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1 INTRODUCTION 
 
1.1 Nuclear hormone receptors in Caenorhabditis elegans 

C. elegans contains 284 nuclear hormone receptor (NHR) genes. This 
large number of genes is in contrast with the number of receptors in other 
species. 48 nuclear receptor (NR) genes have been identified in human and 18 
NRs in Drosophila melanogaster. Except for DAF-12 (Motola et al., 2006), no 
ligand or activator of NHRs in C. elegans has been found till this time and all 
remaining NRs in C. elegans are called “orphan”. Molecular phylogenetic 
analysis grouped NRs to six major NR subfamilies (Nuclear Receptor 
Committee, 1999). Comparative analysis of both DNA binding domain (DBD) 
and ligand binding domain (LBD) sequences suggested that most of the NRs in 
C. elegans arose from an extensive expansion and diversification of the HNF4 
group (Robinson-Rechavi et al., 2002).  

Fifteen NRs from C. elegans are conserved. The function of 11 genes 
from more then 284 predicted C. elegans NHRs were identified. It was shown 
that nhr-23 (Kostrouchova et al., 1998) and nhr-25 (Asahina et al., 2000, 
Gissendanner et al., 2000) are important for development of epidermis, daf-12 
regulates dauer formation (Antebi et al., 2000), sex-1 affects sex determination 
(Carmi et al., 1998),  fax-1 and unc-55 are important for neuronal development 
(Much et al., 2000; Zhou and Walthall, 1998),   nhr-67 and nhr-85 are important 
for proper vulval development and function, nhr-8 is involved in toxin 
resistance, nhr-41 and nhr-85 are important during dauer formation and nhr-6 
during ovulation (Gissendanner et al., 2004).  

Most C. elegans NHRs appear to be nematode specific and are referred to 
as supplementary nuclear receptors or supnrs (Bertrand, 2004; Robinson-
Rechavi, 2005). It is likely that many of the C. elegans supnrs evolved from an 
ancestral gene related to vertebrate hepatocyte nuclear factor 4 (HNF4) 
(Bertrand, 2004; Robinson-Rechavi, 2005). Consistent with this possibility, it 
was recently shown that one of the HNF4-related C. elegans factors, the NHR-
49, is a major regulator of fat metabolism and is involved in functions supported 
by PPARs in vertebrates (Van Gilst, 2005a; Van Gilst, 2005b). Functional 
analysis of the supnrs may provide additional evidence for the origin, evolution  
and maintenance of this unusually large family of potential ligand – binding 
transcription factors. Metabolic response to environmental xenobiotics may be a 
factor acting in the expansion of this gene family in nematodes (Lindblom, 
2001). 

nhr-40 is a member of a group of 18 receptors of C. elegans NHRs that 
are defined by the P box sequence CNGCKT. It was recently shown that this 
receptor also belongs to the more conserved group I of supplementary nuclear 
receptors (Robinson-Rechavi et al., 2005).  
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1.2 Nuclear hormone receptor  

Nuclear hormone receptors are ligand – dependent transcription factors 
(Mangelsdorf et al., 1995a). They play important roles in the regulation of cell 
growth and differentiation and afford connection between signaling molecules, 
hormones, and transcriptional response (Beato et al., 1995; Mangelsdorf, 1995a; 
Mangelsdorf et al., 1995b; Thummel, 1995). NHRs influence embryonic 
development and adult homeostasis as hormone – activated transcriptional 
regulators and have key regulatory functions in wide range of biological 
processes (Beato et al., 1995; Van Gilst et al. 2002). NHRs were not found in 
plants. They are present in Tripedalia cystophora, a cubomeduzan jellyfish  
which has a retinoid receptor jRXR with remarkable homology to vertebrate 
retinoic acid X receptor (RXR) (Kostrouch et al., 1998). Recently a ligand 
binding domain combined of heterodimeric transcription factor Oaf1/Pip2 was 
discovered in yeast Saccharomyces cerevisiae (Phelps et al., 2006).  
 
1.2.1 Structure of nuclear hormone receptors 
 NHRs have conserved structure that consists of 6 domains. The A/B 
domain localized at N- terminus is not conserved, is variable in sequence and in 
size of the region, and contains the AF-1 (activation function 1) domain. The 
DNA binding domain (DBD), known also as C domain, is conserved and 
determines the superfamily of nuclear receptors. The DBD targets receptors to 
specific DNA sequences known as hormone response elements (HREs) (Evans 
et al., 1988; Beato et al., 1991; Mangelsdorf et al., 1995a). The DBD consists of 
two highly conserved zinc fingers (Berg, 1989). The structure is based on a 
sequence that can be described by the formula: 
Cys-X2-Cys-X13-Cys-X2-Cys-X(15 or 17)-Cys-X(5 - 6)-Cys-X(9 - 13)Cys-X2-Cys-X4-Cys-X3GM.  

 
The D domain, functionally known as a hinge region is very variable in 

both length and primary sequence. The hinge region is flexible. This allows 
some receptors to bind as dimers on multiple types of HREs (Giguere et al., 
1999). The ligand binding domain (LBD) is a conserved domain positioned at 
the C-terminal half of the receptor. This domain is responsible for recognition 
and binding of ligands and for dimerization of receptors. The binding of ligands 
to LBD induces conformation changes and bring the receptor to a 
transcriptionally active state (Mangelsdorf et al., 1995b). This region also 
includes homo- and heterodimerization interface, hormone dependent 
transcriptional activation functions, and (in some cases) hormone reversible 
transcriptional repression (Mangelsdorf et al., 1995a). All ligand activated 
receptors have a carboxy – terminal activation function termed AF-2 (activation 
function 2) (Bourget et al. 1995).  At the C – terminus, there is a variable region 
known as F (Figure 1).  
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Figure 1.  Schematic representation of a typical nuclear receptor 

 
1.2.2 Orphan receptors 

The nuclear hormone receptor family includes members with no known  
ligand. They are called orphan receptors. Recently, natural and synthetic ligands 
have been identified for several orphan receptors; xenobiotics (steroids, 
antibiotics) for PXR (Klewer et al., 2002), prostaglandin derivates, fatty acids 
and leukotriens for PPAR (Desvergne and Wahli, 1999; Emery et al., 2001). 

Several subfamilies of orphan receptors have been found in metazoan 
organisms (Baniahmad et al., 1993, Giguere et al. 1995).  
 
1.3 Caenorhabditis elegans as a powerful tool of developmental biology 
 
1.3.1 Caenorhabditis elegans as a model organism 

Caenorhabditis elegans is an invertebrate model organism. Molecular 
biologist Sydney Brenner worked with this organism to study the genetics and 
the function of neuronal system during the ´60s of last century. Today 1 mm tiny 
nematode has a prominent role in a modern biology. C. elegans belongs to 
Rhabditidae. It is a small transparent multicellular organism. All cells can be 
seen and followed during development in the light microscope. C. elegans 
develops from embryo (559 cells at hatching) through four larval stages L1, L2, 
L3, L4 to adult stage during 3 days at room temperature. All four larval stages 
are punctuated by molts. It exists in two genders, hermaphrodite and male 
although the incidence of males is 1:500. Hermaphrodites differ from males in 
the number of somatic cells (in adult stage a hermaphrodite has 959 cells and 
male has 1,031 cells) and also in morphology (Sulston and Horvitz, 1977).   
 
1.3.2 The genome 

The genome of C. elegans was completely sequenced and published in 
1998 (The C. elegans Sequencing Consortium, 1998). All data about genes, 
cosmids, cDNAs, ESTs, repeats and other information are collected and open to 
public in “a C. elegans database” ACEDB, in Wormbase www.wormbase.org., 
on Caenorhabditis elegans www server (http://elegans.swmed.edu/) and others.   

The genome consists of 97 million base pairs of DNA. It is approximately 
30 times smaller then the human genome. There are predicted approx. 19,000 
genes (The C. elegans Sequencing Consortium, 1998). More then 40 percent of 
the predicted protein products have homologues in other organisms, including 

A/B C D E F

DNA Ligand 

AF-1 
Dimerization 

AF-2
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yeast and human. The genome of C. elegans is divided into 5 pairs of autosomes 
and one pair of sex chromosome, XX for hermaphrodites and X0 for males. 
Males arise by non-disjunction.   

Intensive studies of many C. elegans genes led to reveal both similarities 
and differences of functions between species such as yeast, mouse, human, etc. 
Such comprehensive studies can give us answers for questions from many 
disciplines of biology.      

Computer analyses compare the DNA from C. elegans with that of other 
organisms. Understanding the regulatory pathways in worm can help to 
elucidate related mechanisms in other organisms including humans. 
 
1.3.3 The genetics 

Two approaches can be used to find the gene functions – forward and 
reverse genetics. Forward genetic is based on the identification of mutation and 
the function of the gene according to the phenotype. Reverse genetic is based on 
the inactivation of the gene (or an appropriate mRNA or protein) and subsequent 
identification of the phenotype and the function.  
 
1.3.4 Culturing 

Caenorhabditis elegans is easy to culture under the laboratory conditions. 
Worms are fed on bacteria Escherichia coli strain OP50 on Petri dishes with 
nematode growth medium (NGM). The wild-type strain is C. elegans variety 
Bristol, strain N2 (Brenner et al., 1974). Cholesterol is an essential compound of 
NGM. The life cycle of worms depends on culturing temperature. The worm can 
develop from a fertilized embryo to adult stage during 3.5 days at 20°C. The 
time of development is elongated at lower temperature. Shortage of food or high 
density cultures induce a developmental change in the third larval stage, the 
formation of highly resistant dauer larva. 
 
1.3.5 Anatomy  

Observation of animals under differential interference contrast optics in 
the light microscope allowed elucidation of embryonic and postembryonic cell 
lineage development that generates fixed number of somatic cells (Sulston and 
Horvitz, 1977).  
 The worms are covered with transparent cuticle, which is composed of 
collagens. The collagens are secreted by polarized epidermal cells. Till today 
there are predicted more then 180 collagen genes in C. elegans. Many of 
epidermal cells are multinucleate, arising by cell fusions during development. 
Epidermal cells of C. elegans can be divided into four general groups: (1) the 
main body syncitium, (2) the seam cells, (3) the epidermal cells of the head and 
tail, and (4) interfacial epidermal cells. The seam cells are arranged as rows of 
ten cells that run along each lateral line. The seam cells fuse in adult stage. In 
L1, dauer and adult stage seam cells form specialized cuticle structure – the alae.  
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Four longitudinal rows of body wall muscle cells are under epidermis. In 
contrast to vertebrates they do not form syncitium, but are separated and 
mononucleated. Muscles are separated from the epidermis and nervous tissue by 
a thin (approximately 20 nm) basal lamina. The myofilament lattice of the body 
wall muscles forms an obliquely striated array. The structural unit is analogous 
to the sarcomere of a vertebrate muscle. Thick filaments contain myosin and 
overlap with two sets of thin filaments containing actin (Francis et al., 1985).  

Body wall muscle cells are granddaughters of AB lineage (1), MS lineage 
(28), C lineage (32) and D lineage (20). They are organized to four longitudinal 
strips placed sub- ventrally and sub-dorsally. After hatching at L1 stage, 81 of 
the 95 cells are present. 21 cells are in dorsal right (DR) and dorsal left (DL) 
quadrants, 20 in ventral right (VR) quadrant and 19 in ventral left (VL) 
quadrant. M blast cell produces 14 additional body wall muscle cells post – 
embryonically so that the adult has 95 body wall muscle cells. 24 cells are 
organized in DL, DR and VR quadrants and 23 in remaining (VL) quadrant 
(Krause, 1995). Single sarcomere muscles are the second general type of muscle 
tissue in C. elegans. The pharynx has a total of 20 muscle cells. Several of them 
are multinucleated. The third type of muscle cells are intestinal and the sex 
muscles.  

C. elegans is fed on bacteria Escherichia coli, strain OP50. Bacteria eaten 
by mouth proceed to muscular pharynx with a grinder. Crushed bacteria are 
pumped to the intestine. Intestine is formed by 20 large epithelial cells which 
form a tube. The tissue ends by rectum and anus. Intestinal cells become bi-
nucleated and polyploid during postembryonic development. At the beginning of 
the lethargus of the first molt, most of the intestinal cells divide without 
accompanied cell divisions giving rise to 20 intestinal cells with a total of 30 – 
34 nuclei (Hedgecock and White, 1985).  

The nervous system in C. elegans has 302 neurons in the adult stage and 
has a unique combination of properties, such as morphology, connectivity and 
position. The strict classification of neurons into sensory receptors, interneurons 
or motorneurons is not generally possible. Many individual neurons combine 
two or more of these functions. Neuronal support cells form the group of 
specialized epithelial cells, which is composed of glial cells, amphids, cephalic 
sensila cells, phasmids, inner labial and outer labial sensilla, deirids, socket and 
sheath cells.  

Body wall muscle cells in the head are innervated by motor neurons from 
the nerve ring, the next four muscle cells in each quadrant (neck muscles) 
receive dual inervation from motor neurons of the nerve ring and ventral nerve 
cord and body wall muscles from the body are innervated by ventral cord motor 
neurons (White, 1986).  

The C. elegans reproductive system consists of a symmetrically arranged 
bilobed gonad. Each lobe is U-shaped and is composed of a distal ovary, 
proximal oviduct and spermatheca. Germ line nuclei are produced in ovarial 
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syncitium. The nuclei move from the distal tip proximally. They are mitotic, 
than progress through meiotic prophase and reach diakinesis in the oviduct prior 
to fertilization. Individual nuclei become enclosed by membranes to form 
oocytes, which enlarge and mature as they pass down the oviduct. The oviduct 
in each lobe terminates at a spermatheca carrying about 150 sperms. The 
spermathecae are connected with a common uterus, which contains fertilized 
eggs in early stages of embryogenesis. Together with vulva, uterine and vulval 
muscles, uterus is an important part of egg-laying apparatus. Fertilized eggs are 
laid by egg-laying organ into the environment (Wood, 1988).   
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2. AIMS 
 

The aim of the study was to perform a complex biological analysis of a 

hypothetical nuclear receptor in a model organism, Caenorhabditis elegans. 

 

We decided to study nhr-40, a predicted nuclear receptor that is encoded 

in C. elegans genome as a member of extremely multiplied group of genes that 

share sequence homology with vertebrate nuclear receptors. 

 

Our aim was to elucidate, if the nhr-40 is a functional gene and help to 

answer the intriguing question, if members of the hypothetical superfamily of 

NHRs in nematodes are functional genes with important biological functions.  

 

The specific aims were to: 

 

• Identify transcripts 

• Characterize transcripts and the expression profile in specific cells or tissues 

and specific developmental stages 

• Conduct functional studies of the gene in focus by inhibition on 

posttranscriptional level by RNAi,  by expressing the gene ectopically, and 

by creating a putative dominant negative transgene 

• Characterize gene functions using mutant lines 

• Confirm the identified functions by rescue experiments 
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3 MATERIAL AND METHODS 
3.1 Strains 

The C. elegans Bristol N2 strain was used whenever not specifically 
stated and was maintained as described (Brenner, 1974). The strain RB840, that 
has a deletion in nhr-40(ok667) gene, was obtained from C. elegans Gene 
Knockout Consortium. The C. elegans RRF3 strain was used for some RNAi 
experiments. This C. elegans strain is more sensitive for RNAi than N2 strain. 
SU93-jcls 1[ajm-1::gfp; unc-29(+); rol-6(su1006)] expressing AJM::GFP 
transgene (Mohler et al., 1998) and JR667-unc-119 (e2498 ::Tcl); wls51 [unc-
119(+);scm::gfp] expressing the transgene in nuclei of seam cells were obtained 
from the Caenorhabditis Genetic Center. The PD7963 (hlh-1::gfp) integrated 
line was a kind gift from Dr. M.Krause (Krause et al., 1994).   
 
3.2 Preparation of transgenic lines of C.elegans  

Transgenic lines were performed by microinjection of DNA in final 
concentration 100 µg/ml (50 µg/ml of construct or PCR product + 50 µg/ml of 
pRF4) to the ovarial syncitium of young adult hermaphrodites of C. elegans. 
pRF4 plasmid, rol-6 (su1006)  was used as the marker. pRF4 plasmid vector 
carries the mutation of rol-6, one of C. elegans collagen genes. Transgenic 
animals roll (rotate) around their longitudinal axis to the right. Transgenic 
animals were easily detected and picked out to separate NGM plate with E. coli 
OP50.  
 
3.3 RNA mediated interference (RNAi) 

The phenomenon of RNAi was first discovered in the nematode worm C. 
elegans as a response to double-stranded RNA (dsRNA), which resulted in 
sequence – specific gene silencing (Fire et al. 1998; Hannon, 2002). RNAi is 
one of reverse genetic method. Contrary to forward genetic, where function of 
the gene is identified according its mutant phenotype in reverse genetic, a gene 
is identified first through its sequence and then mutations are recovered that 
inactivate or alter its function (Hope, 1999). It was found that dsRNA injected to 
the germline led to the epigenetic inactivation of the gene (Fire et al., 1998).  
Mechanism for the inactivation of genes via ds RNA was named RNA – 
mediated interference.    

Mechanism of RNAi in the cell is partially known. dsRNA is cut to ~22 
bp small interfering RNA (siRNAs) by an RNAse III-like enzyme called Dicer 
(two Dicer molecules with five domains). Then, the siRNAs assemble into 
endoribonuclease – containing complexes known as RNA – induced silencing 
complexes (RISCs). The siRNA strand is complementary with degraded target 
mRNA. RISCs recognize it and targeted mRNA is cleaved and destroy. It leads 
to decrease of the transcription signal on mRNA level and to inhibit gene 
expression (Hannon, 2002).  
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RNAi works for many but not for all genes and does not always reveal the 
null phenotype (Hope, 1999).  

dsRNAi can be injected to ovarial syncitium, can be introduced by 
feeding or soaking.  
 
3.4 Overexpression  

Overexpression is method based on increase of number of copies of the 
gene. Gene is cloned under regulation of heat shock promoter. After heat shock 
the transcription of study gene is increased. It can lead to competition of DNA 
binding proteins, saturation of cofactors or other synergic proteins during 
regulation of transcription of target genes.  

Dominant negative experiment is based on the fact where a mutant gene 
eliminates the activity of its normal counterparts in the cell. Gene or its part is 
cloned to the vector with heat shock promoter. The construct ensures the 
production of mRNA according the cloned incomplete template after the heat 
shock. We prepared dominant negative mutated construct that contains the 
sequence of nhr-40 gene without predicted AF-2 transactivation domain. NHR-
40, which is transcribed according incomplete template, has fully function DBD, 
but partially function LBD. It can lead to saturation of HRE in the target genes 
of NHR-40 but non-functional activation of their transcription.  

 
3.5 GFP reporter gene constructs 
 The inserts for constructs were prepared by PCR amplification of the 
promoter regions and cloned to the pPDvectors in ORF (kind gift from A.Fire). 
nhr-40::gfp transgenic lines were prepared by microinjection.  
 
3.6 RB840 deletion strain – nhr-40(ok667)  
 Mutated strain RB840, kindly prepared by C.elegans Gene Knockout 
Consortium (Oklahoma), was backcrossed to eliminate secondary mutations. We 
rescued the mutant nhr-40(ok667) by the wild type nhr-40 locus (~15 kb) which 
was amplified as several overlapping PCR fragments and injected into the 
RB840 animals together with pRF4 marker plasmid. The injected fragment 
recombine by homology recombination to reconstruct an intact nhr-40 gene. 
Progeny of microinjected animals were scored for developmental arrest.  
 We cloned myo-3::nhr-40d construct (muscle specific promoter driving 
the expression of a nhr-40d cDNA) to see if it could rescue the arrest 
phenotypes of nhr-40(ok667) homozygous animals. Rescue experiment pnhr-
23::nhr-40d, expression nhr-40 in epidermal cells under the control of nhr-23 
promoter, was done using fused PCR products. 
 

3.7 Movement assay 
 The method used was modified from Wicks et al., 2000. The starving L1 
animals were placed on a marked line on chemotaxis agar on a 9 cm Petri dish. 
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A second line was made at a distance of 2 cm and was filled with OP50 bacteria. 
1 ml of isoamylalcohol diluted 1:50 in ethanol was placed in the opposite side of 
the dish. Isoamylalcohol was used to attract worms toward the line of OP50. The 
movement of the worms was measured in 1, 2, 5 and 24 h interval.  
 
3.8 Motility assay 
 The motility assay was performed as described Mercer et al., 2003 with 
slight modifications. Single wild type N2 or RB840 L1 larvae were placed in 15 
µl drops of M9 buffer and left to acclimate for 1 min. Each full sinus movement 
was counted. Motility was determined in groups of 15 animals.  
 
3.9 Bioinformatics 
 Sequences were compared by the MultAlin program (Corpet, 1998) and 
the phylogenic tree was prepared by using Vector NTI Suite 5.5 (Lu and 
Moriyama, 2004), available from Invitrogen.  
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4 RESULTS 
4.1 Characterization of the nhr-40 gene 

The nhr-40 gene is localized on the chromosome X, with a cosmid 
T03G6.2. The gene consists of 12 exons and spans 12,177 bp. WormBase web 
shows the gene data on web site http://www.wormbase.org, releases WS150, 
Nov 30, 2005). EST clone yk213d2.5, which appeared to cover the entire coding 
region, was obtained from Dr. Y. Kohara (National Institute of Genetics, Japan). 
Sequencing of the cDNA clone confirmed the predicted coding region reported 
in WormBase and GenBank. The gene structure is typical for C.elegans except 
for the first intron that is unusually long and has 6,696 bp.   

Based on expressed sequence tag (EST) three transcripts (a, b and c) have 
been described for nhr-40 gene on WormBase. In order to determine if other 
isoforms of nhr-40 exist, we prepared total RNA from embryonic, larval and 
adult stages of C.elegans. We used RT-PCR with sets of gene-specific, random 
hexamers and the trans-spliced lead sequences SL1 or SL2 primers (Blumenthal 
and Thomas, 1988; Krause and Hirch, 1987). The sequencing of clones revealed 
the presence of representing transcripts nhr-40a and nhr-40b. Both of them were 
trans-spliced to splice leader SL1 as previously reported in AceView 
(http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/index.html). We also 
identified a new transcript, we called nhr-40d. This isoform utilizes the same 
first exon as transcript nhr-40c but differs in the length of exon 7. Isoform nhr-
40c has the same length of exon 7 as nhr-40a and isoform nhr-40d has the same 
as nhr-40b. The difference is in 15 bp on the 5´splicing site of exon 7. The nhr-
40a transcript has a shorter intron 6 (361 bp) and exon 7 encodes five more 
amino acids (FLFFS). Primary transcripts nhr-40b and d have longer intron 6 
(376 bp) with a corresponding shorter exon 7. The isoforms encoded by nhr-
40a, b and nhr-40d differ at the amino acid level at the beginning of the 
proteins. Isoforms NHR-40a, b start with MPNN while NHR-40d starts with 
MLVPPVSMIMYHELPSIKNK. We sequenced 20 cDNA clones, 10 clones 
represented transcript nhr-40a, 4 clones transcript nhr-40b, and 6 clones nhr-
40d. These results demonstrated and confirmed that nhr-40 is regulated by at 
least two distinct promoters.  
 
4.2 nhr-40 expression pattern 

nhr-40 expression profile was done by two approaches, semiquantitative 
and quantitative PCR. For both methods we prepared at least two sets of 
templates. Templates were prepared by RT-PCR from total RNA isolated from 
embryos, synchronized larval stages L1 – L4 and adult animals. Expression 
levels of nhr-40 transcripts a, b and d were normalized against the ama-1 
transcript encoding the large subunit of RNA Polymerase II. We found that the 
expression of nhr-40 from both promoters was present throughout all 
development and was highest in L2 stage for all isoforms. Expression levels 
were calculated from calibration curves and normalized for ama-1 expression 
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levels (without introducing a calibration step for the efficiency of reverse 
transcription) that revealed that L2 stage animals had approximately 3-fold more 
nhr-40d than nhr-40a and b. These results suggest that a higher efficiency of 
transcription is transcription from promoter 2.  
 

4.3 Expression of nhr-40 reporter gene constructs  
 We studied the function of the two nhr-40 defined promoter regions using 
promoterless green fluorescent protein (GFP) reporter vectors.  

Denoted promoter 1 which is shared by transcripts nhr-40a and nhr-40b 
was studied using several reporter gene constructs. A reporter gene construct 
#4586 that begins at 2,833 bp upstream of the first ATG is expressed in body 
wall muscle cells, pharyngeal muscles, rectal gland cells, a subset of neurons in 
the head, in the tail and in the ventral nerve cord. In adult stage GFP expression 
was detected in vulval and uterine muscles. The expression was first detected in 
the embryo at the 1.5 fold stage in the precursors of body wall muscle cells. GFP 
expression continued until adulthood. At the 2 fold stage GFP expression was 
found also in P cells. The next two reporter gene constructs nhr-40::gfp #6011 
(1,013 bp upstream of the first ATG) and nhr-40::gfp #6059 (682 bp upstream 
of the first ATG) revealed the expression of GFP in neuronal cells in the head 
and tail, ventral nerve cord and uterine muscle cells.  

We prepared genomic reporter gene constructs for promoter 2. Promoter 
2, which regulates the expression of transcripts nhr-40c and nhr-40d, 
corresponds to the genomic region of intron 1 relative to transcripts nhr-40a and 
nhr-40b. Reporter gene constructs nhr-40::gfp #6022 beginning at 3,190 bp 
upstream of the ATG, nhr-40::gfp #6023 at -2,021 bp, nhr-40::gfp #4523 at -
1,248 bp and nhr-40::gfp #6058 -517 bp upstream of the ATG revealed GFP 
expression in body wall muscle cells, neurons in the head, nerve ring, 
retrovesicular ganglia, ventral and dorsal nerve cord, neurons and some 
epidermal cells in the tail. Intermittent expression was also observed in 
pharyngeal muscles. The expression from promoter 2 started also in the embryos 
at the 1.5 fold stage and was continuous throughout development. In late L4 and 
young adult hermaphrodites GFP expression was observed in specialized 
epithelial cells creating connection between uterus and vulva: uterine-vulva cells 
ut 1, 2, 3 and surrounding epithelium utse.  

 
4.3.1 nhr-40::gfp is expressed in P-cells but not in seam cells 

To better distinguish the GFP expression driven by promoter 1 we 
prepared double GFP expressing line nhr-40::gfp #4586 on the background of 
ajm-1:: gfp (SU93 strain). ajm-1 encodes a member of the apical junction 
molecule class and ajm-1::gfp serves as the marker of epithelial cells. 
Observational data of nhr-40::gfp #4583 on the background of ajm-1:: gfp 
(SU93 strain) revealed that nhr-40::gfp #4586 is also expressed in P-cells. P1-12 
are the epidermal precursors which give rise to ventral nerve cord (the anterior 
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daughters) and epidermis (posterior daughters fuse with hyp7). The posterior 
daughters of P3, P4, and P8 fuse with hyp7 cell. The remaining cells become 
vulva precursor cells (Sulston and Horvitz, 1977; Hedgecock, 1987). It 
correlates with expression of nhr-40 which was found in ventral nerve cord and 
also in vulva cells during adult stage. We found that nhr-40::gfp is not expressed 
in seam cells.  
 
4.4 Function of NHR-40 

The function of nhr-40 gene was studied using several different 
approaches. To block the natural function of the gene we used method RNA 
interference (RNAi). We also used constructs for overexpression or dominant 
negative experiments where either all cDNA of nhr-40b and nhr-40d are under 
the regulation of heat shock promoter (hsp). The constructs for overexpression 
are marked as #6076 and #6077.  

The construct for dominant negative experiment, in which a part of cDNA 
is under the regulation of heat shock promoter, is labeled as #6010.  Finally, we 
studied mutated strain RB840 that has an intronic genetic deletion allele nhr-
40(ok667).  
 
4.4.1 RNA mediated interference of nhr-40  

We tested inhibition of nhr-40 gene using several RNAi approaches in 
which dsRNA was delivered by soaking, feeding and microinjection. Soaking 
was tested with two constructs #4528 and #4534 and we did not find any 
significant changes in development or tissue. For feeding we prepared two 
constructs #4576 and #4577. We have not found any significant changes in 
development of C. elegans using feeding technique.  

The best approach to block the natural function of the gene nhr-40 
appears to be microinjection to ovarial syncitium of young adult 
hermaphrodites. For microinjection we used two in vitro prepared dsRNAs, 
#4528 and #4534. #4528 dsRNA was prepared from construct containing cDNA 
from coding region containing exons 2 – 9. #4534 dsRNA was prepared from 
appropriate construct containing cDNA of the ligand binding domain (exon 5 – 
9).  

Block of natural function of nhr-40 by RNAi resulted in embryonic and 
larval arrest in L1 stage. dsRNA was incorporated by microinjection to the 
ovarial syncitium of young hermaphrodites and the progeny was observed and 
scored for developmental changes under the high power microscope. We have 
found affected embryos, which were arrested before and at the 2 fold stage. We 
found defects in elongation and morphogenesis. Affected L1 larvae showed 
similar phenotypical changes as the presence of bulges (bmd – body 
morphology defects), smaller body size (dpy phenotype) and slower movement 
than wild type L1 animals. RNAi with dsRNAs prepared from both constructs 
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#4528 and #4534 resulted in similar phenotypes. We have found 10% of 
arrested embryos and approximately 20% of affected L1 larvae (Table 1).  

 
Table 1. The developmental defects induced by inhibition of nhr-40 

RNAi  Treatment 
Exon 2-9 cDNA#4528 Exon 5-9 cDNA #4534 

Embryonic arrest 10% (n = 5,252) 9% (n = 2,477) 
Larval arrest/Lethality 19% (n = 672) 18% (n = 383) 
(n = number of assayed progeny) 
 
4.4.2 nhr-40 RNAi on strains expressing epidermal markers 
 To better distinguish which tissue is affected we used nhr-40 RNAi on 
transgenic lines expressing epidermal and muscle markers. A strain ajm-1::gfp 
(SU93) was used as epidermal marker. Inhibition of nhr-40 by dsRNA #4534 in 
SU93 worms revealed that affected embryos contain epithelial seam cells that 
have wild type appearance. 

#4534 RNAi inhibition of nhr-40 in JR667 strain (which is wild type 
integrated strain of the seam cell GFP marker), revealed wild type pattern of 
seam cells during embryonic arrest. The affected larvae have the normal number 
of seam cells despite severe defects in body shape and bulges.  

  
4.4.3 nhr-1 and nhr-47 RNAi do not change expression of GFP of nhr-
40::gfp worms 
 The closest homologues of nhr-40 gene in C.elegans are genes nhr-1 and 
nhr-47. We prepared dsRNAs of nhr-1 and nhr-47 from the templates that 
represented ligand the binding domains of these genes. In vitro prepared nhr-1 
dsRNA and nhr-47 dsRNA were injected to ovarial syncitium of young adult 
hermaphrodites of nhr-40::gfp strains #4586 and #4523.  

Screen of progeny after nhr-1 RNAi revealed developmental defects in 
3.4% embryos (42/1,254) and body morphology defect in 0.9% of L1 larvae 
with normal developed head and affected intestine (11/1,293). We focused on 
the change of GFP expression in nhr-40::gfp strains (in body wall muscle cells 
and neuronal cells). We did not find significant changes of GFP expression. This 
finding suggests that NHR-1 does not regulate nhr-40 expression in C.elegans 
during embryogenesis and in L1 stage.   

nhr-47 RNAi was done according the same conditions as nhr-1 RNAi and 
we did not find any changes of GFP expression in nhr-40::gfp embryos and L1 
larvae. This result also suggested that NHR-47 does not regulate expression of 
nhr-40.  

We also tested the influence of nhr-1 + nhr-40 dsRNAs and nhr-47 + nhr-
40 dsRNAs mixtures. We have found 7.2% (29/403) of arrested embryos after 
RNAi with the mixture of nhr-1 + nhr-40 dsRNAs and 10.6% (13/123) of 
affected embryos after RNAi with the mixture of nhr-1 and nhr-47 dsRNAs. No 
significant change in the number of affected progeny after these RNAis 
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suggested that decrease of expression of products neither of nhr-1 gene nor nhr-
47 gene do not influence nhr-40 expression. NHR-1 and NHR-47 are not 
involved in regulation of expression together with NHR-40.    

  
4.4.4 hlh-1 RNAi does not change GFP expression of nhr-40::gfp worms 

HLH-1 activity is required during embryonic development for the proper 
differentiation and function of body wall muscle cells. HLH-1 is expressed in 
nuclei and first appears in body wall muscle precursors at the ~80-cell stage of 
embryogenesis (Krause, 1995). nhr-40 is expressed in precursors of body wall 
muscle cells during embryogenesis at the 1.5 fold and expression continues in 
these cells throughout larval development. Study of mutated hlh-1(cc450) strain 
revealed body morphology defects in L1 stage which are similar to those which 
we found after nhr-40 RNAi. We studied the influence of the change of hlh-1 
expression level on nhr-40::gfp expression. For this purpose we prepared hlh-1 
RNAi experiment using region of exons 1 to 3 of hlh-1 gene to prepare dsRNA. 
This region is present in all three isoforms of hlh-1 gene. dsRNA was injected to 
ovarial syncitium of nhr-40::gfp transgenic worms. Progeny was followed under 
the high power microscope. We found developmental changes during L1 stage 
with body morphology defects similar to those which can be detected after nhr-
40 RNAi but we did not detect any change of GFP expression in nhr-40::gfp 
transgenic animals. This result did not suggest the direct influence of HLH-1 on 
nhr-40 expression.  

 
4.4.5 nhr-40 is important for development of body wall muscle cells 

hlh-1::gfp transgenic line is a marker of body wall muscle cells (Krause et 
al., 1994). We injected nhr-40 dsRNA #4534 to hlh-1::gfp transgenic worms. 
We have found disorganized and missing muscle cells in affected animals.  
Body wall muscle cells were not only miss-localized, but we found decrease of 
GFP expression in several muscle cells and change of the morphology of these 
cells.  

Body wall muscle cells (BWM) in C. elegans are longitudinal and 
organized in four quadrants. L1 larva after hatching has 21 body wall muscle 
cells in DR and DL quadrants, 20 cells in VR quadrant and 19 cells in VL 
quadrant. The number of body wall muscle cells (19 – 21 cells per quadrant) in 
worms subjected to nhr-40 RNAi was determined using an hlh-1::gfp strain that 
marks these cells (Krause et al., 1994). We scored 2 quadrants in 15 L1 larvae 
hlh-1::gfp strain and 20 L1 larvae of hlh-1::gfp strain after #4534 RNAi. The 
average number of cells per quadrant expressing the transgene was 18.0 (SD 
2.2) in control animals and 15.1 (SD 3.0) in nhr-40 RNAi – treated animals. 
This result is statistically significant assuming the null hypothesis at 99% 
probability (p<0.0001).  
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4.5 Overexpression of nhr-40 and overexpression of nhr-40 AF-2- 

4.5.1 Overexpression of nhr-40  
We have prepared two nhr-40 constructs #6076 and #6077 containing 

cDNA corresponding to mRNA of nhr-40 gene (nhr-40b and nhr-40d 
respectively). 

To make constructs for overexpression all cDNAs of nhr-40a/b and d 
isoforms were cloned under the regulation of heat shock promoter (hsp). 
Transgenic lines of C. elegans prepared by microinjection using hsp construct 
and pRF4 vector as the positive marker of microinjection were tested. 
Population of transgenic gravid hermaphrodites carrying nhr-40 overexpressing 
construct and population of N2 gravid hermaphrodites as control were 
transferred to 100 µl of M9 solution and heated at 31°C for 2 h in PCR cycler. 
After heat shock the population was cooled down 16°C for 30 min and then 
transferred on NGM plates with OP50. Adult hermaphrodites were transferred 
each 12 hours and progeny was followed. Induction of transgene in adult 
hermaphrodites resulted in phenotypes very similar to nhr-40 RNAi. We found 
embryonic and larval arrest of the progeny of heated hermaphrodites. We found 
18% and 12% of affected embryos after heat shock of strains #6076 and #6077 
respectively and 21% of affected L1 larvae (Table 2). 

 
Table 2. The developmental defects induced by overexpression of nhr-40 

Overexpression  Treatment 
nhr-40b (#6076) nhr-40d (#6077) 

Embryonic arrest 18% (n = 402) 12% (n = 321) 

Larval arrest/Lethality 21% (n = 271) 22%  (n = 208) 

(n = number of assayed progeny) 
 
4.5.2 Overexpression of nhr-40 AF-2- (dominant negative experiment) 
 We prepared nhr-40 mutated construct #6010 containing DNA 
corresponding to nhr-40a cDNA with deletion at 3´end of ligand binding 
domain. For dominant negative experiment we prepared a part of nhr-40a 
isoform cDNA representing region from 5´UTR to exon 9 under the regulation 
of heat shock promoter. Transgenic gravid hermaphrodites of #6010 C. elegans 
strain prepared by microinjection using hsp construct and pRF4 vector were 
tested by heating at 31°C for 2 h. N2 population of gravid hermaphrodites was 
used as the control. All experiments were done in PCR cycler and animals were 
kept in M9 solution. After heat shock worms were cooled down at 16°C for 30 
min and transferred on NGM plate with OP50. Adult mothers were transferred 
each 12 h and progeny was followed and scored. We have found very similar 
phenotypical changes as with nhr-40 RNAi: embryonic arrest and body 
morphology defects, short size of body and bulges. Transgenic line #6010 has 
approximately 30% of transgenic animal per 1 hermaphrodite. We found 260 
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rollers from 861 scored animals. After heat shock experiment we found 32 
affected L1 from 510 studied under the high power scope. With respect to the 
fact that the line #6010 has only 30% of transgenic animal we calculated that 
20.9% of L1 were affected (32/153).  
 
4.6 RB840 strain carrying nhr-40(ok667) deletion allele 

We sought a genetic deletion allele of nhr-40 to better understand the 
developmental function of the gene. To date, only a single nhr-40 deletion allele 
has been generated and was provided us by the C. elegans Gene Knockout 
Consortium at the Oklahoma Medical Research Foundation. To confirm the 
deletion described by C. elegans Gene Knockout Consortium we prepared 
gDNA from RB840 strain and from this template three overlapping PCRs to find 
a predicted region of deletion. Sequencing of the second PCR product revealed 
840 bp long deletion within the first intron of all nhr-40 isoforms. Deletion is 
positioned 62 bp upstream of the start of exon 2. In addition, this allele had an 
insertion of 6 bp (aaaaga) in 3´ end of the deletion. 

The location of the nhr-40(ok667) deletion in RB840 strain that is 62 bp 
upstream the exon 2 suggested it could affect the splicing to the second exon. 
We used RT-PCR to examine the expression of nhr-40 transcripts a, b and d that 
represent products from the two promoters of the gene. We found that while 
majority of message corresponded to wild type cDNAs, there were aberrant 
transcripts detectable for both the nhr-40a/b and nhr-40d messages. For this 
purpose we prepared PCR reactions with primers #4580 and #4581 for nhr-
40a/b message of and primers #6036 and #4581 for nhr-40d message. Direct 
sequencing of amplified fragments revealed that both exons 1 were frequently 
and inappropriately spliced to exon 3. Coding regions of these aberrant exon 1/3 
splicing resulted in out-of-frame splicing transcripts with premature stop codon 
and if translated it would produce a severely truncated protein product. 

 
4.6.1 Rescue by gDNA 

We attempted to rescue the embryonic and larval arrest phenotypes of the 
nhr-40(ok667) deletion allele using wild type genomic DNA. The wild type nhr-
40 locus (~15 kb) was amplified by several overlapping PCR fragments. We 
found there was a small but significant decrease in embryonic arrest and a nearly 
3-fold decrease in larval arrest and lethality when wild type genomic DNA was 
introduced into the RB840 strain (Table 3). The significance of this result was 
supported by the analysis of the proportion of affected L1 larvae in progeny of 
RB840 hermaphrodites injected with amplified genomic DNA. The percentage 
of affected L1 larvae decreased from 26.2% (SD 15.6) per parent control animal 
to 8.6% (SD 7.8) per treated RB840 parent, indicating a significant rescue at 
99% probability using the Student´s t-test (p<0.001).  

 These results strongly suggest that the developmental defects 
observed in mutant strain reflect loss of NHR-40 activity.  
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Table 3. Segregation of progeny RB840 C.elegans strain after rescue experiment  
Treatment None (%) Rescue by gDNA  

Embryonic arrest 10% (n = 2,521) 7% (n = 2,859) 

Larval Arrest/Lethality 20% (n = 2,525) 7% (n = 2,859) 

   (n = number of assayed progeny) 
 

4.6.2 Rescue of nhr-40(ok667) defects by myo3::nhr-40d 
nhr-40 expression showed that both promoters were active in muscle cells 

of embryos, larvae and adults. We used tissue-specific muscle promoter driving 
the expression of nhr-40 cDNA to see if they could rescue the phenotypes of 
nhr-40(ok667) homozygous animals. The myo-3 is expressed in non-pharyngeal 
muscles (Fire and Waterston, 1989; Okkema et al., 1993). myo-3 encodes MHC 
A, the minor isoform of MHC (myosin heavy chain) that is essential for thick 
filament formation and for viability, movement and embryonic elongation. myo-
3 is expressed in body muscle cells, in the somatic sheath cell covering the 
hermaphrodite gonad, in enteric muscles and vulval muscles of the 
hermaphrodite.  

Progeny of transgenic adults were scored for embryonic and larval arrest. 
This resulted in good rescue of the larval arrest (~30% reduction) but did not 
affect the embryonic arrest phenotype (Table 4). The significance of this result 
was supported by statistical analysis of the proportion of affected larvae in the 
progeny of rescued RB840 mutant animals (per parent animal). Whereas RB840 
mutants carrying a non-rescuing control plasmid gave rise to 21.9% (n=3,296 
SD 8.51) affected progeny, the percentage of affected larvae from RB840 
mutants with the rescuing construct was only 12.6% (n=1,742 SD 5.0). These 
results are significantly different at 99 % probability (p<0.0036). The lack of 
embryonic rescue may reflect a maternal need for NHR-40 activity that is not 
present in our rescued lines due to the inability of extrachromosomal transgenes 
to be expressed in the germline (Kelly and Fire, 1998; Kelly et al., 1997).  

 
Table 4. Rescue of nhr-40(ok667) defects by tissue-specific constructs 
Treatment None (%) myo3::nhr-40d 
Embryonic arrest 10% (n = 2,521) 10%  (n = 2,113) 
Larval Arrest / Lethality 20% (n = 2,521) 14% (n = 2,113) 
    (n = number of assayed progeny)  
 
4.6.3 Rescue of nhr-40(ok667) defects by nhr-23::nhr-40d 
 We attempted to rescue RB840 by expressing nhr-40 in epidermal cells 
under the control of nhr-23 promoter. Analysis of 686 embryos and larvae 
among the progeny of seven parental transgenic animals obtained after injection 
RB840 with nhr-23::nhr-40 demonstrated that his construct did not rescue the 
mutant phenotypes. This result, combined with our myo-3 promoter rescue data, 
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suggests that body wall muscle defects are largely responsible for the nhr-40 
mutant phenotypes we observed.  
 
4.7 Phalloidin staining 

Phalloidin predominantly stains actin which is present in body wall 
muscle cells. For staining we used synchronized population of L1 larvae of 
RB840 mutated strain and as control wild type N2 L1 larvae. After comparison 
of staining pattern and the shape of body wall muscle cells of wild type L1 and 
of mutated animals we found changes in the structure of body wall muscle cells 
and different shape of actin filaments suggesting changes in the distance of 
dense body in muscles 
 
4.8 Movement assay  

Movement of RB840 L1 larvae was also affected. The larvae moved 
slowly, reversing direction several times and very often moving in circles. 
Moving assay showed that between 23 – 25% of 200 non-selected RB840 L1 
animals (n = 200) did not reach the OP50 after 24 hours. Similar test was done 
with 523 selected RB840 animals showing developmental body morphology 
defects and 100 wild type N2 L1 larvae. Comparison of these two groups of L1 
revealed that only 9.6% of affected larvae were able to reach bacteria.  
 
4.9 Motility assay 

Single wild type N2 or RB840 L1 larvae were placed in 15 µl drops of M9 
buffer and left to acclimate for 1 min. Each full sinus movement was counted. 
In addition, the motility assay revealed that affected RB840 L1 larvae showed 
decreased movement than N2 wild type worms. N2 values for two experiments 
were 111.4 ± 14 and 130.6 ± 15.9 compared to RB840 values 41.2 ± 9.9 and 
28.9 ± 11.2. 
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5 DISCUSSION 
Our characterization of NHR-40 is the first analysis of the subclass of 18 

supnrs that have the P box sequence CNGCKT. The gene sequence and 
structure, including a very large first intron, is evolutionarily conserved in 
nematodes. To today 284 C.elegans NHR – encoding genes is known or 
predicted. We examined nine (nhr-6, nhr-19, nhr-21, nhr-23, nhr-31, nhr-40, 
nhr-46, nhr-64) that have similar gDNA organization with the size of first intron 
being larger then 3 kb. This finding is suggesting that multiple promoters may 
be a common feature of genes with this structure. The 9 nuclear hormone 
receptor encoding genes with this organization are not closely related to each 
other evolutionarily, suggesting that the presence of a large first intron is not 
simply a consequence of recent gene duplication events. Rather, this gene 
organization most likely provides some functional advantage, perhaps in 
allowing flexibility in the temporal and/or spatial pattern of expression.  

In the case of nhr-40, the two promoters show very similar results in the 
study of expression by reporter gene constructs (expression in body wall muscle 
cells, neuronal cells in the head and the tail, ventral and dorsal nerve cord and in 
the cell of egg laying organ system) and both are expressed throughout 
development at a constant level. This suggests that under laboratory conditions 
the potential for flexibility in expression is subtle, if present at all.  

Our functional studies demonstrate that NHR-40 regulates aspects of 
embryonic and larval development. Reduction of function via RNAi or an 
intronic deletion causes very similar phenotypes, namely, defects in 
morphogenesis, developmental arrest and lethality. Our characterization of 
promoter 2 and its alternate first exon provide a molecular mechanism by which 
a large deletion in the region could interfere with normal nhr-40 expression. 
Phenotypes similar to our reduction-of-function studies were also observed 
following overexpression of nhr-40 or its part (nhr-40 AF-2-) from a heat shock 
promoter in transgenic animals.   

One possible mechanism is that the transgene, arranged in a concatenated 
extra chromosomal array, serves as a template of double stranded RNA 
formation resulting in an RNAi effect (Fire et al., 1991). Similar phenotypes 
from RNAi and overexpression have been reported for pad-2 (Menzel et al., 
2004) and erm-1 (Gobel et al., 2004). A second possibility is that overexpression 
results in increased expression from downstream target genes as was shown for 
odr-3 (Roayaie et al., 1998) and such overexpression may interfere with normal 
development. Finally, high levels of NHR-40 may act as a dominant negative 
protein, by titrating other essential factors or altering DNA binding properties 
through heterooligomerization (Kurokawa et al., 1994; Nelson et al., 1996).  

One surprising finding of our reduction – of – function phenotypes is its 
relatively low penetrance. Regardless of the perturbation of gene function, loss 
of NHR-40 activity results in about 10% embryonic and about 20% larval arrest 
and lethality. We believe that these phenotypes represent bone fide knockdowns 
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of NHR-40 activity because 1) they are not observed in control experiments, 2) 
the phenotypes can be partially rescued by genomic nhr-40 DNA, and 3) 
although not fully penetrant, the phenotypes are very consistent and 
reproducible. There are several possible explanations for the incomplete 
penetrance of the nhr-40 reduction – of – function phenotypes. The most 
obvious, given it is a member of a gene family consisting of 284 genes, is 
redundancy of function with one, or more, NHR encoding genes.  In a simple 
test of this model, we did double RNAi with nhr-40 and its two closest supnrs 
based on sequence, nhr-1 and nhr-47.  Double RNAi between nhr-40 and either 
nhr-1 or nhr-47 did not alter the phenotype or penetrance of nhr-40 RNAi alone.  
It is possible that redundancy in function is provided by other NHR genes or by 
a gene(s) outside the NHR superfamily. Another possibility is that NHR-40 
functions in dose – sensitive processes. Our nhr-40 RNAi and mutant allele may 
only be sufficient to partially reduce NHR-40 activity. RNAi is known to not 
completely eliminate mRNA levels, particularly for genes expressed late in 
embryogenesis or in larvae (Kostrouchova et al., 2001). Moreover, our analysis 
of transcripts in the nhr-40(ok667) mutant shows that although splicing is 
affected, some wild type message is produced. The partially penetrant 
phenotypes we observe may only reflect partial nhr-40 function; loss of nhr-40 
function may cause a more penetrant and more severe phenotype. 

The C. elegans supnr family form a group of 269 orphan nuclear receptors 
that, based on computational analysis, arose from expansion of an ancestral gene 
encoding a protein related to vertebrate HNF4 (Robinson-Rechavi et al., 2005).  
In many organisms, orphan NHRs are involved in the metabolic response to 
xenobiotics (Lindblom et al., 2001; Mohan and Heyman, 2003; Moore et al., 
2000; Xie and Evans, 2001) and any given NHR can respond to a variety of 
dissimilar xenobiotics (Maglich et al., 2002).  It has been suggested that the 
expansion of supnrs in C. elegans reflected a need to cope metabolically with 
the numerous and varied xenobiotics it encountered in its soil environment 
(Lindblom et al., 2001).  In this model, most supnrs would not be expected to 
have functions in the laboratory setting where potential ligands of the NHRs 
would be absent. Our demonstration that nhr-40 has a developmental role 
suggests that xenobiotics may not have been the only pressure driving expansion 
of this gene family.  Another supnr, NHR-49, was shown to be a major regulator 
of fat metabolism, especially fatty acid beta oxidation (Van Gilst et al., 2005a; 
Van Gilst et al., 2005b). Regardless of the original pressure driving expansion of 
the supnrs in nematodes, it would appear that many of these genes have adopted 
essential developmental roles independent of interactions with the environment. 
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6 CONCLUSION 
 
 

In this study, we have shown that the hypothetical nuclear hormone 
receptor nhr-40 is a functional gene with important developmental regulatory 
functions.  

We identified and characterized transcripts of nhr-40, characterized the 
expression pattern in developmental stages and tissues and identified a 
developmental regulatory function of nhr-40. 
 We found that nhr-40 gene is expressed in 3 isoforms that we named nhr-
40a, b and d.  

We found that this receptor is expressed from embryos during all larval 
stages and in adulthood. 

We found that expression of nhr-40 is regulated from two promoters.   
Promoter 1 regulates the expression of nhr-40 in neurons of the head, in 

ventral and dorsal neuronal cords, in pharynx, in body wall muscle cells and 
vulva muscle cells in adult stage. 

Promoter 2, which is localized in the first intron of the gene, regulates 
expression of nhr-40 similarly as promoter 1 but differs in the number of 
neuronal cells expressing nhr-40 in the head and tail, uterine-vulva cells and 
utse in adult stage.  

We show that nhr-40 regulates development of embryos and young L1 
larvae.  

We show that nhr-40 loss of function induces defect of development of 
body wall muscle cells and that the defect has a neuromuscular character.   
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8 ABBREVIATIONS 
aa  amino acid 
ACEDB  a Caenorhabditis elegans database 
AF-1   activation function 1 domain  
AF-2  activation function 2 domain 
bmd  body morphology defect 
bp  base pair 
BWM  body wall muscles 
cDNA  complementary deoxyribonucleic acid 
COUP  chicken ovalbumin upstream promoter transcription factor 
DBD  DNA binding domain 
DL   dorsal left 
DNA  deoxyribonucleic acid 
dpy   short, fat, “dumpy” phenotype of worms 
DR   dorsal right  
DR  direct repeats 
ER  everted repeats 
EST  expressed sequence tag 
gDNA  genomic deoxyribonucleic acid 
GFP  green fluorescent protein 
GRE  glucocorticoid response element 
HLH  helix – loop – helix motif 
HNF4  hepatocyte nuclear factor 4 
HRE   hormone response elements 
HSE  heat shock response element 
hsp  heat shock promoter 
HTH  helix – turn – helix motif 
IR  inverted repeats 
L1-4  1st – 4th larval stage of C.elegans development 
LBD   ligand binding domain 
LXR  liver X receptor 
LZ   leucine zipper motif 
MHC  myosin heavy chain 
N2  wild type strain of C.elegans  
NGFI-B  nerve growth factor receptor-induced orphan receptor  
NGM  nematode growth medium 
NHR   nuclear hormone receptor 
NR  nonrepeats 
NR  nuclear receptor 
OD  optical density 
ORF  open reading frame 
P  probability 
PCR  polymerase chain reaction 
PPAR   peroxisome proliferator activated receptor 
RAR  retinoic acid receptor 
RNA  ribonucleic acid 
RNAi  RNA mediated interference 
RT-PCR  reverse transcription – polymerase chain reaction 
RXR  retinoid X receptor 
SD  standard deviation 
SL1, SL2 splice leader sequence 1 and 2 
Supnrs  supplementary nuclear receptors 
TR  thyroid hormone receptor 
VDR  vitamin D receptor 
VL   ventral left 
VR   ventral right 
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