080)males, and found that
thisegl-44mutation reduced vulva location behavior (Fig. 2C).
Similar to egl-46 mutants,egl-44 mutant males passed the
vulva frequently and it took aggl-44(n1080)male about five
encounters on average to locate the vulva. Specifieglly}4
mutant males had an overall 43% vulva location efficiency,
while control males (wild-type for thegl-44 locus) had an
88% vulva location efficiency.

We determined the male tail expression pattern oktte
44 gene with theyfp construct described by Wu et al. (Wu et
al., 2001). Expression @&gl-44 overlapped with but was not
identical to that oegl-46 At the L4 stage, the four neurons
PVX, PVY, HOA and HOB are positioned in a signature
anterior-to-posterior row at the middle left side (Sulston et al.,
1980).egl-44::yfpfluorescence was obvious in HOB, PVX and
PVY, with HOB usually the brightest, but was barely visible
in HOA (Fig. 4A,B). As stated abovegl-46::cfpwas only
present in HOB. A few neurons anterior to PVX (e.g. PVV)
had faintegl-44::yfpexpression, as did several cells from the
B and Y lineage, including PCB, PCC and PCh (Fig. 4C,D).
These cells did not expresgl-46::cfp In addition, almost all
the descendants of the ray precursor cells (Rn) expregsed

extremely faint YFP fluorescence (in most cases, YFP expression ist4:YfP, including the ray neurons (RnA and RnB) and the ray
undetectable in the HOA hook neuron; data not shown). (C,D) An L&tructure cells (Rnst), all of which are derived from the anterior
male with faint YFP expression in the PCB, PCC and PCh cells of daughter Rn.a, as well as posterior daughter Rn.p hypodermal
the left postcloacal sensilla, in addition to cells from ray lineage in cells (Fig. 4E,F; data not shown). EGL-46 showed a more
the background. (E,F) Bright expression in hypodermal R1.p, R2.p, limited expression in the ray lineage. In adwéty;44::yfpwas
R3.p, R4.p, and R5.p at the left side (arrowheads). still expressed in HOB, RnA, RnB and Rnst cells. Hypodermal
Rn.p cells no longer displayed bright YFP expression in adults,
possibly because of their fusion with the tail hypodermal
and the lack ofov-1 and pkd-2expression could account for syncytium. Owing to dramatic changes in cell shapes and
the mating defect odgl-46 mutants. positions during the extensive male tail remodeling at the L4-
We also observed male-speciigl-46::cfp expression in  adult transition, the faintgl-44::yfpexpression in PCB, PCC
ciliated ray neurons. THe. elegansnale has nine pairs of rays and PCh was hard to trace in adults. Oveegll;44::yfpwas
(ray 1-9 for both the left and right sides), each associated wittxpressed more extensively in the male tail than egh<la
an A-type neuron and a B-type neuron (RnA and R=B;9)  However, a mutation irgl-44did not result in broader defects
(Sulston et al., 1980ggl-46::.cfpwas observed in one of the in male mating behavior than did agl-46 mutation.
two ray neurons for each ray (Fig. 3D,E); this neuron is Based on its behavioral phenotype and its expression in
probably a B-type neuron because of its co-localization withtHOB, egl-44might regulate HOB fate specification, similar to
pkd-2::gfp(data not shown), which is known to be expressecegl-46 We therefore examined HOB-specific gene expression
in these neurons (Barr and Sternberg, 1999). Howeged6 in anegl-44(n1080)mutant background, and found tlegi-44
regulation was not necessary fov-1 andpkd-2expression in  mutants displayed a significant decrease in HOB-specific
ray neurons (Fig. 1B3)lov-1 and pkd-2 mutants show expression ofeh-26::gfp 50% (49/99) oégl-44(n1080jnales
deficiencies in both response and vulva location during matingackedceh-26::gfpin HOB, while the remaining 50% (50/99)
correlating with their expression in the B-type ray neuronhad weak HOB expression (Fig. 1A4; Table 1). Reduction of
(except ray 6) and the HOB hook neuron (Barr and Sternbertpv-1::gfp expression in HOB by aegl-44 mutation was
1999; Barr et al., 2001). By contrast, despiie46expression  striking, but only a small effect gokd-2andnlp-8 expression
in ray neurons, no obvious defect in either ray neuromvas observed (Table 1; Fig. 1B4). The lesiorgh44(n1080)
expression of PKD genes or response behavior of the matiradiele is a missense mutation. It is possible that the residual
was detected iagl-46mutant malesegl-46might play a major EGL-44 activity inn1080 mutants leaded to an incomplete
role in HOB sensory specification, but some other factorseduction of HOB gene expressiagl-44has six differently
function in ray neurons. spliced isoforms (www.wormbase.org, version WS74). The
n1040 mutation affects four of them. Currently, we have no
ecl ] information about which isoform might be dominate in the
and may regulate gene expression in HOB HOB neuron. Expression of the ‘c’ forayl-44 cDNA under
Wu et al. (Wu et al., 2001) reported tlegi-46acts withegl-  control of the 3.1klegl-46promoter gave an ambiguous result,
44 to specify subtypes of mechanosensory neurons, and faith only about 10% restoration o&h-26::gfpexpression in

egl-44 exhibits a similar Lov defect for male mutants
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HOB in each of three transgenic lines (data not shasgi44
mutants were not defective in ray B neuron expressidovef
1 andpkd-2.

defect in HOB gene expression than didegih44 mutation,
the Lov phenotypes are similar in male mutants. On¢ ™"
possibility is that incomplete decrease of gene expression
the HOB neuron by thegl-44mutation could reduce the HOB
function enough to display a comparable Lov phenotype
however, we cannot rule out the possibility that EGL-44 an(¢
EGL-46 might have some distinct targets in HOB. In addition
the faint EGL-44 expression in the HOA hook neuron, as we
as in the PCB and PCC neurons of the postcloacal sensil|
might also contribute to the vulva location activity (Liu and
Sternberg, 1995). The Lov phenotype is not synergistic in th
egl-44; egl-46double mutant, and there was no observablg
difference in the efficiency of vulva location compared with
single mutants (data not shown). By contr@stelegansnales
with HOB ablated have a 0% vulva location efficiency (Liu and
Sternberg, 1995). Botlegl-44 and egl-46 mutants had an
incomplete loss ofnlp-8::gfp expression, but no further
elimination ofnlp-8::gfpexpression was seen in egi-44; egl-
46 double mutant background (Table 1). This lack of
enhancement for the Lov phenotype and a defeatlpr8
expression indicates thegl-44andegl-46act at least partially
in a common pathway for HOB specification. Tgt-44; egl-
46 double mutant males seemed less active than each of t =
single mutants and took longer to initiate mating behavior
which might be due to insufficient function of the ray neurons

Fig. 5.daf-19::gfpexpression

in the hook neurons. Left lateral
view. Scale bars: 2am.
Nomarski (A) and fluorescence
(B) images of a wild-type male
tail at the fourth larval
lethargusdaf-19::gfp
expression in HOB is
significantly stronger than that
in HOA, PVX and PVY. The
same expression pattern was
present iregl-46(sy628)

in the double mutant. (C) andegl-44(n1080)mutant

les (D .
egl-44 and egl-46 do not regulate each other’s males (D) (arrows)

expression in the HOB neuron

In the non-sex-specific FLP cells, wild-typgl-44is required In wild-type males, OSM-5::GFP and OSM-6::GFP are
for normalegl-46 expression (Wu et al., 2001). To determineexpressed in the cell bodies and dendrites of HOA and HOB
whetheregl-44andegl-46regulate each other’s expression in at the late L4 stage; their then expression decreases, which is
the HOB neuron, we introduced an extrachromosoeg&l  coincident with the formation of ciliated sensory endings in
46:.cfp array into aregl-44 mutant, and argl-44::yfparray  these two neurons (Collet et al., 1998; Qin et al., 2001). Using
into anegl-46 mutant. The timing and relative brightness ofan integrated osm-6::gfp line (mnislj and an
egl-46::cfp expression in HOB was not affected in egl-  extrachromosomal array carryirgsm-5::gfp we found that
44(n1080) mutant background compared with a wild-typethe HOB expression of these two GFPs at the L4 stagglin
background, but CFP expression in FLP neurons was reducetfi(n1080)and egl-46(sy628)mutants was comparable with
Similarly, no change in the HOB expressioregi-44::yfpwas  wild-type (Table 1; Fig. 1C1-C4)sm-5::gfpexpression in
observed iregl-46(sy628males. We infer that there is no inter- HOA and HOB was also not affected égl-46(n1127)Table
dependence afgl-44andegl-46expression in HOB. 1). In theseegl-44andegl-46mutant males, the HOB dendritic
process, visualized hysm-5::gfpor osm-6::gfp was extended
The daf-19 general cilium formation pathway is correctly into the male hook. Neithegl-44(n1080)or egl-
required for cell-specific features of HOB 46(sy628)mutants had dye-filling defects (data not shown). We
Genes that are expressed in HOB and mutate to a Laonclude that mutation of eitheagl-44 or egl-46 impedes
phenotype can be grouped into two separate pathways (Bareither gross cell morphology nor the ultimate neuronal
and Sternberg, 1999) (this workjsm-5and osm-6belong to  outgrowth and wiring of HOB.
a general ciliogenic pathway common to all ciliated neurons, Qin et al. (Qin et al., 2001) showed thataam-5mutation
including HOA and HOB (Collet et al., 1998; Qin et al., 2001).affects subcellular localization of LOV-1 and PKD-2, but not
The other genes discussed above, includgigt4 egl-46 lov-  their expression. We found thagh-26::gfpexpression was not
1 andpkd-2 define a program specific for HOB differentiation. affected inosm-5(p813pnimals. Therefore, it is unlikely that
We thus asked if there are any interactions between these twstablishment of the HOB-specific program depends on the
pathways; i.e., whether regulators in the cell-specific pathwagctivities of downstream structure genes (such as OSM-5) in
egl-44 and egl-46 affect the HOB expression of the generalthe ciliogenic pathway. The RFX transcription factor DAF-19
cilium structure geneso$m-5 and osm-§, and whether is a key upstream regulator of general ciliogenesis (Swoboda
ciliogenesis might be a prerequisite for execution of an HOBet al., 2000; Haycraft et al., 2001). In the male tail, we observed
specific program. exclusively nuclear-localized GFP expression daff-19 in
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male-specific ciliated sensory neurons, including the two hoo’
neurons (Fig. 5A,B) and the 36 ray neurons. The fluorescen:
in HOA was usually fainter than in HOB. We observed nc
difference in the HOB expression d&f-19::gfpin egl-44or
egl-46mutants compared with wild type (Fig. 5C,D). We then
analyzedegl-44::yfp and egl-46::cfp in daf-19(m86)mutant

daf-19 egl-46 egl-44

b Ty }
osm-5 ~ lov-1 ceh-26

males, and found that the timing and relative brightness ¢ osm-6 pkd-2 nip-8

expression in HOB was similar t@&af-19(+) animals. We infer ﬁ ﬁ

that, during HOB differentiation,egl-44 and egl-46 are A _ o
expressed independently of a general cilium formatior general cilium formation cell-specific traits

N

pathway governed bglaf-19

We next examined the expression of three HOB-specifi
genes ¢eh-26 pkd-2andnlp-8) in daf-19 mutants. Swoboda
et al. (Swoboda et al., 2000) have shown diaét19is required
for general cilium formation, but not for cell-specific Fig. 6.Distinct pathways involved in HOB gene regulation.
properties. Surprisinglydaf-19(m86)mutants lackedceh-26  Transcriptional regulation bggl-44andegl-46directs a cell-specific
HOB expression n=87) (Fig. 1A5). Non-sex-specific pathway necessary for HOB function in vulva location behavior. In
expression ofceh-26::gfpin some head neurons was alsothe general ciliogenic pathway, the RFX-transcription factor DAF-19
substantially reduced by tldaf-19mutation. All male-specific ~ controls expression of cilium structural genes to provide functional
expression ofpkd-2 was diminished in thedaf-19 mutant compartment common for all ciliated sensory neurons. DAF-19 has
background, including the four ciliated CEM neurons in theggpar‘gg'sti'grr:ﬂf'gguwilifeg'%"égr?e';ﬁzr%r;all_lfgg‘fts'ggc?{caggtﬂwgy
he_ad, and the HOB and B-f{ype ray neurons in thertad?) through some unknown factor(s), indicated by Y. Genes in the
(Fig. 1B5). Only the faint non-sex-specifipkd-2::9fp  spadowed box are the ones in which the Lov phenotype were

expression in a few neurons posterior to the nerve ring Wéanalyzed in mutants (Barr and Sternberg, 1999) (this work). There
retained irdaf-19mutant animals. Similarly, expressionrp- are no existing mutants foeh-26andnlp-8.

8::gfpin daf-19(m86)males was only observed in the non-sex-
specific PVT neuron and was totally absent in the HOB neura
(n=91). Therefore, complete execution of the HOB-specific To fulfill its sensory function, HOB must build specific
program requires DAF-19 activity. structures and express appropriate molecules to receive and
DAF-19 has been proposed to act on the X-box motifs in thgansduce signals. In our model, the general cilium formation
cis-regulatory regions of downstream target genes to regulajsathway governed bglaf-19 programs HOB to have sensory
their transcription (Swoboda et al., 2000). So fare§ions of  cilia, andegl-46 partly with egl-44 regulates expression of
demonstrated DAF-19 target genes all harbor the X boxes genes in HOB involved in signal transduction cascades. These
close proximity to the coding region (the typical spacing igwo pathways are distinct. Formation of the cilium structures
within less than 200 nucleotides upstream). As expected frois not necessary for HOB-specific gene expression, and
this hypothesis, expression of X-box-containgsgmn-6::gfpin regulators in the cell-specific pathwaggl-44 and egl-46
the hook and ray neurons was not detectedainl9 mutants  showed no obvious effect on the HOB expression of the cilium
(n=68) (Fig. 1C5). A single X-box sequence is located at aboutructure genesosm-5 and osm-6 However, these two
1.3 kb upstream of the ATG start codon edl-46 This  pathways do interact: not only are they both necessary for HOB
relatively upstream X box iegl-46 promoter was apparently function; but the ciliogenic pathway regulaiaf-19 has an
not a functional target site, @gl-46::cfpexpression was not effect on downstream components of the HOB-specific
altered indaf-19mutants. We found no matchesGoelegans program without affectinggl-44or egl-46expression.
X-box consensus sequences in therdgions, introns and Previous studies suggested tHaf-19is only required for
immediate 3 regions of ceh-26 lov-1, pkd-2 and nlp-8.  genes functioning in common aspects of cilium formation
Regulation ofceh-26 pkd-2andnlp-8 by daf-19is thus likely  (Swoboda et al., 2000). We provide the first evidencediat
to be indirect and mediated by some unknown factor(s), which9 is required for the expression of some cell-type-specific
is probably cell-type specific. factors. We propose thafaf-19 acts through some unknown
factor(s) [which could be an X-box containing gene(s)] to
Discussion modify HOB-specific gene expression. We observed stronger
daf-19::gfpexpression in HOB than in HOA, but whether it is
Specification of the HOB neuron associated with additionalaf-19 regulation of HOB-specific
We have found thakgl-46 is necessary for vulva location gene expression is not known. Thiaf-19 regulation is not
behavior, and for gene expression during HOB differentiationlimited to the HOB neuron asaf-19 also affectspkd-2
HOB is a ciliated neuron required fGr elegansnales to sense expression in the ray neurons and CEM neurons, indicating
the vulva during mating (Sulston et al.,, 1980; Liu andsome general features are common in this subtype of ciliated
Sternberg, 1995; Barr and Sternberg, 1999; Barr et al., 2005ensory neurons. Coupled regulation of general neuronal
The regulatory relationships amongegl-46 another features and cell-specific identities by multiple transcriptional
transcription factor, egl-44 HOB-specific genes and a factors has been found in several different organisms, such as
ciliogenic pathway support a model involving coordinatespecification of theC. elegansAlY interneuron (Altun-
contributions of general and cell-specific factors to specify &ultekin et al., 2001)C. eleganslfactory neurons (Troemel
functional HOB sensory neuron (Fig. 6). et al., 1997) and vertebrate motoneurons (Novitch et al., 2001;

HOB sensory function
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Zhou and Anderson, 2002), and thus might be a general aspatt 2001; Koulen et al., 2002). Neuropeptide-like protein NLP-
of the logic of neuronal cell type specification. 8 might act as a neurotransmitter or neuromodulator released
Both male hook neurons, HOA and HOB, play a role inby HOB to mediate the response to the stimuli from the

vulva location behavior. They both detect the presence of lrermaphrodite vulva.

hermaphrodite vulva, and then produce a distinctive output. Potential mechanosensory and chemosensory interactions
This output causes the male to stop at the vulva and to proceleetween the male and the hermaphrodite during mating is
to the next step of mating (Liu and Sternberg, 1995) (M. Mimplied by the vulva location behavior itself, as well as by the
Barr and P.W.S., unpublished). One possible explanation faequirement of functional ciliated sensory endings in the two
the functional non-redundancy of HOA and HOB is that theyhook neurons. Whether HOB is a mechanical sensor or a
possess different sensory specificity, and hence respond ¢hemical sensor or both, as is the case for the polymodal ASH
different cues from the vulva. Another possibility is HOA andneuron (Kaplan and Horvitz, 1993), is not known. Becagse
HOB might receive the same cues at different tiregs44is 44 and egl-46 distinguish between mechanosensory neuron
broadly expressed in many cells of the male tail, but itsubtypes during FLP fate specification, it is possible that these
expression is almost undetectable in HOA. None of the othéwo genes regulate downstream targets that confer
genes, includinggl-46and its downstream targets in the HOB- mechanosensory ability to the HOB neuron. If so, as members
specific program described here, is expressed in HOA. Thef TRP protein gene familypv-1 and pkd-2 might be such
unequal expression of those genes in the two hook neurotergets. Known examples of TRP proteins that play a role in
provides molecular evidence supporting distinct roles for HOAnechanotransduction includeCa elegansTRP protein OSM-

and HOB in mating. 9 and theéDrosophilaTRP-like NOMPC protein (Colbert et al.,

o 1997; Walker et al., 2000). Both of these TRP proteins are
EGL-46 and EGL-44 regulation in HOB sensory expressed in mechanosensory neurons and are involved in
function mechanosensory response.

egl-46mutations result in an extra cell division in the terminal o ) )
differentiation of theC. elegansQ neuroblast lineage (Desai Transcriptional regulation of polycystins and
and Horvitz, 1989). Loss of eithegl-44 or egl-46 function  Polycystic kidney disease
does not cause a cell division defect or a failure irHuman PKD1 and PKD2 were identified as two loci
establishment of primary ciliated neural fate during HOBresponsible for the autosomal dominant polycystic kidney
specification. This was determined by anatomical examinatiodisease (ADPKD), a genetic disorder that causes renal failure
and by expression of the cilium structure germsn-5and  at various ages of adulthood (reviewed by Gabow, 1993; Wu,
osm-6 In the non-sex-specific FLP cells, it has been shown th&001). Relatively little is known about the regulation of these
egl-44andegl-46act as transcriptional repressors (Wu et al.PKD genes and possible alterations during the disease process.
2001). They promote the correct subtype of mechanosensohy this work, we showed that expressionGfelegansPKD
neurons by suppressing expression of genes dedicated gene homologsov-1 and pkd-2 is affected by transcription
another subtype. Possible positive roles in gene transcriptidactors egl-44 and egl-46 The mammalian TEF proteins,
are implicated foegl-44andegl-46in the HSN neurons, but homologous toegl-44 have been implicated in multiple
no target has been identified (Desai and Horvitz, 1989; Wu elevelopmental processes (Chen et al., 1994; Jacquemin et al.,
al., 2001). Our data suggest a positive effedghfdd4andegl-  1996). Specific expression in kidney was reported for multiple
46 on the expression of downstream HOB-specific genesnembers of TEF proteins (Jacquemin et al., 1996; Kaneko et
However, we have not ruled out that EGL-44 and EGL-4@l., 1997; Jacquemin et al., 1998).elegan€GL-46 belongs
activate gene expression in HOB by repression of a repressar a novel zinc-finger protein subfamily. Identified close
of HOB-specific genes. mammalian homologs ofegl-46 includes insulinoma

We propose that the sensory abilities of the HOB neuron associated (IA) proteins, implicated in islet differentiation of
established by individual cell-specific components regulatethe pancreas, and murine MLT 1 protein, silenced in the liver
by egl-44andegl-46 One of these componentgh-26 is the  tumors (Goto et al.,, 1992; Tateno et al., 2001), but their
C. elegansortholog of Drosophila prospero(pros) gene possible roles in the kidney have not been investigated.
(Burglin, 1994). pros is involved in the initiation of Progressive cyst formation in ADPKD is not restricted to
differentiation in specific neurons following asymmetric cellkidney: involvement of the liver and the pancreas occurs,
division (Hirata et al., 1995; Broadus et al., 1998; Manning anéhdicating that those organs suffer similar pathogenesis during
Doe, 1999). However, expression @éh-26in HOB is not progression of the disease (Gabow, 1993; Chauveau et al.,
coupled with cell division. Instead, it is expressed at a mucB000). The demonstrated gene regulation network in HOB
later stage, after basic features of cell fate have beanight reveal important insights into the regulation of human
established. Similar to HOB, ray B neurons express églth  polycystin gene expression.
44 andegl-46 but unlike HOB, these neurons do not express The dependence of ciliogenesis for the function of PKD-2
ceh-26::gfp.Therefore, we think that co-expressionegi-44  may be even more relevant to renal development in mammals.
andegl-46is not sufficient to activateeh-26::gfpin HOB and  In C. elegansthe ARPKD homologsm-5is a direct target of
additional co-factors are also required. The other downstreathe RFX factor DAF-19 (Haycraft et al., 2001), making the
componentslov-1, pkd-2andnlp-8, encode proteins that are requirement of DAF-19 activity forpkd-2 expression
probably involved in HOB sensory input and output. LOV-1particularly interesting with regard to the link between
and PKD-2 accumulate in the sensory cilia and have beekDPKD and ARPKD. Mammalian polycystins and the cilia of
proposed to act in a complex; a working model is that LOV-the kidney cells might participate in a common signaling
is a sensory receptor and PKD-2 is a channel protein (Barr pathway crucial for renal differentiation and function. This
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hypothesis implies that RFX factor(s) might play a role in the of 22 genes that affect the vulval cell lineages of the nema&oétegans

renal development. Genetics110, 17-72. ' o '
Gabow, P. A.(1993). Autosomal dominant polycystic kidney disedsew
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