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Summary

Many types of sensory neurons contain modified cilia
where sensory signal transduction occurs. We report
that the C. elegans gene daf-19 encodes an RFX-type
transcription factor that is expressed specifically in
all ciliated sensory neurons. Loss of daf-19 function
causes the absence of cilia, resulting in severe sensory
defects. Several genes that function in all ciliated sen-
sory neurons have an RFX target site in their promoters
and require daf-19 function. Several other genes that
function in subsets of ciliated sensory neurons do not
have an RFX target site and are not daf-19 dependent.
These results suggest that expression of the shared
components of sensory cilia is activated by daf-19,
whereas cell-type-specific expression occurs inde-
pendently of daf-19.

Introduction

Polarized cells such as epithelial cells and neurons cre-
ate functional compartments by localizing proteins to
specialized regions in the cell. Proteins such as channels
and receptors are placed and maintained in these dis-
tinct compartments, and this spatial arrangement is cru-
cial for cell function. Ciliated sensory endings are one
such functional compartment. Motile cilia line various
epithelia, such as those in the respiratory tract and ovi-
duct, where they sweep fluids or small particles along
the surface. In contrast, sensory cilia are typically non-
motile. Instead, they provide a compartment for the lo-
calization and exposure of signal transduction proteins
to incoming sensory signals.

Specialized vertebrate sensory cilia include those in
the outer segments of the rod and cone photoreceptor
cells in the eye, the kinocilia associated with the ster-
eocilia of the hair cells in the ear, and the olfactory cilia
of the sensory neurons in the nose. In the nematode C.
elegans, 60 of the 302 neurons of the hermaphrodite are
ciliated sensory neurons (Ward et al., 1975; Ware et al.,
1975; Perkins et al., 1986; White et al., 1986; Hall and
Russell, 1991). Apart from these, there are no other cili-
ated cells in C. elegans. The 60 ciliated neurons com-
prise 24 distinct neuron classes with many structurally
distinct types of sensory cilia. They function in the recep-
tion of chemo- and mechanosensory stimuli. The impor-
tance of cilia for sensory transduction is evidenced in
C. elegans by the fact that mutants with structurally
abnormal cilia are defective in chemosensation and in
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some forms of mechanosensation (Perkins et al., 1986;
Kaplan and Horvitz, 1993; Bargmann and Mori, 1997,
Driscoll and Kaplan, 1997).

The architecture of cilia and of their close structural
relatives, flagella, has been well documented (Perkins
et al., 1986; Johnson, 1995; Stephens, 1995). The core
of cilia and flagella consists of a microtubular axoneme
enclosed by a membrane. A number of their protein
components have been found using biochemical and
genetic approaches (Dutcher, 1995; Stephens, 1995).
However, relatively little is known about the mechanisms
by which cilia and flagella are generated and shaped,
and how their structural components are assembled.

RFX-type transcription factors are found widely in
eukaryotic organisms. Five RFX family members each
have been identified from mice and humans (RFX1-
RFX5) (Emery et al., 1996a), and one member each from
S. pombe (sakl) (Wu and McLeod, 1995) and S. cerevis-
iae (Crtl) (Huang et al., 1998). RFX-type transcription
factors are defined by a characteristic DNA binding do-
main (DBD) which is distinct from any other described
DBD (Reith et al., 1990; Reith et al., 1994; Emery et al.,
1996b). Some members of the RFX family also have a
dimerization domain (DIM) that is specific for RFX-type
transcription factors (Emery et al., 1996a). Specific roles
of RFX-type transcription factors have been described
only for RFX5 in humans and for Crtl in S. cerevisiae.
They act as transcriptional activators or repressors by
binding to specific sequences (X boxes; RFX = regula-
tory factor binding to the X box) in promoters of target
genes. Human RFX5 is the DNA- binding subunit of a
nuclear complex that is essential for the transcription
of MHC class Il genes in the immune response (Mach
et al.,, 1996). In S. cerevisiae, Crtl acts as a repressor
in the DNA damage and replication checkpoint path-
ways. In response to DNA damage or replication block,
binding of Crtl to X box sequences is abolished, re-
sulting in transcriptional derepression of its target genes
(Huang et al., 1998).

We report the isolation and characterization of daf-
19, the sole C. elegans member of the RFX family. We
show that daf-19 is expressed in ciliated sensory neu-
rons during the time period when cilia are generated.
Loss of daf-19 function results in the absence of sensory
cilia. We found putative target sites (X boxes) for DAF-
19 in promoters of several genes required for normal
sensory cilium formation. We demonstrate in vivo that
the expression of this group of genes is regulated by
daf-19 in an X box-dependent manner. We propose
that during ciliated sensory neuron differentiation daf-
19 initiates the cascade of events that generates ciliated
endings.

Results

Phenotypic Characterization of daf-19 Mutants

daf-19 mutations were identified in screens for constitu-
tive dauer larva formation (Daf-c phenotype) (Malone
and Thomas, 1994; D. Riddle, personal communication;



Molecular Cell
412

Table 1. Percent Dauer Formation of daf-19 Mutant Animals?®

Genotype 15°C 20°C 25°C
wild type 0 (many) 0 (many) 0 (many)
daf-19 (m86) 67 (340) 85 (216) 98 (310)
daf-19 (sa190) 76 (184) 91 (213) 94 (235)
daf-19 (sa232) 70 (335) 69 (245) 94 (242)

2 The number of animals counted is given in parentheses.

Experimental Procedures). The dauer larva is an ar-
rested alternative larval stage capable of enduring harsh
environmental conditions. When conditions improve,
the dauer larva recovers and resumes normal develop-
ment to reproductive adulthood. Entry into and exit from
the dauer stage depend on amphid sensory neurons
(Bargmann and Mori, 1997; Riddle and Albert, 1997).
daf-19 mutants are strongly Daf-c across the normal
temperature range for C. elegans (Table 1). They also
recover very poorly from the dauer larval stage (data
not shown).

The daf-19 Daf-c phenotype likely results from mor-
phological defects of sensory neurons: exposed amphid
sensory neurons fail to fill with fluorescent dyes (Dyf
phenotype) (Perkins et al., 1986; this work). Electron
microscopy (EM) of one daf-19 allele (m86) revealed that
the ciliated endings of sensory neurons were entirely
missing (Perkins et al., 1986). We confirmed this result
with two additional daf-19 alleles by using green fluores-
cent protein (GFP) fusions that are expressed in specific
ciliated sensory neurons throughout development (Yu et
al., 1997) (Figure 1 and Table 2). ASE is a chemosensory
neuron in the head (Bargmann and Horvitz, 1991) with
acilium exposed to the environment. PQR is a tail neuron
of unknown function that extends a cilium into the pseu-
docoelomic space. We found that daf-19 mutants spe-
cifically lacked the cilium in both cell types (Figures 1D
and 1E, lower panels). Cilia from wild-type animals and
from mutants with structural defects in only the distal
parts of the cilium were clearly distinguishable from daf-
19 (Figure 1D, top and middle panels). In addition, PQR
dendrite length varied in daf-19 (Figure 1E, lower pan-
els). As a control, we examined a GFP fusion that is
expressed specifically in AFD, a thermosensory neuron
in the head (Mori and Ohshima, 1995) with a rudimentary
cilium and many finger-like projections (microvilli). The
finger-like microvilli at the end of the AFD dendrite were
not visibly affected by daf-19 and the other mutations
tested (Figure 1C). Subcellular compartments other than
the ciliain all of these neurons were relatively unaffected
by daf-19 (Table 2). As was reported for several other
cilium structure-defective mutants (Peckol et al., 1999),
we also occasionally found short extraneous processes
emanating from or near the cell body in daf-19 mutants
(Table 2). As observed by EM and fluorescence (Perkins
et al., 1986; this work), all of the large group of cilium
structure-defective mutants except for daf-19 retain
sensory cilia to some extent. The unique severity of
cilium defects in daf-19 mutants suggests that daf-19
is essential for sensory cilium formation.

daf-19 Encodes an RFX-Type Transcription Factor

We mapped daf-19 to a small physical interval just right
of unc-4 on linkage group Il. We cloned daf-19 by trans-
genic rescue of daf-19 (m86) and by sequencing of mu-
tant alleles (Figure 2A). Three different daf-19 cDNA

clones, yk151d8, yk254c1, and yk457d6, were obtained
from Yuji Kohara (C. elegans cDNA Sequencing Consor-
tium). Since all the cDNA clones appeared incomplete
at their 5’ ends, a full-length SL1 trans-spliced mRNA
structure was determined by completing the two longest
cDNA clones with RT-PCR and 5’ RACE. The two daf-
19 mRNAs encode predicted proteins of 780 or 805
amino acids, depending on the use of an alternatively
spliced exon 4. The DAF-19 protein is a C. elegans mem-
ber of the RFX-type transcription factor family (Ce RFX)
(Emery et al., 1996a). Members of this family activate or
repress the expression of diverse genes in humans, mice
and yeasts. DAF-19 is the only member of this family in
the C. elegans genome sequence, which is now essen-
tially complete (C. elegans Sequencing Consortium,
1998). Multiple alignment of DAF-19 with its mammalian
counterparts revealed a highly conserved DNA binding
domain (DBD; Figures 2B and 2C) and dimerization do-
main (DIM; Figures 2B and 2D). Domains B and C, of
unknown function (Figure 2B), are conserved to a lesser
extent. DAF-19 is most similar to the RFX1-3 subgroup
in mammals (Figures 2B-2D) (Emery et al., 1996a). No
other similarities of significance were found between
daf-19 and other sequences in databases (December
1999).

daf-19 Is Expressed in Ciliated Sensory Neurons

To identify the cells in which daf-19 is expressed, 2.9
kb of the daf-19 promoter and about 10 kb of daf-19
genomic sequence were used for a fusion of the GFP
gene to daf-19 just downstream of the DBD domain
(Figure 2A). Expression was seen in a pattern of nuclei
consistent with those of all ciliated sensory neurons
(Figure 3) (White et al., 1986), in agreement with the
cilium defects of daf-19 mutants (Figure 1 and Table 2)
(Perkins et al., 1986). We think this reporter correctly
represents endogenous daf-19 expression for two rea-
sons. First, the fusion rescued the daf-19 Daf-c and Dyf
phenotypes, consistent with appropriate expression of
a functional DAF-19 protein. This result suggests that
DAF-19 can function in the absence of a DIM domain,
as was shown for its close human homolog, Hs RFX1
(Reith et al.,, 1990). Second, GFP expression began
around the 2-fold stage of embryogenesis, continued at
high levels through the L1 and L2 larval stages, and then
weakened or was absent (data not shown), consistent
with a role in sensory cilium differentiation (Sulston et
al., 1983; Fujiwara et al., 1999). In occasional animals
that expressed GFP at higher levels than regularly ob-
served, we noticed expression in a few additional neu-
rons as well as hypodermal and intestinal cells. The
significance of the expression in these cells is not clear.

RFX Target Sites Are Found in Promoters

of Several Cilium Genes

The absence of sensory cilia in daf-19 mutants, the daf-
19 expression pattern, the similarity of DAF-19 to RFX-
type transcription factors, and the requirement of daf-
19 for the expression of osm-6, a gene implicated in
cilium formation (Collet et al., 1998), together suggested
that daf-19 functions in the development of sensory cilia.
We hypothesized that DAF-19 acts as a transcriptional
activator of genes that function in ciliated sensory neu-
rons (cilium genes).
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Figure 1. Cilia Defects of Sensory Neurons in
daf-19 Mutants

Transgenic animals harboring ciliated sen-

sory neuron-specific GFP markers (gcy-5/
gcy-8/gcy-32::gfp; Yu et al., 1997; cf. Table

2) were used to visualize cilia in the wild type
and in cilium structure-defective mutants
(che-11, osm-3, and daf-19). Anterior is to the
left and dorsal is up. Bars represent 2 pm in
(C) and (D) and 10 pmin (E).

(A) A schematic illustrating the positions of
bipolar ciliated sensory neurons AFD, ASE,
and PQR. For the bilateral pairs AFD and ASE
of the amphid sensilla, only the left neurons
are shown. Cell bodies are dots. The axons
of AFD and ASE enter the nerve ring between
the two pharyngeal bulbs. The axon of PQR
enters the ventral nerve cord and follows an
anteriorly directed trajectory. The dendrites
extend anteriorly to the tip of the nose (AFD
and ASE) or posteriorly (PQR) from the cell
bodies. The sensory endings of all three neu-
rons are positioned at the tip of the dendrites
and are not distinguishable in this drawing.
The rectangles depict the areas shown in
(C)-E).

(B) A schematic illustrating the sensory end-
ings of some amphid sensory neurons (after
Perkins et al., 1986). Dendritic tips are shown
to the right. Sensory endings extend from
these dendritic tips. The microvilli of AFD are
encased within the amphid sheath cell. The
cilium of ASE is exposed to the environment.
(C) The sensory endings (microvilli) of AFD
in L1 larvae (foreground, AFDL; background,
AFDR). Microvilli are clearly visible as finger-
like projections at the tip of the dendrite (thick
process to the right). AFD has only a rudimen-
tary cilium, which is not visible here. Microvilli
were indistinguishable between wild-type
and mutant backgrounds throughout devel-
opment.

(D) The sensory ending (cilium) of ASE in L1
larvae (GFP marker expression only in ASER).

wild type

daf-19

The cilium is visible as a thin projection at the tip of the dendrite (thick process to the right). The cilium is full length in wild type (top panel),
reduced in length in mutants che-11 and osm-3 (middle panels), and completely absent in daf-19 mutants (bottom panel). Similar phenotypes

were observed in each mutant throughout development.

(E) The sensory ending (cilium) of PQR in adults. The cell body is situated in the left part of each panel. The dendrite extends from the cell
body posteriorly (thick process to the right). In wild type (top panel), a cilium is visible as a thin projection at the tip of the dendrite. In daf-
19 mutants (lower panels), the cilium is absent. Dendrites also grow to different lengths in daf-19 mutants (lower panels). PQR anatomy was
scored only at later larval (L3, L4) and adult stages, since this neuron is born at the mid L1 stage (White et al., 1986).

The promoter target sites (X boxes) of RFX-type tran-
scription factors are known from in vitro binding studies
and from work with mammalian cell culture and yeast
(Reith etal., 1994; Emery et al., 1996b; Mach et al., 1996;
Huang et al., 1998). The very high sequence identity in
the DBD between DAF-19 and human RFX-type proteins
suggested that DAF-19 might also act on X box se-
quences in C. elegans. We searched for matches to
mammalian X boxes in promoter regions of more than
20 C. elegans genes that are expressed in ciliated sen-
sory neurons (Experimental Procedures). We found se-
quences that matched well with RFX1 target sites within
the promoters of che-2, daf-19, osm-1, and osm-6 (Fig-
ure 4). In each case, key nucleotides for RFX binding
were found to be conserved, and the match was located
about 100 nt upstream from the predicted translational
start site. These four genes are expressed in most or
all ciliated sensory neurons (see below) and mutations

in each of them cause all sensory cilia to be morphologi-
cally defective (Perkins et al., 1986). We did not find X
box matches of similar significance in promoter regions
of any genes that are expressed in only a subset of
ciliated sensory neurons (Experimental Procedures),
e.g., hot in gcy-5, gcy-8 and gcy-32. These genes are
expressed independently of daf-19 function (Figure 1).
Our findings are consistent with daf-19 being a tran-
scriptional regulator of gene products that function
broadly in sensory cilia.

daf-19 Regulates the Expression of X Box-Containing
Cilium Genes

To testwhether daf-19 regulates the expression of cilium
genes harboring X boxes in their promoters, we used
an in vivo GFP expression assay. A DNA fragment con-
taining about 2 kb of promoter through the translational
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Table 2. Morphology of Three Sensory Neuron Classes

ASE (visualized with gcy-5::gfp)?

Genotype Cilium Dendrite Cell Body, Axon Additional Process®
Wild Type 7 (full-length) 100 100 2
3 (shortened)
0 (absent)
daf-19 (m86) 0 (full-length) 100 100 35
16 (very short)
84 (absent)
daf-19 (sal90) 0 (full-length) 100 100 28
17 (very short)
83 (absent)
daf-19 (sa232) 0 (full-length) 100 100 32
9 (very short)
91 (absent)
osm-3 (e1806) 38 (full-length) 100 100 6
62 (shortened)
0 (absent)
che-11 (e1810) 32 (full-length) 100 100 11
68 (shortened)
0 (absent)
PQR (visualized with gcy-32::gfp)*
Genotype Ciliume Dendrite Cell Body, Axon Additional Process®
Wild Type 8 (present) 0 (short) 100 9
9 (unclear) 100 (normal)
3 (absent) 0 (long)
daf-19 (m86) 6 (present) 2 (short) 100 29
5 (unclear) 72 (normal)
9 (absent) 26 (long)
daf-19 (sal90) 6 (present) 9 (short) 100 16
6 (unclear) 64 (normal)
(absent) 7 (long)
daf-19 (sa232) (present) 11 (short) 100 17
8 (unclear) 55 (normal)
8 (absent) 34 (long)
AFD (visualized with gcy-8::gfp)?
Genotype Microvilli Dendrite Cell Body, Axon Additional Process®
wild Type 100 100 100 1
daf-19 (m86) 100 100 100 4
daf-19 (sa190) 100 100 100 1
daf-19 (sa232) 100 100 100 1
osm-3 (e1806) 100 100 100 3
che-11 (e1810) 100 100 100 3

@ Data are percentages: the presence and morphological appearance of different subcellular compartments were observed by conventional
fluorescence microscopy. Animals at the L1 or L2 larval stage were analyzed for ASE and AFD, two sensory neurons born during embryogenesis.
L4 or adult animals were analyzed for PQR, a neuron born postembryonically. Between 55 and 85 animals were analyzed for each genotype.
b The class “additional process” describes mostly short extraneous processes emanating either from the cell body (all three sensory neurons),
from axon bifurcations (ASE and AFD), or from dendrite bifurcations (PQR).

¢ If cilia appeared to be present in a daf-19 background at the end of dendrites of PQR, they were frequently much shorter or grossly misshaped

as compared to wild type.

start site of each gene was fused in frame to GFP-
encoding DNA. We examined transgenic animals ex-
pressing each of these GFP fusions driven by promoters
containing either a wild-type, mutated, or C. elegans
consensus-derived X box sequence.

For che-2, osm-1, and osm-6 (for daf-19 see Experi-
mental Procedures), wild-type promoters drove GFP
expression in most or all ciliated sensory neurons through-
out development after the 2-fold stage of embryogene-
sis (Table 3, first column; osm-6: cf. Figure 5A). These
expression patterns were indistinguishable from those

reported using mutant-rescuing GFP fusions for each
of these genes (Collet et al., 1998; Fujiwara et al., 1999;
J. Shaw, personal communication). In each case, pro-
moters with mutated X boxes failed to express detect-
able GFP (Table 3, third column; osm-6: cf. Figure 5C).
To confirm that the altered X box sequence was respon-
sible for the loss of expression, we replaced the mutated
X boxes with a C. elegans consensus-derived X box
sequence (cf. Figure 4). In each case, this restored ex-
pression to near wild-type levels (Table 3, fourth column;
osm-6: cf. Figure 5D). These experiments demonstrate
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(A) Genomic organization of the daf-19 gene (F33H1.1). Numbered boxes depict exons. Exon 4 is alternatively spliced. The stippled box

depicts the 3’ untranslated region of the daf-19 message. daf-19 i

s SL1 trans-spliced at the 5’ end. DBD means DNA binding domain; DIM

means dimerization domain. The location of the translational fusion between daf-19 and the GFP gene is indicated. There are six different

daf-19 mutant alleles. The reference allele, m86, affects cosmid

F33H1-nt 9760 (C to T, resulting in a stop codon before all functionally

conserved domains). Thus, m86 is the most likely candidate for a molecular null allele. sal90 affects F33H1-nt 7737 (G to A; changing a

conserved Asp to Asn at the beginning of domain C). sa232 affects

F33H1-nt 8192 (C to T; resulting in a stop codon just after the DBD). m334

and m407 are both Tcl insertions at F33H1-nt 11057/11058 (in opposite orientations in an intron). rh1024 is a Tcl insertion at F33H1-nt 8413/

8414 (at the end of the DBD).

(B) Comparison of DAF-19 with one of its closest mammalian homologs, human (Hs) RFX1 (Emery et al., 1996a). Domains A, B, and C are
defined only as blocks of sequence homology. They have no known function. DAF-19 does not have a domain A.

(C) Alignment of DBDs from DAF-19 and human RFX1-3. Identical amino acids are outlined in black, similar amino acids are outlined in gray.
(D) Alignment of DIMs from DAF-19 and human RFX1-3. Shading is as in (C).

that the X box is a key promoter element for the expres-
sion of a group of genes that function in the formation
of all sensory cilia in C. elegans.

Moving wild-type and consensus-derived X box-—
containing transgenes into a daf-19 background re-
sulted in absent or drastically reduced GFP expression
(Table 3, second and fifth columns; osm-6: cf. Figure

5B). Reduced expression manifested itself in fewer cells
expressing GFP at much lower levels and at fewer devel-
opmental stages. This occasional low-level expression
could mean that other factors might be involved in cilium
gene regulation. Taken together, our data show that X
box-promoted gene expression is daf-19 dependent.
Based on these results we hypothesized that the tran-
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Figure 3. Expression of daf-19::gfp Fusion Genes

Nomarski (top panels) and fluorescence (bottom panels) images of daf-19::gfp transgenic animals at the L1 larval stage. The pattern of
fluorescence is consistent with expression in all ciliated sensory neurons. Bars represent 5 um. (A) Head. (B) Tail.

scription of genes functioning broadly in sensory cilia
is dependent on DAF-19 and its target promoter ele-
ment, the X box. This hypothesis predicts that novel
genes that contain an appropriately positioned promoter
X box sequence might also be expressed in most or all
ciliated sensory neurons in a daf-19-dependent manner.
In a genome-wide search for such genes, the strongest
candidate was a novel gene, F02D8.3 (Figure 4). Using
the in vivo GFP expression assay, this novel gene be-
haved exactly as predicted. In the wild-type back-
ground, F02D8.3::GFP was expressed in most or all cili-
ated sensory neurons in more than 90% of transgenic
animals. In a daf-19 mutant background, GFP expres-
sion was absent or drastically reduced: fewer than 5%
of the animals expressed GFP. Thus, we were able to
identify a ciliated sensory neuron gene based on the
presence of an X box in its promoter. In summary, our
results strongly support a model in which DAF-19 is
the main transcriptional activator of a group of genes
functioning in all sensory cilia.

Hgs RFX 1: GTNRCC AT RGYAAC

/ ATG TAA
C.e. cilium gene |—

N\

(CONSENSUS)

che-2: GTTGTC AT GGTGAC (at -130 bp)
daf-19: GTTTCC AT GGARAAC (at -109 bp)
osm-1: GCTACC AT GGCAAC (at - 86 bp)
osm-6: GTTACC AT AGTAAC (at -100 bp)
F02D8.3: GTTTCC AT GGTAAC (at - 79 Dbp)

C. elegans: GTTNCC AT GGNAAC {CONSENSUS)

Figure 4. C. elegans Cilium Genes with Potential DAF-19 Target
Sites in Their Promoters

Target sites for mammalian RFX-type transcription factors (X boxes)
typically are 13-14 bp imperfect inverted repeats. Mammalian X
boxes (the Hs RFX1 target site consensus is shown) served as
queries for a search for C. elegans X boxes (Experimental Proce-
dures). Lines depict 5’ and 3’ untranslated regions. The open box
marked with an X depicts putative C. elegans X boxes. The open
box depicts the coding region. Distances given after the C. elegans
X box sequences are upstream of the translation start site (ATG) of
the respective gene.

Discussion

We have shown that daf-19 encodes the single C. ele-
gans member of the RFX-type transcription factor fam-
ily. daf-19 is expressed in differentiating ciliated sensory
neurons and daf-19 mutants lack sensory cilia, resulting
in severe sensory defects. DAF-19 target sites (X boxes)
are present in promoters of several genes that are
broadly expressed in ciliated sensory neurons, but not
in promoters of genes with a more restricted expression
pattern within this class of neurons. Using an in vivo
assay, we showed that expression of the X box-—
containing genes was dependent on both daf-19 func-
tion and the presence of the promoter X box. These
results demonstrate that daf-19 has a critical function
in the development of ciliated sensory neurons, and
support a model in which daf-19 expression specifies
the formation of a sensory cilium, thereby enabling these
neurons to receive signals from the environment.

daf-19 Affects Sensory Cilium Development

A variety of studies of neuronal development indicate
that the progressive restriction of developmental poten-
tial within neuronal cell lineages is achieved through
interactions between extrinsic and intrinsic factors. A
current model is that the competence of neuronal pre-
cursors to respond to given cues is defined in part by the
expression of a temporally changing set of transcription
factors (Pfaff and Kintner, 1998; Zipursky and Rubin,
1994), as shown, for example, for the differentiation of
touch sensory neurons in C. elegans (Ruvkun, 1997;
Duggan et al., 1998). Our results suggest that daf-19
acts late in the cascade of events required for ciliated
sensory neuron development, after cell fate has been
firmly established. Mutations in daf-19 do not cause cell
fate transformations butinterfere with a specific function
late in ciliated sensory neuron differentiation.

In contrast to their effects on sensory cilia (Perkins et
al., 1986; this work), daf-19 mutations have relatively
little effect on other aspects of the morphology of the
three analyzed ciliated sensory neurons (AFD, ASE, and
PQR). Specifically, cell bodies were present and posi-
tioned correctly and dendritic and axonal trajectories
were grossly normal (but see below). These results sug-
gest that most aspects of early cell fate are normal in
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Table 3. Expression Analyses Using an In Vivo GFP Expression Assay?®

Type of X box wild Type Mutated C. elegans Consensus-Derived
Genotype wild Type daf-19 wild Type wild Type daf-19
che-2::.gfp 50 NDP 0 74 0
72 0 0 0 ND
65 0 0 6 0
osm-1::gfp 100 21 0 98 9
100 37 0 96 5
99 ND 0 97 ND
osm-6::gfp 100 4 0 50 6
100 ND 0 96 ND
98 0 0 98 5
Strength of very strong very weak absent strong to very weak
Expression to strong to absent moderate to absent

@ Data are given as percent expression in ciliated sensory neurons in the head of adult animals. The three genes tested are expressed in most
of the 60 ciliated sensory neurons of the animal. Three independent transgenic lines were analyzed for each gene. Each number represents
the data for one transgenic line. For transgenic lines containing wild-type X box sequences and transgenic lines containing C. elegans
consensus-derived X box sequences, the transgene was also moved from the wild type into a daf-19 background. More than 100 animals

were analyzed for each transgenic line.
® Abbreviation: ND, experiment not done.

daf-19 mutants, including the migration that leads to
correct placement of their cell bodies and most aspects
of dendrite and axon pathfinding. The specificity of the
daf-19 ciliary defects is further supported by the fact
that another sensory specialization, the finger-like mi-
crovilli of AFD, were unaffected in daf-19 mutants. More-
over, gcy-5, gcy-8, and gcy-32, which encode guanylyl
cyclases implicated in sensory signal transduction (Mori
and Ohshima, 1997; Yu et al., 1997; Prasad and Reed,
1999), were still expressed in the absence of daf-19
function.

We were able to observe ASE and PQR throughout
development. At the developmental stage that cilia first
became visible in the wild type, cilia were never visible
in daf-19 mutants, supporting the idea that their defect
is in cilium formation, rather than having a degenerative
effect on cilia. Consistent with this notion, we observed
daf-19::gfp expression primarily during the second half
of embryogenesis, the major time period when cilia are
generated (Fujiwara et al., 1999).

We noted two abnormalities other than cilia defects
in daf-19 mutants. First, dendrite length varied in PQR
but not in ASE. The different migration patterns of these
two neurons might offer an explanation. During embry-
onic development the ASE cell body forms arudimentary
sensillum at the tip of the head, then migrates posteri-
orly, leaving its dendrite behind (Sulston et al., 1983). In
contrast, during postembryonic development, the sta-
tionary PQR cell body extends a dendrite posteriorly
(Sulston and Horvitz, 1977) in a process analogous to
axonal outgrowth. We suggest that in PQR the termina-
tion of this outgrowth is coordinated with cilium forma-
tion. Second, we observed occasional short extraneous
processes, in particular in ASE and PQR, in addition to
normal dendrites and axons. Mutations in a diverse set
of genes, including cilium structure genes, have been
shown to cause very similar phenotypes (Coburn and
Bargmann, 1996; Hobert et al., 1997; Coburn et al., 1998;
Peckol et al., 1999), suggesting that these low pene-
trance abnormalities are not daf-19 specific.

daf-19 Regulates Only Certain Cilium Genes

In C. elegans, many genes are expressed in ciliated
sensory neurons and are implicated in functioning in
their cilia: (1) genes involved in signal reception (e.g.,
chemosensory receptors) (Troemel et al.,, 1995; Sen-
gupta et al., 1996) and in signal transduction (Mori and
Ohshima, 1997; Prasad and Reed, 1999), (2) genes impli-
cated in targeting or transporting molecules to the cilia
(Tabish et al., 1995; Dwyer et al., 1998; Signor et al.,
1999b), and (3) genes involved in the structure of cilia
(Perkins et al., 1986; Starich et al., 1995; Collet et al.,
1998; Roayaie et al., 1998). The transcriptional regulation
of most of these genes is not understood. We searched
for X boxes in promoters of a representative subset
of these genes (Experimental Procedures). We found
significant matches to X box target sites of mammalian
RFX1 (Reith et al., 1994; Emery et al., 1996b) in promot-
ers of only one group of cilium genes: che-2, daf-19,
osm-1, and osm-6. Based on EM observations, these
four genes have long been grouped together because
mutations in them cause structural defects in all sensory
cilia (Lewis and Hodgkin, 1977; Perkins et al., 1986).
che-3, another member of this group of genes (Lewis
and Hodgkin, 1977; Perkins et al., 1986; Wicks et al.,
2000), does not have a promoter X box. The last two
members of this group, che-13 and osm-5, have not yet
been cloned. Expression of che-2, daf-19, osm-1, and
osm-6 was detected in ciliated sensory neurons at times
consistent with these genes functioning in cilium mor-
phogenesis and architecture (Collet et al., 1998; Fujiwara
et al., 1999; J. Shaw, personal communication; this
work). In addition, we demonstrated that che-2, osm-1,
and osm-6 expression was daf-19 and X box dependent.
The molecular identities of these genes are intriguing.
che-2 encodes a novel WD40-repeat protein thought to
be involved in protein—protein interactions in the assem-
bly of large multiprotein complexes (Fujiwara et al.,
1999). osm-1 and osm-6 encode proteins related to p172
and p52, respectively, which are involved in intraflagellar
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C

Figure 5. Expression from osm-6::gfp Promoter Fusions

D

Nomarski (top panels) and fluorescence (bottom panels) images of the heads of osm-6::gfp transgenic adults (cf. Table 3). Anterior is to the

left and dorsal is up. Bars represent 10 pm.

(A) The wild-type osm-6 promoter drives expression of the osm-6::gfp transgene in the wild type. GFP expression is visible in ciliated sensory

neurons.

(B) The same transgene shown in (A) when in a daf-19 mutant background. GFP expression is absent or severely reduced.
(C) An osm-6 promoter containing a mutated X box fails to drive GFP expression in the wild type. GFP expression is absent.
(D) The osm-6 promoter shown in (C) with a C. elegans consensus derived X box sequence reintroduced partially restores GFP expression

in the wild type. GFP expression is visible in ciliated sensory neurons.

transport, a process required for the assembly and func-
tion of motile flagella in the unicellular green alga Chla-
mydomonas (Cole et al., 1998; Rosenbaum et al., 1999;
J. Shaw, personal communication). Consistent with
these identities, osm-1::gfp and osm-6::gfp fluorescent
dots were observed to move within sensory cilia (Orozco
etal., 1999; Signor et al., 1999a). The mammalian homo-
log of osm-6 is of neuronal origin but has no known
function (Collet et al., 1998).

Several other genes are involved in the specialized
architecture of some sensory cilia but not others, for
example osm-3 (Perkins et al., 1986; Tabish et al., 1995)
and odr-3 (Bargmann et al., 1993; Roayaie et al., 1998),
or are involved in neuron-specific signal reception and
transduction (Mori and Ohshima, 1997; Prasad and
Reed, 1999), for example the gcy-5, gcy-8 and gcy-32
signal transducers (Yu et al., 1997) used as cell-specific
markers in our study. These genes do not require DAF-
19 for their transcription (cf. Figure 1) and their promot-
ers lack X boxes (Experimental Procedures).

We propose a model in which DAF-19 is a key tran-
scriptional regulator of genes expressed broadly in most
or all sensory cilia. In parallel or subsequently, other
factors drive the expression of cell-specific cilium struc-
ture elements, signal receptors, and signal transducers.

These cell-specific factors specify the diversity of struc-
ture and function of ciliated sensory neurons, while daf-
19 specifies their commonalities.

At present we are using the C. elegans X box consen-
sus sequence to search through the entire C. elegans
genome sequence (C. elegans Sequencing Consortium,
1998) to find novel members of the group of DAF-19
regulated genes. The first candidate gene identified with
this method, F02D8.3, a homolog of a mammalian brain
protein of unknown function, was expressed specifically
in ciliated sensory neurons in a daf-19-dependent man-
ner. Thus, such a search strategy offers the potential to
identify many more of the proposed protein components of
sensory cilia (Orozco et al., 1999; Rosenbaum et al., 1999).

The Mammalian Homologs of DAF-19

DAF-19 is most homologous to the mammalian RFX1-3
subgroup of RFX-type transcription factors, and X boxes
for DAF-19 are more similar to X boxes for RFX1 than
to X boxes for RFX5 (Reith et al., 1994; Emery et al.,
1996a, 1996b; Mach et al., 1996). Very little is known
about possible cellular functions of the RFX1-3 sub-
group, in particular about its target genes (Reinhold et
al., 1995; lIwamaet al., 1999). RFX1 is expressed in many
different tissues, RFX2 predominantly in the testis, and
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RFX3 predominantly in brain tissues (Reith et al., 1994).
It is tempting to speculate that the mammalian proteins
serve analogous functions to DAF-19 in these tissues.
RFX2, for example, could be involved in differentiating
flagella in sperm cells. The regulation of cilia and flagella
differentiation might be preserved from nematodes to
mammals.

Experimental Procedures

Strains and Assays

General growth conditions for C. elegans strains were as described
(Brenner, 1974). Strains were grown at 20°C unless stated otherwise.
The wild-type strain was N2 Bristol. The following mutations were
used: LG (linkage group) Il: dpy-10 (€128), rol-6 (€187), unc-4 (e120),
egl-43 (n997), unc-53 (e404), bli-1 (e769), unc-52 (e444); LG IV:
osm-3 (e1806); LG V: che-11 (e1810), osm-6 (p811); LG X: che-2
(€1033), lin-15 (n765), osm-1 (p808). The following extrachromo-
somal arrays were used: adEx1262 (gcy-5::gfp), adEx1268 (gcy-
8::gfp) and adEx1295 (gcy-32::gfp) were employed as cell-specific
markers (Yu et al., 1997). saEx310-314 were assessed for daf-19
transgenic rescue. saEx488-490 were used for daf-19::gfp expres-
sion experiments. saEx470-487 and saEx523 were used for che-2/
osm-1/0sm-6/F02D8.3::gfp expression experiments. All strains used
and strain construction details are available on request. Dauer for-
mation assays and fluorescent dye (FITC) filling assays were per-
formed essentially as described (Perkins et al., 1986; Malone and
Thomas, 1994).

Isolation of Alleles, Genetic Mapping, Cloning, and Molecular
Characterization of daf-19

EMS generated alleles: m86 (reference allele) and sal190 were iso-
lated in screens for Daf-c mutations (Malone and Thomas, 1994; D.
Riddle, personal communication). sa232 was isolated in a Daf-c
noncomplementation screen against m86. Briefly, hermaphrodites
of the strain JT6373 (rol-6 [e187] daf-19 [m86] unc-53 [e404]) were
crossed to N2 males mutagenized with EMS and the progeny were
screened for non-Rol, non-Unc dauers. Tcl-transposon/mutator al-
leles: m334 and m407 were isolated in screens for Daf-c mutations
(D. Riddle, personal communication). rh1024 was isolated by E.
Hedgecock and shown to be an allele of daf-19 by D. Riddle. All
alleles failed to complement the daf-19 (m86) Daf-c phenotype and
FITC dye filling defect (Dyf phenotype). All daf-19 mutations are
recessive reduction-of-function alleles. daf-19 was previously
mapped to the vicinity of unc-4 on LG Il (Perkins et al., 1986). Fine
mapping with deficiencies and 3-factor crosses using alleles of unc-4,
egl-43, and bli-1 followed standard procedures: (1) unc-4 (4/18 re-
combinants) daf-19 (14/18) bli-1; (2) unc-4 (10/41) egl-43 (31/41)
daf-19. Cosmids and cosmid subclones were tested for transgenic
rescue of the Daf-c and Dyf phenotypes of daf-19 (m86). Germline
transformation: DNA injections into the strain JT8651 (daf-19[m86]/
mnC1; lin-15[n765]) were performed by standard methods (Mello et
al., 1991) using lin-15 (+) at 60 ng/pl as cotransformation marker
DNA (Huang et al., 1994) and test DNA at various concentrations.
Stable transgenic lines were obtained from individual F1 progeny
that were rescued for the lin-15 Muv phenotype. All six available
mutations in daf-19 were sequenced on both strands directly from
purified bulk PCR products. For the EMS generated alleles, all exons,
neighboring intron sequences, and the entire 5’ and 3’ UTR’s were
sequenced. Tcl insertion alleles were mapped by generating daf-
19/Tcl specific junction PCR products before sequencing.

General Molecular Biology Methods

Manipulations were performed according to standard procedures
(Sambrook et al., 1989). Cloned worm DNA, total worm DNA, or
single worms were used for PCR amplifications for direct sequenc-
ing or for subcloning (Sambrook et al., 1989). Clones, primer se-
quences, and PCR conditions are available on request. An ABI Prism
kit (Perkin Elmer) was used for DNA sequencing. Sequencing gels
were run at the UW Biochemistry sequencing facility (ABI Prism
sequencer; Perkin Elmer).

DNA Sequence Analyses

All C. elegans genome sequence information used for this study
was obtained directly from the C. elegans Genome Sequencing
Centers (http://www.sanger.ac.uk/Projects/C_elegans/ and http://
genome.wustl.edu/gsc/C_elegans) (C. elegans Sequencing Consor-
tium, 1998). Except for che-11, daf-10, and osm-1 (S. Stone, A.
Davies, J. Shaw, personal communication), gene identities were
extracted from the C. elegans database ACeDB or references therein
(http://elegans.swmed.edu/genome.shtmi#ACEDB). We used BLAST
2.0 (http://www.ncbi.nim.nih.gov/BLAST/) (Altschul et al., 1997) to
identify and evaluate homologs of DAF-19. We used the ClustalW
1.7 sequence alignment tool (http://dot.imgen.bcm.tmc.edu:9331/
index.html) (Thompson et al., 1994) and Boxshade 3.21 (http://
www.ch.embnet.org/software/BOX_form.html) to align and display
the DBD and DIM of DAF-19 and its closest mammalian homologs,
RFX1-3.

For the X box search we used ClustalW 1.7. Six mammalian X
box sequences served as queries: HLA-DRA, EF-C consensus, HBV
(all from Reith et al., 1994), HBV-NRE gamma (Buckwold et al., 1997),
MIF-1 (Reinhold et al., 1995), and RFX1 consensus (Emery et al.,
1996b). We searched through a representative subset (more than
twenty genomic sequence stretches encompassing =3 kb from the
presumed ATGs) of (1) genes implicated in signal reception and
transduction in ciliated sensory neurons: daf-11 (B0240.3), daf-21
(C47E8.5), egl-2 (F16B3.1), gcy-5 (ZK970.6), gcy-8 (C49H3.2), gcy-
32 (C06B3.8), odr-3 (C34D1.3), odr-10 (C53B7.5), osm-9 (B0212.5),
srb-6 (RO5H5.6), and str-1 (C42D4.5); (2) genes expected or known
to function in all ciliated sensory neurons: che-2 (F38G1.1), che-3
(F18C12.1), daf-19 (F33H1.1), osm-1 (T27B1.1), and osm-6 (R31.3);
and (3) genes expected or known to function in subsets of the
ciliated sensory neuron class: ceh-23 (ZK652.5), che-11 (C27A7.4),
daf-10 (F23B2.4), odr-4 (Y102E9.1), odr-7 (T18D3.2), osm-3
(M02B7.3), and tub-1 (F10B5.4). The following genes served as nega-
tive controls as they were shown not to be expressed or not to
function in ciliated sensory neurons: egl-38 (C04G2.7), nrf-6
(C08B11.4), and unc-54 (F11C3.3). Because X boxes are fairly short,
matches of low significance between query and subject sequences
were always observed. Our search results were nonexhaustive be-
cause matches were accepted as highly significant only when (1)
the match was at a distance of around 100 nt upstream of the ATG,
(2) several of the RFX1-3 type X box query sequences were matched
and, (3) conserved nucleotide positions within the X box matched.
Only sequences in the promoters of che-2, daf-19, osm-1, and osm-6
fulfilled these criteria. In the promoter region of odr-4, a match of
lower significance was found at a site further upstream of the ATG
than was the case for the other genes (P. S., unpublished data).

Generation and Analyses of Expression Constructs

Promoter regions (about 2 kb long) of che-2, daf-19, osm-1, osm-6,
and F02D8.3 were amplified from cloned worm DNA by PCR. The
primers contained restriction enzyme sites for ligation into the GFP
vector pPD95.77. The promoters were fused in-frame to GFP within
the first ten codons of the gene in question. Wild-type X boxes within
promoters were mutated by overlapping PCR primed mutagenesis,
replacing the X box with nonspecific nucleotides containing an in-
dicative restriction enzyme site (NgoM IV; CGCGGC CG GCCGCG).
Mutated X boxes were replaced by cutting with NgoMIV and cloning
in oligonucleotides containing C. elegans consensus-derived X box
sequences (GTTACC AT GGTAAC). The consensus-derived X box
differed from the respective wild-type X boxes by one to three nucle-
otides. As verified by sequencing, plasmid junctions were correct
and the proximal 500-600 bp to the start codon of the respective
promoter GFP fusions were identical to wild type except for the
intended sequence changes. The promoter GFP fusions were intro-
duced into worms by germline transformation typically at 100 ng/
wl. The injected strain JT8651 (daf-19[m86]/mnC1; lin-15[n765])
served as wild-type background, since daf-19 (m86) is fully reces-
sive. Segregating dauers were recovered at 15°C to obtain a daf-19
homozygous background. GFP expression was analyzed in stable
extrachromosomal transgenic lines at 1000 magnification (Zeiss
Axioskop) by conventional fluorescence microscopy. Representa-
tive cohorts of animals of each genotype and transgenic line were
examined at most developmental stages between the embryo and
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adult stage. Quantitative data (Table 3) were obtained at the highest
magnification on a standard stereo dissecting microscope (Wild
Mikroskope) with a fluorescent light attachment (Kramer Scientific)
only for the adult stage since the transformation marker lin-15 per-
mits unambiguous detection of transgenesis only at this stage. Ex-
aminations were performed blind, except when daf-19 mutants were
looked at, since the presence of dauers on the plates made blind
scoring impossible. For comparisons, the relevant genotypes and
X box construct transgenes were analyzed side by side.

We were not able to successfully demonstrate daf-19::gfp expres-
sion by translationally inserting the GFP gene into a full-length daf-
19 genomic clone after the DIM, or by replacing DBD and DIM, or
by translationally fusing the GFP gene to daf-19 within the first or
second exon (daf-19 promoter length in all cases was 2.9 kb). We
did achieve successful daf-19::gfp expression only when a GFP
cassette (coding region and unc-54 3'UTR; from GFP vector
pPD95.77) was inserted into a full-length daf-19 genomic clone (pro-
moter length was 2.9 kb) just after the DBD into the Pstl-site (within
exon 9; GFP thus replaced daf-19 DIM and 3’UTR). Since this trans-
lational fusion rescued daf-19-specific phenotypes, the in vivo X
box analyses described above were not possible. daf-19::gfp ex-
pression in identified neurons was analyzed at 1000 magnification
(Zeiss Axioskop) by Nomarski and conventional fluorescence mi-
croscopy. Neuronal cell anatomies and identities followed published
descriptions (Ward et al., 1975; Ware et al., 1975; Sulston and Hor-
vitz, 1977; Sulston et al., 1983; White et al., 1986; Hall and Russell, 1991).

High-Resolution Microscopy

For precise imaging of GFP fluorescence in subcellular compart-
ments (Figures 1, 3, and 5), a Deltavision microscope setup (Silicon
Graphics) was used. Worms were put into 0.5 pl M9 buffer on a
very thin 2% agarose pad containing an anesthetic, and were ob-
served with an inverted microscope (Zeiss Axiovert) at a 63X objec-
tive magnification (NA = 1.40). This setup was equipped with a
multiwavelength CCD camera (Quantix) and the stage and all shut-
ters and filters were computer driven (Applied Precision). 3D data
stacks were acquired in the FITC channel by moving the focal plane
in 0.4 um increments through the entire worm. Background and out-
of-focus signal were removed using a conservative, reiterative (15x)
deconvolution algorithm (Agard et al., 1989; Scalettar et al., 1996).
3D data stacks were combined using maximum intensity projections
of all data points along the z axis.
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Note Added in Proof

Recently, a Drosophila RFX homolog (dRFX) that is expressed in
the peripheral nervous system and in the brain has been reported:
Durand, B., Vandaele, C., Spencer, D., Pantalacci, S., and Couble,
P. (2000). Cloning and characterization of dRFX, the Drosophila
member of the RFX family of transcription factors. Gene, in press.



