-

P
brought to you by .{ CORE

View metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector

ELSEVIER

Available online at www.sciencedirect.com

science (hormecr:

Developmental Biology 266 (2004) 399-416

DEVELOPMENTAL
BIOLOGY

www.elsevier.com/locate/ydbio

Genomes & Developmental Control

Expression and function of conserved nuclear receptor genes
: . ¥
in Caenorhabditis elegans

Chris R. Gissendanner,® Kirsten Crossgrove,® Kelly A. Kraus,"
Claude V. Maina,® and Ann E. Sluder®*
@ New England Biolabs Inc., Beverly, MA 01915-5599, USA

® Biology Department, Loyola College in Maryland, Baltimore, MD 21210, USA
¢ Cambria Biosciences LLC, Woburn, MA 01801, USA

Received for publication 30 July 2003, revised 13 October 2003, accepted 13 October 2003

Abstract

The Caenorhabditis elegans genome encodes 284 nuclear receptor (NR) genes. Among these 284 NR genes are 15 genes conserved among
the Metazoa. Here, we analyze the expression and function of eight heretofore uncharacterized conserved C. elegans NR genes. Reporter gene
analysis demonstrates that these genes have distinct expression patterns and that a majority of the C. elegans cell types express a conserved NR
gene. RNA interference with NR gene function resulted in visible phenotypes for three of the genes, revealing functions in various processes
during postembryonic development. Five of the conserved NR genes are orthologs of NR genes that function during molting and
metamorphosis in insects. Functional studies confirm a role for most of these ‘ecdysone cascade’ NR orthologs during the continuous growth
and dauer molts. Transcript levels for these genes fluctuate in a reiterated pattern during the molting cycles, reminiscent of the expression
hierarchy observed in the insect ecdysone response. Together, these analyses provide a foundation for further dissecting the role of NRs in
nematode development as well as for evaluating conservation of NR functions among the Metazoa.

© 2003 Elsevier Inc. All rights reserved.
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Introduction

Nuclear receptors (NRs) are a diverse class of transcrip-
tion factors, members of which mediate hormonal signaling
processes in vertebrates and insects (Manglesdorf et al.,
1995). The hormone-responsive NRs are ligand-regulated,
and the mechanisms by which these NRs respond to endo-
crine hormones and activate or repress the transcription of
target genes have been well characterized (Beato et al., 1995;
Gronemeyer and Laudet, 1995; McKenna et al., 1999;
Rastinejad, 1998). The remaining NRs are ‘orphans’ that
lack known cognate ligands. The spectrum of known NR
functions now extends beyond direct transduction of endo-
crine signals to include responses to a variety of signaling
molecules (including xenobiotics), participation in multiple
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signal transduction pathways, and regulation of diverse
physiological and developmental processes (Giguere, 1999).

All NRs share a common structure with specific, con-
served domains that function in DNA binding, ligand bind-
ing, and transcriptional activation (Gronemeyer and Laudet,
1995). Most of the NRs identified in vertebrates and insects
belong to six major subfamilies that are evolutionarily
conserved throughout the Metazoa (Laudet, 1997; Nuclear
Receptors Committee, 1999), although the extent to which
conserved NRs regulate common processes across the Met-
azoa remains to be determined. In nematodes, the NR
superfamily has undergone a dramatic expansion and diver-
sification not observed in other phyla (Sluder et al., 1999).
The completed Caenorhabditis elegans genome sequence
contains 284 confirmed or predicted NR genes, over 5-fold
more than the number found in the human or Drosophila
melanogaster genomes (Maglich et al., 2001). The function-
al and evolutionary consequences of this expansion and
diversification are presently unknown. Within the expanded
NR superfamily encoded in the C. elegans genome are 15
members of the broadly conserved metazoan NR subfamilies
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(Maglich et al., 2001; Sluder and Maina, 2001; Sluder et al.,
1999). Only the NR3 subfamily, which contains the verte-
brate steroid receptors, is not represented in C. elegans. The
utility of C. elegans as a model system provides an oppor-
tunity to study basic conserved and diverged aspects of NR
functions, both biological and biochemical, within the con-
text of a developing multicellular organism.

Despite the extensive knowledge of C. elegans biology,
little is known about the biological functions of NRs in
nematodes. Of the 284 C. elegans genes, only five have
emerged in forward genetic screens for mutations that disrupt
specific developmental processes: daf-12 (dauer formation),
fax-1 (neuronal development), sex-/ (sex determination),
unc-55 (neuronal development), and odr-7 (neuronal devel-
opment) (Antebi et al., 2000; Carmi et al., 1998; Much et al.,
2000; Sengupta et al., 1994; Zhou and Walthall, 1998).
Interestingly, four of these genes (daf-12, fax-1, unc-55,
and sex-1) belong to the evolutionarily conserved subfami-
lies mentioned above. Reverse genetic studies have de-
scribed functions for three other conserved NR genes in C.
elegans: nhr-23 (molting), nhr-25 (epidermal development
or organogenesis), and nhr-8 (toxin resistance) (Gissendan-
ner and Sluder, 2000; Kostrouchova et al., 1998; Lindblom et
al., 2001). For the other eight conserved NR genes, expres-
sion patterns and biological functions have not previously
been described.

Five of the C. elegans conserved NR genes—nhr-6, nhr-
23, nhr-25, nhr-41, and nhr-85—are orthologs of NR genes
that function during molting and metamorphosis in insects
(DHR38, DHR3, Ftz-F1, DHR78, and E75/E78, respective-
ly; see Table 1) (Thummel, 1995). The insect orthologs of
nhr-23, nhr-25, and nhr-85 are components of the cascade
of genes activated in response to the 20-hydroxyecdysone
endocrine signal that regulates insect molting and metamor-
phosis (Richards, 1997). A role for nhr-23 in the C. elegans
molting process has been established, and initial character-
ization has suggested a molting role for nhr-25 as well
(Gissendanner and Sluder, 2000; Kostrouchova et al., 2001).
It is presently unknown whether these C. elegans ‘ecdysone
cascade’ NRs control nematode molting via a regulatory
cascade similar to that of their insect orthologs.

Here we present an initial functional analysis of the eight
heretofore uncharacterized C. elegans conserved NR genes.
We verify that these are indeed expressed genes and,
utilizing GFP reporter gene analysis, we describe the spatial
expression of all eight genes. Using double-stranded RNA-
mediated interference with gene function (RNAI), we iden-
tify putative functions for nhr-6, nhr-67, and nhr-85 under
normal growth conditions. We also perform a comprehen-
sive expression study of the C. elegans ‘ecdysone cascade’
NRs during postembryonic development, demonstrating
that three of these genes are expressed in temporal patterns
reminiscent of the expression hierarchies of NR genes
during insect metamorphosis. In addition, we establish a
direct role for nhr-25 during molting and provide evidence
that nhr-23, nhr-25, nhr-41, and nhr-85 are important for

Table 1
Groupings of conserved C. elegans NRs"

C. elegans NRs Drosophila  DBD

Human NRs  DBD

NRs identityb identityb
(%) (%)

NHR-85 (NR1) E75 78 Reverbs 72
(NR1D3) (NRID)*

SEX-1 (NRIG1) E78 79 74
(NRI1EI)

NHR-23 (NR1F4) DHR3 91 RORs 76
(NRIF4) (NRIF)®

DAF-12 HR96 69 PXR, CAR, 58,50, 53

NHR-8 (NR1J1) 59 VDR (NRI1I) 52,53, 51

NHR-48 (NR1J) 66 56, 50, 49

NHR-64 HNF4 72 HNF4s 74

NHR-69 (NR2A) (NR2A4) 71 (NR2A)® 68

NHR-41 (NR2D1) HR78 76 TR2, TR4 75, 78
(NR2D1) (NR2C)

NHR-67 (NR2E2) TLL 79 TLX 70
(NR2E2) (NR2E1)

FAX-1 (NR2ES) DmFAX-1 90 PNR 86
(NR2ES) (NR2E3)

UNC-55 (NR2F7)  Seven-up 76 COUP-TFs 78
(NR2F3) (NR2F)*

NHR-6 (NR4A4) HR38 74 NGFI-Bs 76
(NR4A4) (NR4A)®

NHR-25 (NR5A3) FTZ-Fl1 81 SF1, LRH1 76, 78
(NR5A3) (NR5A)

NHR-91 (NR6A2) HR4 68 GCNF 60
(NR6A) (NR6AI)

? Nuclear Receptors Committee (1999). The NR groupings listed here are
supported by the high degree of DBD similarity (Sluder et al., 1999; Sluder
and Maina, 2001). C. elegans NR orthology assignments are not always
supported by the strict criteria of the Nuclear Receptors Committee due to
the rapid evolutionary rate of C. elegans NR LBDs (no C. elegans LBD
exhibits >30% amino acid sequence identity to the apparent insect and
mammalian orthologs). Genes included in this study are indicated in bold.
® Percentage of amino acid identity for the sequences spanning from the
first Cys residue through the C-terminal Gly-Met dipeptide of the DBD
motif.

the specific larval transition that occurs during dauer
formation.

Materials and methods
¢DNA cloning and characterization

cDNA sequences for nhr-6, nhr-64, nhr-67, nhr-69, nhr-
85, and nhr-91 have been described elsewhere (Kostrouch et
al., 1995; Sluder et al., 1999 for nhr-6; M. Robinson-Rechavi,
C. V. Maina, C. R. Gissendanner, V. Laudet, and A. E. Sluder,
submitted for publication, for the others). In the current study,
we identified a previously unknown alternately spliced form
of nhr-91, nhr-91p, detected by reverse transcription (RT)-
PCR using a nested set of PCR primers directed to the nhr-91
3’ UTR and a primer corresponding to the SL1 trans-spliced
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leader sequence (Krause and Hirsh, 1987). Oligonucleotide
primer sequences and specific PCR conditions are detailed in
the online Supplementary Materials and Methods. Briefly,
first strand cDNA was prepared from 2 pug of mixed stage total
RNA primed with oligo-dT using the ProtoScript™ First
Strand ¢cDNA Synthesis Kit (New England Biolabs). This
reaction (1 pul) was used in the first (primary) round of PCR
amplification. A secondary round of PCR amplification
utilized 1/500 of the primary reaction as template.

nhr-41 was initially identified as a predicted gene in the
C. elegans genome (Y77E11A.5) (Sluder and Maina, 2001)
but has not been recovered from existing cDNA libraries. A
putative nhr-41 cDNA was assembled by generating over-
lapping RT-PCR-amplified cDNA fragments and 3’ RACE
(Gissendanner, 2001). To isolate full-length cDNAs for nhr-
41, RT-PCR was performed as described above using SL1
and a nested set of gene specific primers. A nested set of
3’ UTR primers failed to yield nhr-41 RT-PCR products,
likely due to the small size and A/T richness of the nhr-41
3’ UTR. Instead, nearly full-length ¢cDNAs were isolated
using a nested primer set in the coding region of the last
exon, as defined by 3’ RACE analysis.

New sequences generated during this work have been
deposited in GenBank with accession numbers AY349014—
AY349018.

GFP reporter gene analysis

Reporter constructs fusing green fluorescent protein
(GFP) coding sequences to nhr-41o and f, nhr-48, nhr-64,
nhr-67, nhr-69, nhr-85, and nhr-91 (Fig. 1) were generated
using a two-step PCR amplification protocol (Cassata et al.,
1998). Templates for the amplification of genomic DNA
were either 15 ng of N2 genomic DNA (nhr-41a and f3, nhr-
48, nhr-67, nhr-69, nhr-85, nhr-91) or 500 pg of linearized
cosmid (nhr-64, cosmid C45E1). Primers were designed to
incorporate approximately 3—6 kb of sequence upstream of
the predicted first ATG of each gene. The Expand™ Long
Template PCR System (Roche) was utilized for the PCRs
according to the manufacturer’s protocol. Oligonucleotide
primer sequences and specific PCR conditions are detailed in
the online Supplementary Materials and Methods. To avoid
producing dominant-negative fusion proteins, the constructs
were designed to omit or truncate the coding sequences for
the NR DNA-binding domain (DBD).

Given the large gene size of nhr-6 (Sluder et al., 1999),
the nhr-6:: GFP reporter was generated by cloning PCR-
amplified GFP coding sequences (from pPD95.67) into a
deleted variant of a nhr-6 genomic subclone. The nhr-6
genomic subclone, pLH1, was generated by removing ap-
proximately 17 kb Sac II fragment from cosmid C48DS5,
followed by religation. A deleted variant of pLHI, pLHIA,
was then generated by removing approximately 7 kb of nhr-6
genomic sequence from pLH1 by digestion with Nhe I,
followed by religation. pLH1A contains 5.2 kb of sequence
upstream of exon 1, and the first five exons. The GFP PCR

fragment was cloned into the pLHIA Nhe I site, which
resides in the fifth intron of nhr-6.

With the exception of nhr-41a::GFP and nhr-6::GFP,
transgenic lines of C. elegans were obtained following
injection of 20 pg/ml of reporter construct and 100 pg/ml
of pRF4, which contains the dominant visible marker gene
rol-6(sul006) (Mello and Fire, 1995). nhr-41a:: GFP was
injected at 5 pg/ml and nhr-6:: GFP was injected at 10 pg/
ml. At least two independent transgenic lines were evaluated
for each reporter construct, except for nhr-6::GFP (one
line). Transgenic animals were examined at all stages to
determine the spatial expression patterns. When multiple
lines were examined for a given reporter construct, similar
expression patterns were observed in the various lines.

dsRNA interference with gene function (RNAi)

dsRNA was generated by annealing sense and antisense
RNA strands synthesized using T3 and T7 polymerases
(Ambion MegaScript) from templates with opposing T3
and T7 promoters or by synthesizing dsRNA directly using
the HiScribe RNAI Kit (New England Biolabs) on templates
containing two opposing T7 promoters. With the exception of
nhr-85, templates consisted of ligand-binding domain (LBD)
coding sequences only, omitting the highly conserved DBD
motif. The dsSRNAs used in the RNAi experiments exhibit no
extended sequence identity with nontarget coding sequences
(no blocks of sequence identity were greater than 22 bp), and
are thus unlikely to interfere with the function of nontarget
genes.

For microinjection experiments, approximately 1—2 mg/
ml of dsSRNA was injected into both syncytial gonads of L4 or
young adult hermaphrodites. RNAi effects on growth and
development of the progeny of injected hermaphrodites were
assessed and quantitated as described by Gissendanner and
Sluder (2000). All RNAi experiments were performed at least
twice. For nhr-67(RNAi), early larvae had a tendency to move
out of the bacterial lawn and become lost from the plate,
resulting in the high “missing” class for nhr-67 (Table 2).

For RNAI by feeding experiments, pPD129.36/nhr con-
structs were transformed into HT115 E. coli (Timmons et
al., 2001). Transformed HT115 E. coli was induced to
synthesize dsRNA as described (Kamath et al., 2000;
Timmons et al., 2001). Developmentally synchronized L1
larvae, derived by hatching embryos in the absence of food
(Lewis and Fleming, 1995), were inoculated onto NGM
plates with induced HT115. Phenotypes were scored after
culturing for 72 h at 20°C. The data presented represent the
combined numbers from multiple experiments. For the nir-
85(RNAi) experiments, phenotypes were scored after cultur-
ing for 88—-96 h at 20°C. Worms were picked to slides in
M9 buffer containing 0.1% sodium azide and scored under
high magnification. Due to the variable and incomplete
penetrance of the nhr-85 RNAI phenotype, a plate coding
system was used so that the phenotypes were scored blind.
For daf-7(e1372) RNAI experiments, larvae were cultured at
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Fig. 1. cDNA structures for nhr-41, nhr-64, nhr-67, nhr-69, nhr-85, and nhr-91. nhr-41, nhr-64, nhr-85, and nhr-91 have two mRNA isoforms. The alternate
isoforms for nhr-41, nhr-85, and nhr-91 are produced by the trans-splicing of SL1 to different exons, as indicated. nhr-64f is produced by the alternate splicing
of exon 1 to exon 3. The first ATG downstream of the SL1 splice site is indicated. The DBD coding sequences are indicated in yellow. Structures of the GFP
reporter gene fusions are shown below each gene. For each reporter gene, the amount of genomic DNA upstream of the first exon is indicated on the dashed
lines (not drawn to scale). For nhr-6 and nhr-48 (cDNA structures not shown), GFP coding sequences in the reporter transgenes were fused at exons 6 and 4,
respectively. nhr-6:: GFP has 5.2 kb of genomic DNA upstream of the first exon and nhr-48:: GFP has 3.3 kb of upstream genomic DNA.

25°C for 96 h before scoring. To test for SDS resistance, a
portion of the nhr(RNAi); daf-7(el372) animals was incu-
bated in 1% SDS for 30 min at room temperature, washed
once with water, plated, and assessed for survival. Negative
controls for these RNAi experiments utilized HT115 trans-
formed with pPD128.110, which contains GFP coding
sequence under a double T7 promoter, or the empty double
T7 vector pPD129.36.

RNAI by soaking was performed as described (Maeda
et al., 2001). Developmentally synchronous L1 larvae
were soaked in 5 pl dsRNA (2—-4 mg/ml in soaking
buffer, Maeda et al., 2001) for 24 h at 20°C. GFP
dsRNA, derived from pPD128.110, was used as a nega-
tive RNAIi control. Larvae were then cultured with OP50
E. coli on NGM plates for 72 h at 20°C and observed for
phenotypes.
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Table 2
Microinjection RNAI analysis of conserved NR genes
Experiment #PO #F1 Percentage of total brood arresting as Adult F1 phenotypes
Embryos Larvae Missing
Mock® 6 732 Mean: 02+ 04 0 0.8 £ 1.0 none
Range: 0-0.8 0-2
nhr-6 (1) 4 598 Mean: 0.7 £ 0.7 0.6 + 1.1 20+ 1.6 Ovulation defective
(20/30 adults examined)
Range: 0-1.8 0-2.8 0.7-4.2
nhr-6 (2) 6 739 Mean: 1.8 £ 2.6 ND ND Ovulation defective
(23/57 adults examined)
Range: 0-5.5
nhr-41 7 349 Mean: 65+ 73 02 +05 6.8 +£ 7.1 none
Range: 1.4-214 0-14 0-14.5
nhr-48 8 927 Mean: 3.1 +£35 03+ 05 26+ 1.6 none
Range: 0.5-3.6 0-1.4 0-54
nhr-64 4 666 Mean: 2.6 + 0.8 0.8 + 0.8 26 + 2.7 none
Range: 1.5-32 0-2.0 0-5.2
nhr-67 (1) 5 508 Mean: 26+ 19 19.6 + 8.0° 13.0 £ 6.8 Sickly larvae developed into
Sma adults; most adults Pvul/Egl
Range: 0-53 10.5-30.6 5.0-22.5
nhr-67 (2) 4 432 Mean: 39+ 43 341 + 54° 94 + 4.6 Sickly larvae developed into
Sma adults; most adults Pvul/Egl
(185/229 examined)
Range: 2.0-10.6 27.9-43.4
nhr-69 4 449 Mean: 0.6 +£ 0.6 025 £ 05 025 £ 0.5 none
Range: 0-1.2 0-1.0 0-1.0
nhr-85 N2 3 236 Mean: 3.6 5.6 0 2.1 1.8 none
Range: 0-10 0-3.3
rrf-3(pk1426)° 3 178 ND? ND¢ ND¢ 26/178 Egl
nhr-91 7 887 Mean: 2.0+ 28 02+ 04 24 + 1.2 none
Range: 0-8.1 0-1.1 1.1-4.8
nhr-64; nhr-69°¢ 4 569 Mean: 0.7+ 09 0 1.0 £ 1.6 none
Range: 0-2.0 0-3.3

Injections and assessment of lethality were performed as described in Materials and methods. All are injections into N2 except where noted. #P0 = number of
hermaphrodites injected. #F1 = total number of progeny scored. The “missing” progeny class is as described by Gissendanner and Sluder, 2000. ND = not
determined. Replicate injections were performed for all genes and results were similar among experiments. Replicate data are shown here for nAr-6 and nhr-67

because RNAI phenotypes were observed for these genes.

? Representative mock experiment is shown; multiple mock injected or uninjected control experiments were performed and results were similar to the data

shown here.
® Larvae were sickly and slow growing but developed to the adult stage.

© Egl phenotypes were not observed in mock-injected rrf-(pk1426) animals (2 injected POs; 160 total F1 progeny scored).
9 Embryo and larval stages were observed for phenotypes but not quantitated. No phenotypes were observed.

¢ Injection mix contained equal volumes of nar-64 and nhr-69 dsRNA.

N2 dauer RNAi was performed by hatching larvae in the
presence of dauer-inducing pheromone and HT115 bearing
an RNAI construct. In our experiments, >90% dauer forma-
tion was achieved when embryos were hatched in liquid
containing dauer pheromone (prepared and titrated as de-
scribed by Golden and Riddle, 1984). Embryos were hatched
in 50 pl S-complete medium (Sulston and Hodgkin, 1988)
containing 100 png/ml carbenicillin, | mM IPTG, pheromone,
and dsRNA-expressing HT115.

Semiquantitative RT-PCR analysis

Reverse transcription (RT)-PCR expression analysis was
performed essentially as described (Jeon et al., 1999; John-

stone and Barry, 1996; Kostrouchova et al., 2001). Synchro-
nized, developmentally arrested larvae were inoculated onto
9 cm NGM plates completely covered with E. coli OP50.
Larvae (10,000) were inoculated on three plates for each of
the time points up to the 27 h time point; 8000 larvae were
inoculated onto two plates for each of the 30-39 h time
points; 6000 larvae were inoculated onto two plates for each
of the 42—51 h time points; and 4000 larvae were inoculated
onto two plates for the 54 h time point. Animals (20—30) from
the cultures were periodically observed under high magnifi-
cation with DIC optics to ensure that growth was synchro-
nous and to determine the times that molting occurred. Gonad
growth and vulval development (for later larvae) were used to
evaluate synchrony of the population. The larval molts were



404 C.R. Gissendanner et al. / Developmental Biology 266 (2004) 399416

noted by observing larvae in the molting lethargus (sup-
pressed pharyngeal pumping and movement) and by identi-
fication of animals that had molted to the next stage. Animals
were harvested from plates with water and total RNA was
extracted using the TriPure Isolation Reagent (Roche),
according to manufacturer’s instructions. For each time point,
1 pg of total RNA from each time point extraction was used in
a RT reaction performed using the ProtoScript First Strand
cDNA Synthesis Kit (New England Biolabs) with the pro-
vided Oligo dT (VN) primer. The RT reactions were diluted 1/
10 with water and 1 pul of the diluted RT was used in the PCR
reaction. Oligonucleotide primer sequences and specific PCR
conditions are detailed in the online Supplementary Materials
and Methods.

Linear-range PCR conditions were determined empirical-
ly by altering cycle numbers and input cDNA concentra-
tions. For the final analyses, all PCRs were halted in the
linear amplification range using the following cycle numb-
ers: lin-42 and ama-1, 28 cycles; nhr-23, nhr-25«, and nhr-
41a, 31 cycles; nhr-67, 32 cycles; nhr-6, nhr25f, and nhr-
41f, 33 cycles; nhr-85x, 34 cycles. PCR analysis was
attempted for nir-85f but the cDNA was very difficult to
amplify and reproducible PCR conditions could not be
established. All PCRs were performed in triplicate.

PCR products were detected by electrophoresis in 1%
agarose gels stained with ethidium bromide. Gels were
digitally exposed (below pixel saturation) and visualized
using a Bio-Rad Gel Doc imager. Bands were quantitated
using the Bio-Rad Quantity One software package. For each
reaction set, the highest band value was set to one and the
remaining band values were expressed as a fraction thereof.
The average value at a given time point was divided by the
average ama-1 value for that time point to generate the
relative values shown in Fig. 5. Standard deviations were
determined using a large sample approximation (Jeon et al.,
1999).

Results

The 15 C. elegans members of conserved NR subfami-
lies are summarized in Table 1. For most of these, compar-
ative sequence analyses establish apparent orthologous
relationships with insect and vertebrate NRs, as reflected
in the assignment to conserved NR subgroups (indicated by
letter designations with the major subfamilies NR1-6; Nu-
clear Receptors Committee, 1999), with some notable
exceptions. Although NHR-85 and SEX-1 are more closely
related to the vertebrate Rev-erb paralogs and insect E75/
E78 paralogs than to other subgroups, the degrees of
similarity do not meet the defined criteria for formal
placement in these groups. However, the NHR-85 DNA-
binding domain (DBD) is more similar to that of E75 than to
the E78 DBD, and is more similar to E75 than is SEX-1
(Sluder and Maina, 2001), so for the purposes of this work
we will consider NHR-85 to be the likely E75 ortholog. The

NR2A subgroup (HNF4) was the source of the massive NR
expansion in C. elegans, precluding definitive identification
of the ancestral HNF4 ortholog by sequence analysis alone
(Robinson-Rechavi et al., submitted for publication). How-
ever, nhr-64 and nhr-69 are the most similar to the verte-
brate and insect HNF4 genes (Robinson-Rechavi et al,
submitted for publication; Sluder and Maina, 2001), and
these two genes were therefore included in this study.

Gene structures of nhr-41, nhr-64, nhr-67, nhr-69, nhr-85,
and nhr-91

Of the eight NRs characterized in this study (bold
highlighted in Table 1), initial mRNA expression data and
cDNA sequences have been previously reported for nhr-6
and nhr-48 (Antebi et al., 2000; Kostrouch et al., 1995;
Sluder et al., 1999). For the six remaining genes, represen-
tation in cDNA libraries and initial RT-PCR and Northern
blot analyses confirmed that all are expressed genes (Gis-
sendanner, 2001; Sluder et al., 1999). The analysis of full-
length cDNA sequences verified the gene structures for nir-
41, nhr-64, nhr-67, nhr-69, nhr-85, and nhr-91 (Fig. 1). The
stereotypical NR protein contains an N-terminal transacti-
vation domain (A/B domain), a central DNA binding
domain (DBD), and a ligand-binding domain (LBD) posi-
tioned C-terminally to the LBD. All of the genes character-
ized here encode NRs exhibiting this canonical structure.
The mRNAs for all of the genes except nhr-67 are SL1
trans-spliced and four genes—nhr-41, nhr-64, nhr-85, and
nhr-91—encode more than one mRNA isoform (Fig. 1).
Multiple mRNA isoforms have also been described for nir-
48 (Antebi et al., 2000). For nhr-41, nhr-85, and nhr-91, the
alternate mRNA isoforms arose by the trans-splicing of SL1
to different exons (Fig. 1). The trans-splicing of SL1 to
exon 5 of nhr-41 yields a mRNA (nhr-41f) that encodes a
NR with a truncated A/B domain. The trans-splicing of SL1
to exon 2 of nhr-85 yields a mRNA (nhr-85) that encodes
a NR containing only the ligand-binding domain. A simi-
larly truncated NR lacking a DBD is encoded by nhr-91p,
which arises from the #rans-splicing of SL1 to exon 4 of
nhr-91. The alternate mRNA isoform of nhr-64, nhr-64p,
results from the alternate splicing of exon 1 to exon 3.
Interestingly, this nir-64 mRNA would also encode a NR
lacking an intact DNA-binding domain.

Biological functions of the conserved C. elegans NR genes

Reporter gene analysis and double-stranded RNA
(dsRNA)-mediated interference with gene function (RNA1)
were utilized to assess the biological functions of the
conserved NR genes. Spatial expression patterns were
determined using transgenic animals bearing GFP reporter
constructs (Fig. 1). Each gene displayed a distinct expres-
sion pattern ranging from expression in one or two cell types
to expression in nearly all cells of the animals, although it
should be noted that some reporter constructs might not
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fully reflect endogeneous gene expression due to the ab-
sence of intronic enhancers. All major somatic tissue types,
with the exception of body wall muscle, express one or
more of these conserved NR genes (Fig. 2).

nhr-67::GFP

nhr-85::GFP

nhr-69::GFP

nhr-64::GFP

nhr-64::GFP

nhr-48::GFP

.T

nhr-91::GFP

nhr-91::GFP

nhr-41c::GFP nhr-41B.::GFP

Multiple RNAi approaches were utilized to probe the
genetic functions of the conserved NR genes. dsRNA
corresponding to each gene was injected into young adult
N2 hermaphrodites and hermaphrodites of the RNAI sensi-
tized strain rrf-3(pk1426) (Simmer et al., 2002). F1 progeny
from these hermaphrodites were then assessed for visible
phenotypes (Table 2). In addition to dsRNA delivery by
injection, RNAi was performed by feeding hatched L1
larvae with dsRNA-expressing bacteria (Kamath et al.,
2000; Timmons et al., 2001) or by soaking larvae in a
dsRNA solution (Maeda et al., 2001). N2 and r7/~-3(pk1426)
larvae exposed to dsRNA by these methods were then
monitored to adulthood for detection of additional or more
subtle postembryonic phenotypes. For nhr-41, nhr-48, nhr-
64, nhr-69, and nhr-91, no visible phenotypes were ob-
served under conditions of abundant food supporting con-
tinuous larval development. Visible phenotypes were
observed for nhr-6, nhr-67, and nhr-85 (discussed below;
Fig. 3, Table 2). The use of rrf-3(pki426) in the RNAI
experiments also allowed an assessment of male morphol-
ogy because rrf-3(pkl1426) hermaphrodites have an elevated
number of males among their progeny (Simmer et al.,
2002). Morphology of the rrf-3(pki426) male gonad and
tail structures were phenotypically wild-type for all genes,
although mating efficiency was not specifically addressed
(data not shown).

Observations for each gene are described in more detail
below and are summarized in Table 3.

nhr-6

Expression of the nhAr-6::GFP reporter was limited;
robust expression was only observed in the posterior and
anterior spermatheca during the L3 and L4 stages (Figs. 2A,
B). Weak expression in two chemosensory neurons was
variably observed at all stages (data not shown). F1 progeny
of PO hermaphrodites injected with double-stranded nhr-6
RNA developed normally up to the adult stage (Table 2).
However, these adult F1 progeny produced abnormally

Fig. 2. nhr:: GFP reporter gene expression patterns. Epifluorescence micro-
graphs of GFP expression for the eight conserved NR genes. All animals are
late larvae except where indicated. Scale bar = 10 pm. In all micrographs,
anterior is to the left. (A) nhr-6:: GFP expression in the L4 spermatheca
(arrows). (B) DIC micrograph of A. (C) nhr-67:: GFP expression in anterior
neurons (arrow). The large fluorescent circles are additional expressing
neuronal nuclei in a different plane of focus. (D) DIC micrograph of C. (E)
nhr-85:: GFP expression in the vulva (arrow) and hypodermis (arrowhead).
(F) nhr-69:: GFP expression in uterine nuclei (arrows). Expression in the gut
is also evident. (G and H) nhr-64:: GFP expression in the gut and anterior
neurons (of an adult animal), respectively. (I) nhr-48:: GFP expression in the
pharyngeal gland. Arrow indicates pharyngeal gland process. (J) nhr-
48::GFP expression in the spermatheca (arrows). (K) nhr-91::GFP
expression in anterior neurons (arrow) and excretory cell (arrowhead). (L)
nhr-91:: GFP expression in the vulva (arrow) and seam (arrowhead). Ex-
pression in the spermatheca, anterior and posterior to the vulva, is also
evident. (M) nhr-41o.:: GFP expression in the seam (arrow) and excretory
cell (arrowhead). (N) nhr-41f:: GFP expression in the gut (arrow) and che-
mosensory neurons (arrowhead). Expression in head hypodermal nuclei is
seen anterior to the chemosensory neurons.
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Fig. 3. nhr-6, nhr-67, and nhr-85 RNAI phenotypes. DIC micrographs. Scale bar = 10 pm. (A) Ovulation defect in nhr-6(RNAi) adults. Arrow indicates the
most proximal oocyte. Note the fragmentation of the oocyte and abnormally round embryos inside the uterus and outside of the animal. (B) Gonad arm of
negative control (GFP) RNAI animals. Arrow points to the proximal oocyte. (C) nhr-67(RNAi) Sma phenotype. Compare to negative control adult in D. (E)
Molting defect in nhr-67(RNAi) Sma adult (arrow). (F) Protruding vulva (arrow) in nhr-67(RNAi) adult. Note the hatched larvae in the uterus. (G) nhr-
85(RNAi); rrf-3(pk1426) Egl adult. Arrow indicates abnormally developed vulva.
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Table 3
Summary of conserved NR gene expression and function (this study)

Function (RNAI)

nhr Spatial expression
(nhr:: GFP transgene)

nhr-6 Spermatheca, two chemosensory Ovulation
neurons

nhr-41 Seam cells, excretory cell, rectal
epithelia (nhr-410), chemosensory
neurons, gut, head/tail hypodermis
(nhr-41p)

nhr-48 Pharyngeal gland, spermatheca,
hypodermis

nhr-64 Anterior and posterior neurons, ventral
nerve cord, pharynx, gut, hypodermis

nhr-67 Six or seven anterior neurons

Dauer formation

None detected
None detected

Molting, vulva
development
None detected
Egg-laying, dauer
formation

None detected

nhr-69 Gut, hypodermis, uterus

nhr-85 Hypodermis, excretory and rectal
epithelia, vulva

nhr-91 Seam cells, spermatheca, vulva,
excretory cell, anterior neurons

small, round eggs (Fig. 3A; 29/29 F1 progeny transferred to
individual plates laid abnormal embryos). DIC observation
of the germline of 87 nhr-6 (RNAi) adult hermaphrodites
revealed that 43/87 had defective oocytes present in the
most proximal position relative to the spermatheca (Fig. 3A;
compare to control hermaphrodites in Fig. 3B). More distal
oocytes appeared normal, although slightly misshapen go-
nad arms were observed in two adults. The proximal
oocytes were often fragmented, although it was not clear
whether this fragmentation occurred before or during ovu-
lation. Fertilization of the fragmented oocytes could be the
source of the abnormally shaped eggs. This oocyte frag-
mentation is reminiscent of the ovulation defects resulting
from mutations in genes required for ovulation, such as cek-
18, which functions during sheath cell development (Rose et
al., 1997). Because the nhr-6::GFP is expressed in the
spermatheca, the ovulation defect may be due to defective
spermathecal development or function.

nhr-67

Like nhr-6:: GFP, nhr-67:: GFP also exhibited a restrict-
ed expression pattern. nhr-67::GFP expression was only
observed in six or seven head neurons (Figs. 2C, D).
Nevertheless, nhr-67 exhibited a robust RNAi phenotype
of perturbed larval and vulval development. Significant
numbers of abnormal, slow growing larvae were observed
among the F1 progeny of nhr-67 dsRNA-injected hermaph-
rodites (Table 2). These larvae did not display morpholog-
ical defects, but were sickly in appearance, uncoordinated in
movement, and slow growing, though they did eventually
reach the adult stage (see below). 185/229 of adult nhr-
67(RNAi) animals examined displayed a protruding vulva
(Pvul phenotype), indicating defects in vulval development
(Fig. 3F). This vulval phenotype varied in severity; the most
severely affected animals were incapable of laying eggs and
died as the result of embryos hatching within the uterus

(matricide). Examination of developing vulvae in nhr-
67(RNAi) larvae did not reveal any gross abnormalities,
suggesting that the Pvul phenotype is due to later events in
vulval morphogenesis (data not shown).

The nhr-67 RNAI phenotypes were also observed when
performing postembryonic RNAi by dsRNA feeding. 100%
of RNAI animals exhibited either the larval development
phenotype or the Pvul phenotype with the associated matri-
cide, indicating that the larval development phenotype in nkr-
67(RNAi) animals is due to a postembryonic function of nhr-
67. As expected, nhr-67 RNAI in the rrf-3(pk1426) back-
ground had more severe effects, with 44% of animals forming
abnormal larvae (n = 102) compared to 11% for N2 (n = 94).
The abnormal nhr-67(RNAi) larvae develop into adults that
are significantly smaller (Sma phenotype) than control RNAi
adults (Fig. 3C). All Sma adults displayed molting defects
with portions of incompletely shed larval cuticle remaining
attached to the animal (Fig. 3E). These molting defects were
first observed at the L3/L4 molt. The cuticle lining the
pharynx was frequently not shed, and failure to shed the
cuticular lining of the pharynx could inhibit feeding and lead
to the formation of small, sickly adults.

How the neural expression of nhr-67 correlates to the
cuticle-shedding defect is not entirely clear, unless nhr-67
affects neural cues for ecdysis. Similarly, there was no vulval
GFP expression in the nhr-67:: GFP reporter line. While it is
a formal possibility that the vulval phenotype is not directly
due to nhr-67 function in the developing vulva, there is no
known requirement for a neural function in vulval develop-
ment. Alternatively, this reporter construct may not recapit-
ulate the complete nhr-67 expression pattern, although the
reporter construct incorporated all sequences between the 5/
end of the nhr-67 open reading frame and the next predicted
upstream gene.

nhr-85

The nhr-85:: GFP reporter is expressed in the develop-
ing vulva, the hypodermis (Fig. 2E), and specialized epi-
thelia of the rectum and excretory duct (data not shown).
While nhir-85 RNAI by injection did not produce pheno-
types in the N2 background, 15% of FI adult progeny of
injected rrf-3(pk1426) hermaphrodites were egg-laying de-
fective and became bloated with eggs (Egl phenotype, Table
2; Fig. 3G). In the more severe cases, matricide occurred
due to internal hatching of retained eggs (bagging pheno-
type). The Egl and bagging phenotypes were confirmed by
postembryonic nhr-85 RNAI in the rrf-3(pki426) back-
ground. In two separate feeding experiments, the Egl or
bagging phenotype was observed in 34% (n = 114) and
42% (n = 79) of nhr-85(RNAi); rrf-3(pkl426) animals,
compared to 11% (n = 158) and 9% (n = 79), respectively,
in the control animals. Similar results in r7f-3(pk1426)
animals were also obtained from nAr-85 RNAIi by soaking,
with 41% (n = 39) of animals displaying an Egl phenotype
compared to 4% (n = 51) for control animals. Although
some older rrf-3(pkl1426) adults exhibited moderate bloat-
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GFP(RNAI); ¢ 5 hh23(RNA); daf-7(e1372)
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Fig. 4. Molting and dauer formation RNAi phenotypes. DIC micrographs. Scale bar = 10 pm. (A) Young adult nhr-25(RNAi); rrf-3(pk1426) animal encased in L4
cuticle (arrow). (B) nhr-23(RNAi) molting defect. Arrow indicates previous stage cuticle constriction. (C) Normal dauer produced by GFP(RNA); daf-7(el372)
at 25°C. Arrow indicates the thin pharyngeal structure of dauer animals. (D) Abnormal nhr-23(RNAi); daf-7(el372) dauer. Body size defect (compare to C) and
abnormally large pharyngeal structure (arrow) are shown in this panel. (E) Abnormal nhr-41(RNAi); daf-7(e1372) dauer. Body size defect and gonadal growth
defects are shown in this panel. Arrowhead indicates the point of dorsal turn of gonad, indicative of L4 gonad growth. Arrow indicates distal tip of the L4 gonad.
(F) Abnormal nhr-25(RNAi); daf-7(el372) dauer encased in cuticle. (G) Abnormal nhr-85(RNAi); daf-7(el372) dauer exhibiting degeneration of internal tissues.
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ing with retained eggs, resulting in a low percentage of
control animals scored as Egl, the more severe bagging Egl
phenotype was only observed in the nhr-85(RNAi) animals
(with the exception of a single bagging control animal).
Protruding and other forms of abnormal vulvae were
sometimes observed in Egl nhr-85(RNAi) adults. Thus,
nhr-85 appears to be required for the development or
function of the egg-laying machinery.

nhr-64 and nhr-69

The reporter gene for nhr-69 is strongly expressed in the
gut (Fig. 2F) and hypodermis at all stages. In late L4 and
adult, the nhr-69:: GFP is expressed in uterine cells (Fig.
2F) and some nhr-69::GFP transgenic animals also
expressed GFP in the rectal epithelia and the posterior
pharynx (data not shown). nhr-64:: GFP, the nhr reporter
gene with the broadest expression, is expressed in the gut,
hypodermis, pharynx, and neurons of the head, tail, and
ventral nerve cord (Figs. 2G, H; tail neurons and ventral
nerve cord expression not shown). As noted above, no
obvious phenotypes were observed for nhr-64 and nhr-69
in the various RNAIi experiments. A nhr-64/nhr-69 double
RNAI experiment also did not reveal any possible redundant
functions for these two genes.

nhr-48 and nhr-91

nhr-48:: GFP expression was observed in the pharyngeal
gland (Fig. 2I) in larvae and adults and also in the sperma-
theca (Fig. 2J) beginning in L4. Some transgenic lines
displayed weak hypodermal expression. nhr-91:: GFP dis-
played expression in the developing vulva, seam cells,
spermatheca, excretory cells, and anterior neurons (Figs.
2K, L). No obvious RNAi phenotypes were observed for
either nhr-48 or nhr-91.

nhr-41

The gene structure of nhr-41 is unique in that a large 5.2-
kb intron (intron 4) lies upstream of the second, alternate
SL1 splice site (Fig. 1). Thus, two GFP reporter constructs
were generated, containing distinct putative promoters for
nhr-410 and nhr-41f, the latter promoter corresponding to
genomic DNA in the large fourth intron. Our analysis
suggests different expression patterns for the two nhr-41
mRNA isoforms, although it is a formal possibility that
enhancers in the fourth intron could be acting on both
presumed promoters (o and ). The nhr-41o reporter gene
is expressed in the hypodermal seam, excretory cell (Fig.
2M), and rectal epithelia (data not shown). Varied and
inconsistent expression was also observed in head neurons
(data not shown). In contrast, the nhr-41f reporter gene is
expressed consistently in the gut, chemosensory neurons,
and head and tail hypodermal cells (Fig. 2N). Thus, the nhr-
41 reporter gene analysis may be revealing distinct functions
for the two isoforms. RNA1 analysis in continuously devel-
oping animals did not reveal possible functions for nhr-41.
However, nhr-41 is an ortholog of an insect NR involved in

regulation of molting, and its potential functions during
larval molting are discussed below.

Orthologs of insect ‘ecdysone cascade’ NRs function during
the C. elegans molting process

Five C. elegans nhr genes are orthologs of NR genes that
function during the ecdysone response cascade that regu-
lates molting and metamorphosis in insects: nhr-6 is the C.
elegans ortholog of DHR38, nhr-23 of DHR3, nhr-25 of
Ftz-F1, nhr-41 of DHR78, and nhr-85 is the likely C.
elegans ortholog of E75 (Table 1). Initial analyses of nhr-
25 and nhr-23 demonstrated that both genes are expressed in
the hypodermis and may function to regulate molting
processes (Asahina et al., 2000; Gissendanner and Sluder,
2000; Kostrouchova et al., 1998).

For nhr-23 and nhr-25, F1 larvae from parents injected
with dsRNA corresponding to these genes displayed diffi-
culties in shedding cuticle during the molting process (Asa-
hina et al., 2000; Gissendanner and Sluder, 2000;
Kostrouchova et al., 1998). However, these initial observa-
tions did not eliminate the possibility that the observed larval
defects resulted from defective development of the hypoder-
mis during embryogenesis. nkhr-23 was subsequently shown
to have a specific role in the molting process during
postembryonic development (Kostrouchova et al., 2001).

To determine if nhr-25 also has a specific molting
function, the postembryonic function of nAr-25 was inhibited

Table 4
nhr RNAI effects on dauer formation

dsRNA  daf-7(el372) at 25°C

N2 + pheromone at 20°C

Percent Percent Percent Percent
dauers SDS dauers SDS
resistance® resistance®
GFP° 100% 99% 94% 100%
(n = 233) (n =109 (n = 68) (n=33
dauers tested) dauers tested)
nhr-6 98% 96% 97% 100%
(n =125) (n=50) n=173) (n=39)
nhr-23° 100% 0% >90%> 0%
(n = 346)° (n=121) (n=43)
nhr-25° 100% 0% >90%> 0%
(n =312)° (n=199) (n=17)
nhr-41°  100% 0% 95% 0%
(n=175)° (n =128) (n = 82)° (n = 60)
nhr-64  100% 100% ND ND
(n=177) (n=177)
nhr-67  100% 96% ND ND
n=19) n=19)
nhr-69  100% 100% ND ND
(n=172) n=72)
nhr-85°  97% 47% 2% 100%
(n=197) (n=108) n=78)  (n=68)
nhr-91  100% (n = 83) 98% (n=83) ND ND

? Only dauers or dauer-like larvae were assessed for SDS resistance.

® For daf-7(el372), two replicate experiments were performed with these
genes. The numbers from both replicates are combined in the table.

¢ Dauer-like larvae.

4 Exact proportions not determined. >90% were dauer-like larvae.
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Fig. 5. Temporal RT-PCR expression analysis of conserved NRs. (A) mRNA abundance, relative to ama-1, of nhrs that exhibit a reiterated expression pattern
during larval development. (B) mRNA abundance, relative to ama-1, of nhrs that exhibit a more irregular pattern of expression. y-axis, ratio of nhr/ama-1
signals; x-axis, developmental time points (hours). Arrows and gray lines indicate the times at which molting occurred.
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Fig. 5 (continued).

by larval RNAIi by feeding (as described above). For com-
parison, RNAi of nhr-23 was performed in parallel. The nkr-
25(RNAiQ) animals developed to the adult stage of develop-
ment (n = 109). As has been previously observed (Asahina et
al., 2000; Gissendanner and Sluder, 2000), these nhr-
25(RNAi) adults displayed gonad and vulval abnormalities,
although most were fertile (data not shown). Further inspec-
tion of these animals revealed that the L4 cuticle was not
completely molted. Generally, this was observed as extrane-
ous cuticle stuck to the vulva, rectum, and mouth. When the
RNAI experiments were performed in the rrf-3(pk1426)
background, a more severe phenotype was observed. In all

animals (n = 113), movement ceased and the animals were
completely encased within both the L4 and adult cuticles
(Fig. 4A). While the adult cuticle had been synthesized, the
L4 cuticle was not shed. These animals developed an adult
gonad but the majority were sterile (14/14 scored by DIC
optics), similar to the most severely affected adults observed
in RNA1 by injection experiments (Gissendanner and Sluder,
2000). In contrast, at this point of development (approxi-
mately 72 h postfeeding), rrf-3(pk1426) larvae fed bacteria
expressing dsGFP RNA had become normal, gravid adults
(n = 151). These data indicate that nhr-25 is required for at
least the L4/adult molt. Earlier molting defects are observed
in F1 larvae derived from PO hermaphrodites injected with
nhr-25 dsRNA, suggesting that nAr-25 also has a role in the
earlier molts (Gissendanner and Sluder, 2000).

Postembryonic RNAI for nhr-23 generated the same suite
of phenotypes as described previously (Kostrouchova et al.,
2001). N2 animals subjected to nhr-23 RNAI arrested as L4
animals with a variable dumpy (Dpy) phenotype and con-
strictions of L3 cuticle (n = 108; 10/10 scored by DIC optics)
(Fig. 4B). When nhr-23 RNAi was performed in the rrf-
3(pk1426) background, molting defects were observed one
stage earlier at the L2/L.3 molt (data not shown).

Molting defects were never observed in nhr-6(RNAi), nhr-
41(RNAi), or nhr-85(RNAi) larvae (although cuticle defects
were occasionally observed with nhr-85 RNAI), leaving
unclear what role, if any, these genes may have in the C.
elegans molting cycle. The initial RNAi experiments for n/r-
6, nhr-23, nhr-25, nhr-41, and nhr-85 were performed during
the continuous growth life cycle, during which C. elegans
undergoes four molts before reaching the adult stage. Under
adverse environmental conditions, C. elegans executes an
alternate life cycle, entering a diapausing state marked by the
formation of a specialized third-stage larva, the dauer (Riddle
and Albert, 1997). Dauer larvae differ markedly in body
morphology and cuticle structure from the L3 larvae formed
during the continuous growth molts.

To test if nhr-6, nhr-23, nhr-25, nhr-41, and nhr-85
function during the specialized dauer molt, RNAI for these
genes was performed in daf-7(el372) larvae. daf-7 encodes a
TGFR homolog that transduces environmental signals and
promotes non-dauer development (Ren et al., 1996). The
el372 mutant is temperature sensitive, and at 25°C daf-
7(el1372) larvae constitutively enter the dauer stage. daf-
7(e1372) L1 larvae fed bacteria expressing dsRNA for nhr-
23, nhr-25, nhr-41, and nhr-85 fail to form normal dauers
(Figs. 4D, E, F, G and Table 4). Dauers are resistant to
treatment with 1% SDS (Riddle and Albert, 1997), and daf-
7(el372) larvae fed bacteria expressing dsGFP RNA formed
100% phenotypically wild-type, SDS-resistant dauers at
25°C. In contrast, nhr-23(RNAi); daf-7(el372), nhr-
25(RNAD); daf-7(el372), nhr-41(RNAi); daf-7(el372), and
nhr-85(RNAi); daf-7(el372) dauers were SDS-sensitive (Ta-
ble 4). Except for nhr-85(RNAi); daf-7(el372), the morphol-
ogy defects and SDS sensitivity were 100% penetrant.
Approximately one-half of the nhr-85(RNAQ); daf-7(el372)
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dauers were SDS resistant and also appeared morphologically
wild-type. RNAI in the daf-7(el372) background for nhr-6,
nhr-64, nhr-67, nhr-69, and nhr-91 resulted in morphologi-
cally normal, SDS-resistant dauers, indicating that the dauer
defects observed for nhr-23, nhr-25, nhr-41, and nhr-85 are
specific effects and are not due to a general incompatibility
between dauer formation and the RNAi process.

The defective RNAi dauer morphologies for these genes
were distinct. nhr-23(RNAi); daf-7(el372) dauers exhibited
the most severe phenotypes and were defective in most
features of dauer morphogenesis, including radial shrinkage
of the hypodermis, pharyngeal remodeling, and dauer alae
synthesis (n = 30 scored; Figs. 4C, D). In addition, some
animals exhibited L4 gonad growth and vulva development.
However, these animals eventually died and did not reach the
adult stage, although they never exhibited the cuticular
defects observed in nhr-23 RNAI experiments in the N2
background. nhr-41(RNAi); daf-7(el372) dauers were simi-
lar to nhr-23 but exhibited slightly more normal morphology
(n = 28 scored) with weak or nonexistent alac (data not
shown) and increased gonad growth (Fig. 4E). Some nhr-
41(RNAiQ); daf-7(el1372) dauers were also stuck in cuticle.
nhr-25(RNAi); daf-7(el372) dauers had a more normal dauer
morphology (some radial shrinkage, pharyngeal remodeling,
dauer gonad) and synthesized dauer alae (n = 30 scored).
However, these animals were frequently stuck in cuticle and
displayed tissue degeneration (Fig. 4F). The abnormal n#r-
85(RNAI); daf-7(el372) dauers were nearly identical to nhr-
25(RNAi) dauers in that they were stuck within a cuticle and
often exhibited tissue degeneration (generally more severe
than for nhr-25(RNAi); n = 10 scored) (Fig. 4G).

To verify that these dauer formation RNAi phenotypes
can occur in wild-type animals, RNAi was performed on
N2 larvae grown in the presence of dauer-inducing pher-
omone (Golden and Riddle, 1982). The SDS sensitivity
and the dauer morphology defects described above were
also observed in nhr-23, nhr-25, and nhr-41 RNAi dauer
larvae induced by pheromone exposure (Table 4 and data
not shown). nhr-85 RNAI dauer larvae induced by phero-
mone were 100% SDS resistant, in contrast to the incom-
pletely penetrant SDS sensitivity observed in nhr-
85(RNAiQ); daf-7(el1372) dauers. This result suggests that
the daf-7(e1372) background is sensitized for nhr-85
RNAI, possibly due to either enhanced RNAI efficiency
in daf-7(el1372) animals or a dauer developmental anomaly
of daf-7(el372) mutants that prevents normal dauer devel-
opment in larvae exposed to nhr-85 dsRNA. The failure of
nhr-23, nhr-25, and nhr-41 RNAIi larvae to form normal
dauers in both N2 and daf-7(el372) backgrounds suggests
that these genes function during the dauer molt or the dauer
formation process.

Temporal larval expression of the ‘ecdysone cascade’ NRs

In insects, the ecdysone cascade NRs display a specific
temporal expression and functional hierarchy during the

metamorphic molts (Richards, 1997). To assess whether
the C. elegans orthologs of these ecdysone cascade NRs
also display a specific temporal expression hierarchy during
larval development, temporal expression profiles were ana-
lyzed for the seven “ecdysone cascade” nhir mRNAS: nhr-6,
nhr-23; nhr-250, and f3; nhr-41o and f; and nhr-850. lin-42,
a C. elegans period homologue that has been shown to cycle
relative to the molts (Jeon et al., 1999), was included as a
positive control and for comparison. Because nhr-67(RNA7)
animals also display a molting defect, the mRNA temporal
expression profile was examined for nhr-67 as well.

Synchronous cultures of C. elegans at 20°C were har-
vested every 3 h until the adult stage was reached, and total
RNA was extracted. Specific mRNA species were detected
by RT-PCR. To determine the relative abundance for these
mRNAs during larval development, the levels of RT-PCR
product were standardized to that of a control mRNA, ama-
1, which encodes the large subunit of RNA polymerase 11
(Bird and Riddle, 1989). This semiquantitative RT-PCR
approach is intended to determine expression fluctuations
for a given mRNA across developmental time. Only a
comparison of the timing of expression fluctuations, not
of absolute expression levels, can be made among mRNA
species. This approach has previously been used to establish
temporal expression profiles for the cuticle collagen genes
(Johnstone and Barry, 1996), lin-42 (Jeon et al., 1999), and
nhr-23 (Kostrouchova et al., 2001). The temporal expres-
sion profile of /in-42 observed in this study is nearly
identical to the /in-42 profile previously reported (Jeon et
al.,, 1999). Although the previously described expression
profile for nhr-23 was based on worm cultures raised at
25°C (Kostrouchova et al., 2001), so that a direct compar-
ison of absolute developmental times cannot be made with
our data, the expression profiles are qualitatively similar.

Distinct temporal patterns emerged from the RT-PCR
analysis (Fig. 5). The mRNAs for lin-42, nhr-23, and nhr-
4]1a exhibit a low-high (peak)-low profile during the L1
intermolt that is precisely reiterated at later stages (Fig. 5A).
The mRNAs for nhr-250, nhr-25f, and nhr-41f have a
high-low-high (peak) expression profile during the L1 stage
(and into early L2) that is also reiterated (Fig. SA). nhr-25a
and nhr-41f also show a downward trend in baseline
expression as development proceeds. For all six mRNAs,
there are peaks of expression that occur at precise intervals
relative to the molt at all larval stages: nhr-25f and nhr-41p
peak at the beginning of the intermolt; nhr-23 peaks at mid-
intermolt, slightly preceding the intermolt peak in lin-42
expression; and nhr-250 and nhr-41o peak at the time the
larval molts occur. Two mRNAs, nhir-6 and nhr-850, show a
more irregular expression pattern with respect to the molt
(Fig. 5B); however, it should be noted that nAr-6 mRNA has
consistent relatively lower expression values at the times the
molt takes place. nhr-67 also does not display a reiterated,
oscillating expression pattern, although two early peaks are
observed at the end of the L1 stage and at the beginning of
L2 (Fig. 5B).



C.R. Gissendanner et al. / Developmental Biology 266 (2004) 399-416 413

Discussion

We have characterized the expression and function of
eight genes that encode orthologs of vertebrate and insect
NRs. These conserved genes have distinct spatial expression
patterns. Some of these genes—nhr-41, nhr-48, nhr-64, nhr-
69, and nhr-91—are expressed in several different cell types
and likely participate in multiple transcriptional pathways
regulating nematode development and cell function. RNAi
analysis revealed requirements for nhr-6, nhr-67, and nhr-85
in nematode reproduction. In addition, nhr-67 and nhr-85
have distinct functions during larval development, and nhr-
41 is specifically required for development of the alternate
dauer larval stage (discussed below).

Functions for the other NR genes may only be revealed in
RNAI screens that are targeted for specific processes. For
example, several NR genes, including the conserved NR
genes daf-12, nhr-25, and nhr-8, were identified in a RNAi
screen for genes required for proper fat metabolism (Ashrafi
et al.,, 2003). The design of specific experiments may be
informed by the GFP reporter gene expression patterns
described here, by mRNA expression changes observed in
genome-wide expression analyses (Hill et al., 2000; Jiang et
al., 2001; Wang and Kim, 2003), or by the functions of
orthologous NRs in other species. There are several exam-
ples of conservation of function between C. elegans NRs and
their vertebrate or insect orthologs (Van Gilst et al., 2002).
Most striking are the C. elegans NRs required for molting
(described below) and the function of nAr-8. The latter is
required for toxin resistance in C. elegans, a function very
similar to that of its vertebrate ortholog PXR (Lindblom et
al., 2001). Based on expression analysis, NHR-67 may
exhibit a conserved neural function as related members of
the TLL/TLX family regulate neural development and func-
tion in both vertebrates and insects (Pignoni et al., 1990; Yu
et al., 1994). The C. elegans HNF-4 homologs nhr-64 and
nhr-69 are also candidates to exhibit phylogenetically con-
served functions: HNF-4 NRs in vertebrates are endoder-
mally expressed and function in multiple metabolic
pathways (Giguere, 1999). nhr-64 and nhr-69 are both
expressed in the C. elegans endoderm (gut), suggesting the
potential for roles in endodermal metabolic processes.

Complexity in the biochemical activities of the C. elegans
conserved NRs is suggested by the alternate NR forms that
are encoded by alternately spliced mRNAs. The nhr-41ua
mRNA encodes a NR protein that has an additional 82 amino
acids in its N-terminal A/B domain, a region known to be
involved in transcriptional activation by NRs (Gronemeyer
and Laudet, 1995). The alternate p mRNA isoforms of nhr-
64, nhr-85, and nhr-91 encode truncated NRs lacking DNA-
binding domains. This particular NR coding structure is
fairly common among the C. elegans conserved NRs—
mRNA isoforms encoding this type of truncated NR have
been previously described for nhr-8, nhr-25, nhr-48, and
daf-12 (Antebi et al., 2000; Gissendanner and Sluder, 2000).
NRs consisting of only ligand-binding domains can dimerize

with and negatively affect the transcriptional activity of other
NRs (Lee et al., 2000; White et al., 1997), and these
truncated C. elegans NRs may have a similar function.

Regulation of nematode molting by NRs

Molting plays a central role in the life cycle of nematodes,
providing for the formation of stage-specific cuticles and
cuticle elaborations with specialized functions in feeding,
locomotion, and diapause. This is particularly apparent in
parasitic species that have specific larval stages that are
morphologically and physiologically suited for long-term
survival and infection of a host (Bird, 1987). Despite the
importance of molting, relatively little is known about the
regulation of this process in nematodes.

Nematodes are part of a proposed evolutionary clade, the
Ecdysozoa, that contains all molting invertebrates, including
insects (Aguinaldo et al., 1997). In insects, events in the
molting cycle are regulated by 20-hydroxyecdysone (20E),
the active form of ecdysone (Riddiford, 1985). 20E signal-
ing leads to a hierarchical cascade of gene transcription in
target cells (Ashburner et al., 1974; Richards, 1997). NRs
play a prominent role in this ecdysone response, which has
been well characterized genetically and molecularly in D.
melanogaster (Thummel, 1995, 2001). The receptor for 20E
is a heterodimer of two NRs, EcR (ecdysone receptor) and
Usp (ultraspiracle) (Koelle et al., 1991; Yao et al., 1993).
The expression of four NR genes—E75, E78, DHR3, and
Ftz-F1—is induced in response to 20E (Richards, 1997).
Two additional NR genes, DHR78 and DHR38, also regu-
late molting events and adult cuticle formation, respectively,
but their precise positions within the 20E pathway have yet
to be determined (Fisk and Thummel, 1998; Kozlova et al.,
1998).

Strikingly, orthologs of EcR and Usp are absent from the
C. elegans genome (Sluder and Maina, 2001), raising the
question of whether the hormonal signaling events that
initiate molting in insects are conserved in C. elegans. The
absence of Usp in C. elegans is especially surprising because
Usp is the ortholog of vertebrate RXR, and this NR group
(NR1B) is considered one of the more ancient NR groups
(Escriva et al., 2000). Interestingly, EcR and Usp homologs
are found in filarial nematodes and there are data to suggest
the existence of endogenous ecdysteroids in the parasitic
filarid and ascarid nematodes (Cleator et al., 1987; Fleming,
1985; Mendis et al., 1983; Sluder and Maina, 2001, Shea et
al., submitted for publication). In addition, specific effects on
molting and reproduction have been observed in filarids
exposed to exogenous ecdysteroids or to inhibitors of ecdy-
sone synthesis (Barker et al., 1989; Warbrick et al., 1993).
Putative orthologs of DHR38, E75, and E78 have also been
identified in filarids, suggesting that many aspects of the
ecdysone signaling cascade could be conserved in filarids
(C. Maina and K. Crossgrove, unpublished; Crossgrove et
al., 2002). While the ecdysone receptor components are not
present in C. elegans, the presence of orthologs for the other
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NRs in the pathway suggests that the downstream NR
functions may be conserved in C. elegans, even though the
signals that initiate the molting cycle may have diverged.

The data presented here, as well as in previous studies,
demonstrate that molting functions of at least some of these
‘ecdysone cascade’ NRs appear to be conserved in C.
elegans. The molting defects observed in nhr-23 and nhr-
25 RNAI animals occur at ecdysis, suggesting that the
cuticle shedding process is disrupted in these animals. The
overall similarity in the molting phenotypes between nhr-
23(RNAi) and nhr-25(RNAQ) animals suggests that these two
NRs regulate similar genes, such as those encoding cuticle
collagens (as has been shown for NHR-23, Kostrouchova et
al., 2001) or proteases that may be required for cuticle
shedding.

Under adverse conditions, C. elegans enters an alternate
life cycle at the end of the L1 stage, culminating in the
formation of a diapausing dauer larva at the L2 to L3 molt
(Riddle and Albert, 1997). We have demonstrated that most
of the C. elegans orthologs of the “ecdysone cascade” NRs
are also required for dauer development. The observed
dauer-defective phenotypes were of two general classes:
abnormal dauer morphology and ecdysis defects. nhr-23
and nhr-41 RNAi dauers displayed severe dauer morphology
defects, suggesting that nhr-23 and nhr-41 have critical roles
in development of the specialized structure of the dauer
larva. nhr-25 and nhr-85 RNAI dauer animals exhibited
ecdysis defects that, in most cases, were associated with
degeneration of internal tissues. However, despite tissue
degeneration, the overall morphology of these defective
dauer larvae appeared phenotypically wild type. Therefore,
the roles of nhr-25 and nhr-85 in dauer development may be
restricted to the molting process.

The mRNAs of three of the C. elegans ‘ecdysone cas-
cade’ NR genes—nhr-23, nhr-25, and nhr-41—are
expressed in an oscillating, reiterated pattern during the
larval molting cycles. This oscillation is similar to the
reiteration of cuticle collagen gene expression observed
during larval development (Johnstone and Barry, 1996)
and is consistent with a functional role for these NRs in
regulating the molting cycle. The oscillating expression
pattern of nhr-41 suggests that this gene may play a role in
molting regulation, despite the absence of an RNAi molting
phenotype during continuous growth. The potential molting
role for nhr-41 is intriguing as, unlike nhr-23 and nhr-25, it
is expressed in nonepidermal cell types. Most interesting is
the neural expression of nhr-41, which may indicate a neural
regulatory role upstream of the molting processes executed
in the hypodermis.

Other NR genes exhibited more complex temporal ex-
pression profiles with no obvious relation to the molting
cycle. The absence of a reiterated expression pattern for the
‘ecdysone cascade’ NRs nhr-6 and nhr-85, along with the
absence of an RNAIi phenotype, could suggest that these
genes do not have molting functions during the continuous
growth life cycle, though n/r-85 may have a function during

the dauer molt. However, oscillating mRNA expression
would not seem to be an absolute requirement for molting
function, as NRs have the potential to be regulated posttrans-
lationally by a ligand. Although postembryonic nhr-67 func-
tion is required for larval molting, nir-67 mRNA expression
levels do not oscillate with each molt. The Drosophila
homolog of nhr-67, tll, is required for the development of
embryonic termini and the central nervous system (Pignoni et
al., 1990). Our data suggest a potential additional function in
molting for TLL NRs in the Ecdysozoa.

Several possible expression hierarchies can be proposed
for the C. elegans ‘ecdysone cascade’ NRs that exhibit
cycling expression profiles. For example, the nAr-25 and
nhr-41 expression peaks occur at the molt or early in the
larval intermolt, and the activity of these two genes could
define either the beginning or end of a putative NR molting
regulatory pathway. The different mRNA isoforms of nhr-25
and nhr-41 have distinct patterns, suggesting that the differ-
ent protein isoforms have distinct functions. It is tempting to
speculate that the LBD-only NR encoded by nAr-25 may
function as an inhibitor, through dimerization, of another NR
that is expressed during molting, similar to the proposed
function of the LBD-only NR, E75B, in inhibiting DHR3
during the metamorphic molts in Drosophila (White et al.,
1997). Genetic analysis will be required for full delineation
of any NR hierarchy regulating C. elegans molting. Inter-
estingly, the pattern of nAr-23 and nhr-25 mRNA expression
during the intermolts is similar to the mRNA expression
patterns of DHR3 and [jFtz-F'I during the second larval instar
of D. melanogaster (Sullivan and Thummel, 2003). nhr-23
and DHR3 are both expressed at the middle of the intermolt
while nhr-25 and fFtz-Flare expressed at the end of the
intermolt. This suggests that a conserved temporal transcrip-
tional hierarchy contributes to the regulation of larval molt-
ing in both nematodes and insects.

lin-42, a homolog of the Drosophila circadian rhythm
gene period, is required for the timing of adult cell fate in C.
elegans (Jeon et al., 1999). lin-42 mRNA is expressed in a
reiterated, fluctuating pattern, with peaks that occur before
each molt. In addition, /in-42 mutants exhibit an ecdysis
defect at the L4 to adult molt. The oscillating expression and
the ecdysis defect suggest a role for /in-42 in molting
regulation. /in-42 is one of several genes in the hetero-
chronic pathway that regulates the timing of postembryonic
developmental events (Ambros, 2000). The heterochronic
and molting pathways both control the timing of distinct
events during postembryonic development, but the mecha-
nisms by which these two pathways interact and are coor-
dinated remain unknown. We compared the /in-42
expression profile with the oscillating NR profiles, finding
that /in-42 expression peaks after that of nhr-23 but before
the nhr-25 and nhr-41 expression peaks. The temporal
placement of /in-42 relative to the NR regulatory hierarchy
proposed here will provide a context in which to probe
heterochronic and molting gene interaction through genetic
analysis.



C.R. Gissendanner et al. / Developmental Biology 266 (2004) 399-416 415

Acknowledgments

The authors thank David Eisenmann for aiding in the
analysis of nhr-85(RNAi) animals, Puneet Gandotra for
aiding in the analysis of the nhr-85:: GFP reporter, George
Tzertzinis for manuscript comments and RT-PCR assistance,
and Judy Willis for helpful discussions. CRG and CVM
gratefully acknowledge Don Comb for support. KAK was
supported in part by funds from a Beta Beta Beta Foundation
Research Scholarship. Some C. elegans strains were
provided by the Caenorhabditis Genetics Center.

References

Aguinaldo, A.M., Turbeville, J.M., Linford, L.S., Rivera, M.C., Garey,
J.R., Raff, R.A., Lake, J.A., 1997. Evidence for a clade of nematodes,
arthropods and other moulting animals. Nature 387, 489—493.

Ambros, V., 2000. Control of developmental timing in Caenorhabditis
elegans. Curr. Opin. Genet. Dev. 10, 428—-433.

Antebi, A., Yeh, W.H., Tait, D., Hedgecock, E.M., Riddle, D.L., 2000. daf-
12 encodes a nuclear receptor that regulates the dauer diapause and
developmental age in C. elegans. Genes Dev. 14, 1512—1527.

Asahina, M., Ishihara, T., Jindra, M., Kohara, Y., Katsura, 1., Hirose, S.,
2000. The conserved nuclear receptor Ftz-F1 is required for embryo-
genesis, moulting and reproduction in Caenorhabditis elegans. Genes
Cells 5, 711-723.

Ashburner, M., Chihara, C., Meltzer, P., Richards, G., 1974. Temporal
control of puffing activity in polytene chromosomes. Cold Spring Har-
bor Symp. Quant. Biol. 38, 655—662.

Ashrafi, K., Chang, F.Y., Watts, J.L., Fraser, A.G., Kamath, R.S., Ahringer,
J., Ruvkun, G., 2003. Genome-wide RNAI analysis of Caenorhabditis
elegans fat regulatory genes. Nature 421, 268—272.

Barker, G.C., Mercer, J.G., Svoboda, J.A., Thompson, M.J., Rees, H.H.,
Howells, R.E., 1989. Effects of potential inhibitors on Brugia pahangi
in vitro: macrofilaricidal action and inhibition of microfilarial produc-
tion. Parasitology 99 (Pt. 3), 409—416.

Beato, M., Herrlich, P., Schuetz, G., 1995. Steroid hormone receptors:
many actors in search of a plot. Cell 83, 851-857.

Bird, A.F., 1987. Moulting of parasitic nematodes. Int. J. Parasitol. 17,
233-239.

Bird, D.M., Riddle, D.L., 1989. Molecular cloning and sequencing of ama-
1, the gene encoding the largest subunit of Caenorhabditis elegans
RNA polymerase II. Mol. Cell. Biol. 9, 4119-4130.

Carmi, 1., Kopczynski, J.B., Meyer, B.J., 1998. The nuclear hormone re-
ceptor SEX-1 is an X-chromosome signal that determines nematode
sex. Nature 396, 168—173.

Cassata, G., Kagoshima, H., Pretot, R.F., Aspoeck, G., Niklaus, G., Buer-
glin, T.R., 1998. Rapid expression screening of Caenorhabditis elegans
homeobox open reading frames using a two-step polymerase chain
reaction promoter-gfp reporter construction technique. Gene 212,
127-135.

Cleator, M., Delves, C.J., Howells, R.E., Rees, H.H., 1987. Identity and
tissue localization of free and conjugated ecdysteroids in adults of
Dirofilaria immitis and Ascaris suum. Mol. Biochem. Parasitol. 25,
93-105.

Crossgrove, K., Laudet, V., Maina, C.V., 2002. Dirofilaria immitis encodes
Di-nhr-7, a putative orthologue of the Drosophila ecdysone-regulated
E78 gene. Mol. Biochem. Parasitol. 119, 169—-177.

Escriva, H., Delaunay, F., Laudet, V., 2000. Ligand binding and nuclear
receptor evolution. BioEssays 22, 717-727.

Fisk, G.J., Thummel, C.S., 1998. The DHR78 nuclear receptor is required
for ecdysteroid signaling during the onset of Drosophila metamorpho-
sis. Cell 93, 543-555.

Fleming, M.W., 1985. Ascaris suum: role of ecdysteroids in molting. Exp.
Parasitol. 60, 207-210.

Giguere, V., 1999. Orphan nuclear receptors: from gene to function. En-
docr. Rev. 20, 689-725.

Gissendanner, C.R., 2001. Functional analysis of nuclear receptor genes in
the nematode Caenorhabditis elegans. Department of Cellular Biology.
University of Georgia, Athens, GA, PhD dissertation.

Gissendanner, C.R., Sluder, A.E., 2000. nhr-25, the Caenorhabditis ele-
gans ortholog of fiz-fl, is required for epidermal and somatic gonad
development. Dev. Biol. 221, 259-272.

Golden, J.W., Riddle, D.L., 1982. A pheromone influences larval develop-
ment in the nematode Caenorhabditis elegans. Science 218, 578—580.

Golden, J.W., Riddle, D.L., 1984. A pheromone-induced developmental
switch in Caenorhabditis elegans: temperature-sensitive mutants re-
veal a wild-type temperature-dependent process. Proc. Natl. Acad.
Sci. U. S. A. 81, 819-823.

Gronemeyer, H., Laudet, V., 1995. Transcription factors 3: nuclear recep-
tors. Protein Profile 2, 1173—1308.

Hill, A.A., Hunter, C.P., Tsung, B.T., Tucker-Kellogg, G., Brown, E.L.,
2000. Genomic analysis of gene expression in C. elegans. Science 290,
809-812.

Jeon, M., Gardner, H.F., Miller, E.A., Deshler, J., Rougvie, A.E., 1999.
Similarity of the C. elegans developmental timing protein LIN-42 to
circadian rhythm proteins. Science 286, 1141—1146.

Jiang, M., Ryu, J., Kiraly, M., Duke, K., Reinke, V., Kim, S.K., 2001.
Genome-wide analysis of developmental and sex-regulated gene ex-
pression in Caenorhabditis elegans. Proc. Natl. Acad. Sci. U. S. A.
98, 218-223.

Johnstone, I.L., Barry, J.D., 1996. Temporal reiteration of a precise gene
expression pattern during nematode development. EMBO J. 15,
3633-3639.

Kamath, R.S., Martinez-Campos, M., Zipperlen, P., Fraser, A.G., Ahringer,
J., 2000. Effectiveness of specific RNA-mediated interference through
ingested double-stranded RNA in Caenorhabditis elegans. Genome
Biol. 2.

Koelle, M.R., Talbot, W.S., Segraves, W.A., Bender, M.T., Cherbas, P.,
Hogness, D.S., 1991. The Drosophila EcR gene encodes an ecdysone
receptor, a new member of the steroid receptor superfamily. Cell 67,
59-77.

Kostrouch, Z., Kostrouchova, M., Rall, J.E., 1995. Steroid/thyroid hor-
mone receptor genes in Caenorhabditis elegans. Proc. Natl. Acad.
Sci. U. S. A. 92, 156—159.

Kostrouchova, M., Krause, M., Kostrouch, Z., Rall, J.E., 1998. CHR3: a
Caenorhabditis elegans orphan nuclear hormone receptor required for
proper epidermal development and molting. Development 125,
1617-1626.

Kostrouchova, M., Krause, M., Kostrouch, Z., Rall, J.E., 2001. Nuclear
hormone receptor CHR3 is a critical regulator of all four larval molts of
the nematode Caenorhabditis elegans. Proc. Natl. Acad. Sci. U. S. A.
98, 7360—7365.

Kozlova, T., Pokholkova, G.V., Tzertzinis, G., Sutherland, J.D., Zhimulev,
I.F., Kafatos, F.C., 1998. Drosophila hormone receptor 38 functions
in metamorphosis: a role in adult cuticle formation. Genetics 149,
1465-1475.

Krause, M., Hirsh, D., 1987. A trans-spliced leader sequence on actin
mRNA in C. elegans. Cell 49, 753—-761.

Laudet, V., 1997. Evolution of the nuclear receptor superfamily: early
diversification from an ancestral orphan receptor. J. Mol. Endocrinol.
19, 207-226.

Lee, Y.K., Dell, H., Dowhan, D.H., Hadzopoulou-Cladaras, M., Moore,
D.D., 2000. The orphan nuclear receptor SHP inhibits hepatocyte nu-
clear factor 4 and retinoid X receptor transactivation: two mechanisms
for repression. Mol. Cell. Biol. 20, 187—195.

Lewis, J.A., Fleming, J.T., 1995. Basic culture methods. In: Epstein, H.F.,
Shakes, D.C. (Eds.), Caenorhabditis elegans: Modern Biological
Analysis of an Organism, vol. 48. Academic Press, San Diego, CA,
pp. 3-29.



416 C.R. Gissendanner et al. / Developmental Biology 266 (2004) 399416

Lindblom, T.H., Pierce, G.J., Sluder, A.E., 2001. A C. elegans orphan
nuclear receptor contributes to xenobiotic resistance. Curr. Biol. 11,
864—868.

Maeda, 1., Kohara, Y., Yamamoto, M., Sugimoto, A., 2001. Large-scale
analysis of gene function in Caenorhabditis elegans by high-throughput
RNA.. Curr. Biol. 11, 171-176.

Maglich, J.M., Sluder, A., Guan, X., Shi, Y., McKee, D.D., Carrick, K.,
Kamdar, K., Willson, T.M., Moore, J.T., 2001. Comparison of complete
nuclear receptor sets from the human, Caenorhabditis elegans and
Drosophila genomes. Genome Biol. 2, research0029.1-0029.7.

Manglesdorf, D.J., Thummel, C., Beato, M., Herrlich, P., Schiitz, G., Ume-
sono, K., Blumberg, B., Kastner, P., Mark, M., Chambon, P., Evans,
R.M., 1995. The nuclear receptor superfamily: the second decade. Cell
83, 835-839.

McKenna, N.J., Lanz, R.B., O’Malley, B.W., 1999. Nuclear receptor cor-
egulators: cellular and molecular biology. Endocr. Rev. 20, 321-344.

Mello, C., Fire, A., 1995. DNA transformation. In: Epstein, H.F., Shakes,
D.C. (Eds.), Caenorhabditis elegans: Modern Biological Analysis of an
Organism, vol. 48. Academic Press, San Diego, CA, pp. 451-482.

Mendis, A.H., Rose, M.E., Rees, H.H., Goodwin, T.W., 1983. Ecdysteroids
in adults of the nematode, Dirofilaria immitis. Mol. Biochem. Parasitol.
9, 209-226.

Much, J.W., Slade, D.J., Klampert, K., Garriga, G., Wightman, B., 2000.
The fax-1 nuclear hormone receptor regulates axon pathfinding and
neurotransmitter expression. Development 127, 703—712.

Nuclear Receptors Committee, 1999. A unified nomenclature system for
the nuclear receptor superfamily. Cell 97, 1-20.

Pignoni, F., Baldarelli, R.M., Steingrimsson, E., Diaz, R.J., Patapoutian, A.,
Merriam, J.R., Lengyel, J.A., 1990. The Drosophila gene tailless is
expressed at the embryonic termini and is a member of the steroid
receptor superfamily. Cell 62, 151-163.

Rastinejad, F., 1998. Structure and function of the steroid and nuclear
receptor DNA binding domain. In: Freedman, L.P. (Ed.), Molecular
Biology of the Steroid and Nuclear Hormone Receptors. Birkhauser,
Boston, pp. 105—-131.

Ren, P., Lim, C.S., Johnsen, R., Albert, P.S., Pilgrim, D., Riddle, D.L.,
1996. Control of C. elegans larval development by neuronal expression
of a TGF-beta homolog. Science 274, 1389—1391.

Richards, G., 1997. The ecdysone regulatory cascades in Drosophila. Adv.
Dev. Biol. 5, 81-135.

Riddiford, L.M., 1985. Hormone action at the cellular level. In: Kerkut, G.,
Gilbert, L.I. (Eds.), Comprehensive Insect Physiology, Biochemistry,
and Pharmacology. Pergamon, New York, pp. 37—84.

Riddle, D.L., Albert, P.S., 1997. Genetic and environmental regulation of
dauer larva development. In: Riddle, D.L., Blumenthal, T., Meyer, B.,
Preiss, J. (Eds.), C. elegans 11. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY, pp. 739-768.

Rose, K.L., Winfrey, V.P., Hoffman, L.H., Hall, D.H., Furuta, T., Green-
stein, D., 1997. The POU gene ceh-18 promotes gonadal sheath cell
differentiation and function required for meiotic maturation and ovula-
tion in Caenorhabditis elegans. Dev. Biol. 192, 59-77.

Sengupta, P., Colbert, H.A., Bargmann, C.I., 1994. The C. elegans gene
odr-7 encodes an olfactory-specific member of the nuclear receptor
superfamily. Cell 79, 971-980.

Shea, C., Hough, D., Xiao, J., Tzertzinis, G., Maina, C.V., 2003. An RXR/
Usp homolog from the parasitic nematode, Dirofilaria immitis. Gene
(in press).

Simmer, F., Tijsterman, M., Parrish, S., Koushika, S.P., Nonet, M.L., Fire,
A., Ahringer, J., Plasterk, R.H., 2002. Loss of the putative RNA-directed
RNA polymerase RRF-3 makes C. elegans hypersensitive to RNAI.
Curr. Biol. 12, 1317-1319.

Sluder, A.E., Maina, C.V., 2001. Nuclear receptors in nematodes: themes
and variations. Trends Genet. 17, 206—-213.

Sluder, A., Mathews, S.W., Hough, D., Yin, V.P., Maina, C.V., 1999. The
nuclear receptor superfamily has undergone extensive proliferation and
diversification in nematodes. Genome Res. 9, 103—120.

Sullivan, A.A., Thummel, C.S., 2003. Temporal profiles of nuclear receptor
gene expression reveal coordinate transcriptional responses during Dro-
sophila development. Mol. Endocrinol. 11, 2125-2137.

Sulston, J.E., Hodgkin, J., 1988. Methods. In: Wood, W.B. (Ed.), The
Nematode Caenorhabditis elegans. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY, pp. 587—-606.

Thummel, C., 1995. From embryogenesis to metamorphosis: the regulation
and function of Drosophila nuclear receptor superfamily members. Cell
83, 871-877.

Thummel, C.S., 2001. Molecular mechanisms of developmental timing in
C. elegans and Drosophila. Dev. Cell 1, 453-465.

Timmons, L., Court, D.L., Fire, A., 2001. Ingestion of bacterially expressed
dsRNAs can produce specific and potent genetic interference in Caeno-
rhabditis elegans. Gene 263, 103—112.

Van Gilst, M., Gissendanner, C.R., Sluder, A.E., 2002. Diversity and func-
tion of orphan nuclear receptors in nematodes. Crit. Rev. Eukaryotic
Gene Expression 12, 65—88.

Wang, J., Kim, S.K., 2003. Global analysis of dauer gene expression in
Caenorhabditis elegans. Development 130, 1621—1634.

Warbrick, E.V., Barker, G.C., Rees, H.H., Howells, R.E., 1993. The effect
of invertebrate hormones and potential hormone inhibitors on the third
larval moult of the filarial nematode, Dirofilaria immitis, in vitro. Para-
sitology 107 (Pt. 4), 459—-463.

White, K.P., Hurban, P., Watanabe, T., Hogness, D.S., 1997. Coordination
of Drosophila metamorphosis by two ecdysone-induced nuclear recep-
tors. Science 276, 114—117.

Yao, T.-P., Forman, B.M., Jlang, Z., Cherbas, L., Chen, J.-D., McKeown,
M., Cherbas, P., Evans, R.M., 1993. Functional ecdysone receptor is the
product of EcR and Ultraspiracle genes. Nature 366, 476—479.

Yu, R.T., McKeown, M., Evans, R.M., Umesono, K., 1994. Relationship
between Drosophila gap gene tailless and a vertebrate nuclear receptor
TIx. Nature 370, 375-379.

Zhou, H.M., Walthall, W.W., 1998. UNC-55, an orphan nuclear hor-
mone receptor, orchestrates synaptic specificity among two classes
of motor neurons in Caenorhabditis elegans. J. Neurosci. 18,
10438 -10444.



	Expression and function of conserved nuclear receptor genes in Caenorhabditis elegans
	Introduction
	Materials and methods
	cDNA cloning and characterization
	GFP reporter gene analysis
	dsRNA interference with gene function (RNAi)
	Semiquantitative RT-PCR analysis

	Results
	Gene structures of nhr-41, nhr-64, nhr-67, nhr-69, nhr-85, and nhr-91
	Biological functions of the conserved C. elegans NR genes
	nhr-6
	nhr-67
	nhr-85
	nhr-64 and nhr-69
	nhr-48 and nhr-91
	nhr-41

	Orthologs of insect ecdysone cascade NRs function during the C. elegans molting process
	Temporal larval expression of the ecdysone cascade NRs

	Discussion
	Regulation of nematode molting by NRs

	Acknowledgements
	References


