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ABSTRACT

The nematode worm Caenorhabditis elegans has been widely used as a genetic model
for over 40 years to investigate developmental control genes. In this thesis, | studied the
roles of several homeobox genes and a novel RNA binding protein (RBD) in the
development of C. elegans to understand the function of these genes in higher
organisms. Homeobox genes are transcriptional regulators that are highly conserved in
evolution and play important roles in the development and differentiation of
multicellular organisms. The RBD is one of the most common protein domains in
eukaryotes, and genes encoding this domain play roles in a wide variety of post-

transcriptional gene regulation processes.

In paper I, we characterized a novel protein, RNA binding domain-1 (RBD-1), which is
involved in ribosome biogenesis. This protein contains six consensus RNA-binding
domains and is conserved as to sequence, domain organization, and subcellular
localization from yeast to human. RBD-1 is essential for the development of C. elegans.
The RNAI experiments using the cDNA of RBD-1 demonstrated various abnormalities
in the C. elegans development, such as defects in morphology (dumpy), incomplete
molting, and defective gonadal and vulval development. Animals depleted for RBD-1

arrested mainly at the L1 larval stage.

In the course of studying the homeobox genes, we often used the dye-filling assay. It is
the simplest method presently used to assay the structural integrity of sensory cilia. In
paper Il, we optimized conditions, in which reliable staining of the inner labial (I1L2)
neurons could be obtained, namely in low salt conditions, in the presence of detergent
and when shaking worms at high speed during staining. The modified dye-filling
procedure provides a reliable method to distinguish mutant alleles that stain amphids
and phasmids, and IL2 neurons. Using this assay, we found that a mutation in the POU
homeobox gene unc-86 abolished dye-filling in IL2 neurons but not amphids and

phasmids.

In Paper 111, we showed that the LIM homeobox gene ceh-14 was expressed in other
sensory neurons and interneurons, including the phasmid neurons and the ALA

interneuron, while previously it was shown that ceh-14 is expressed in the AFD



neurons and required for thermotaxis behavior in C. elegans. ceh-14 mutant animals
displayed defects in dendrite outgrowth of the phasmid neurons, while the ALA
interneuron and some tail neurons showed abnormal axonal outgrowth and pathfinding.
ceh-14 and the paired-like homeobox gene ceh-17 act in the separate pathway to
control normal axonal outgrowth of ALA neuron. Overexpression of CEH-14 in the
nervous system may titrate out interacting factors, such as LDB-1, which caused

developmental defects.

In paper 1V, we investigated the function of four homeobox genes, ceh-6, ceh-26, ttx-1
and ceh-37, in the excretory cell development. We showed that the POU-III class
homeobox gene ceh-6, the Prospero class homeobox gene ceh-26, and two otd/Otx
family homeobox genes, ceh-37 and ttx-1 formed a regulatory hierarchy required for
the development and function of the excretory cell in C. elegans. The excretory cell is
required for maintaining osmotic balance and excreting waste products. While ceh-6
has previously been demonstrated to play a role in the excretory cell patterning, we
showed here that ceh-26 and ceh-37 are expressed in the excretory cell. ceh-26 mutants
arrested in early larval development with defects characteristic for a lack of excretory
cell function. Double mutant of the otd/Otx genes ceh-37 and ttx-1 was displaying
larval arrest, consistent with the excretory cell dysfunction, which indicates that there is
functional redundancy between these two genes. Using mutant alleles and RNAI, we
showed that ceh-26::GFP and ceh-37::GFP was down-regulated in ceh-6 mutants.
Further, we found that ceh-37::GFP was down-regulated in the ceh-26 mutants. We
also examined the effect of the homeobox gene mutants on functional genes, such as
channel proteins (the “target genes”) that are expressed in the excretory cell and found
that only a subset of the genes regulated by ceh-6 was also regulated by ceh-37/ttx-1.
We mapped the promoter regions of ceh-26 and of the target gene clh-4 to identify
putative homeodomain proteins binding sites. Given that these homeobox genes are
well conserved in evolution, we may expect that parts of this cascade are also

conserved in other organisms.
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1 INTRODUCTION

The study of model organisms is based on the fact that all living species, which
represent the diversity of life, descent from a common ancestor and therefore display
conservation of metabolic and development pathways and genetic material over the
course of evolution (Fox, 1985). Models are organisms that have plenty of biological
data, and properties that make them attractive to study as examples and address
questions, which are more difficult to study directly in higher organisms (including
humans). These can be classified as genetic models, experimental models, and genomic
models, with a pivotal position in the evolutionary tree. So far almost everything we
know about the fundamental properties of living cells has come from the studies of

model organisms (Fields and Johnston, 2005).

1.1 Caenorhabditis elegans

The fruit fly Drosophila melanogaster and the nematode worm Caenorhabditis elegans
(Figure 1) are both important genetic models that have advantages such as short
generation times, techniques for genetic manipulation, non-specialized living
requirements, and rapid assays for phenotypic abnormalities. D. melanogaster was
introduced and studied in the laboratory for the genetics work during the early 1900’s
(Kohler, 1994), and it has been used to address most of the questions and to obtain the
present knowledge about the role of genes in the development of a multicellular animal.
In the 60’s, Sydney Brenner proposed the nematode worm C. elegans as another
genetic model to investigate how various genes control embryonic development and the
function of the whole nervous system (Brenner, 1974). The worm’s simple body plan, a
limited number of cells, a transparent body, and a relatively small genome (100 million
base pairs, ~20 000 protein-coding genes) were considered its major advantages over
the fruit fly (Epstein et al., 1995).

The genetic manipulation of C. elegans is easy. Its small size (~1mm), large number of
progeny (300 to 1000 animals from a single hermaphrodite), fast generation time (~3.5
day), and ease of growth in either agar plates or in liquid cultures, allow for rapid
growth and ease of cultivation in a laboratory. Therefore large mutagenesis screens can



be performed with C. elegans. Such screens are used to detect either specific

phenotypes or deletions in known genes. Gene knockouts and genetic mutants can be

Distal gonad

Proximal gonad
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Figure 1 Anatomy of an adult hermaphrodite. A. DIC image of an adult hermaphrodite left
lateral side. Scale bar 0. mm. B. Schematic drawing of anatomical structures, left lateral

side. (Altun, Z.F. and Hall, D.H. 2009. Introduction. In www.wormatlas.org)

identified quickly, and gene knockdowns are readily generated via RNA-mediated
interference (Fire et al., 1998). Males can be used for crossings to rapidly generate new
genotype combinations. Transgenes can be introduced into the nematode either by
microinjection or particle bombardment (Evans (ed.), 2006). However, insertion of
DNA into defined regions of the genome by homologous recombination is not yet
possible in C. elegans. All worm strains can endure freezing and thawing. Frozen
stocks can be stored indefinitely in -80°C freezers or liquid nitrogen (—196°C)
(Stiernagle, 2006).

As the worms are transparent, cells in the living animal can be observed under the
differential interference contrast, DIC (Nomarski) microscopy, from the embryo to the
adult worm. Reporter-gene fusions also allow direct visualization of cellular
morphology and protein expression patterns. The lineage from the zygote to each of the
959 somatic nuclei of the adult hermaphrodite and the 1031 nuclei of the male has been

identified. Such lineages are invariant between animals (Sulston, 1983; Sulston and



Horvitz, 1977; Sulston et al., 1983). Lineage analyses can be performed routinely with
spatio-temporal (4D) microscopy in order to compare wild-type and mutant

development (Hutter and Schnabel, 1994; Zipperlen et al., 2001).

Although the worm is tiny and simple, it is a multicellular organism with skin (cuticule),
muscles, intestine, a nervous system, an excretory system and a reproductive system
(de Bono, 2003; Rankin, 2002). There is already a wealth of anatomical data. For
instance, there is an electron microscopic reconstruction of the whole C. elegans body
(White, 1986). Also, the complete wiring diagram of the nervous system has been

determined (White, 1986; Wood, 1988).

C. elegans is becoming widely used in the study of developmental control as a model
animal for over 40 years. Its sequenced genome, and biosynthetic and metabolic
pathways are highly conserved with vertebrates, including most of the known
components involved in cellular development and the nervous system (Consortium,
1998). In 2002 the Nobel Prize in physiology or medicine was awarded to three key
researchers in the worm field, Sydney Brenner, John Sulston, and H. Robert Horvitz. In
2006, Andrew Fire and Craig Mello were awarded the same prize for their discovery of
RNA interference in C. elegans. Moreover in 2008, Martin Chalfie shared the Nobel
Prize in Chemistry for his work with GFP in C. elegans. (http://nobelprize.org)

1.2 Homeobox genes

Both Drosophila melanogaster, as well as C. elegans, have been used to study genes
involved in ontogenesis for many years. Important evidence that development was
controlled by particular regulatory genes came from homeotic mutants in Drosophila
(Gehring, 1994; Gehring, 1998; Lewis, 1978). The Nobel Prize in Physiology and
Medicine was awarded jointly to Edward B. Lewis, Christiane Niisslein-Volhard and
Eric F. Wieschaus for their discoveries concerning the genetic control of early
embryonic development in 1995 (http://nobelprize.org). These homeotic gene mutants
result in transformations of body segments; parts of the body are transformed into other
body parts. One of the extensively studied examples of these is the gene Antennapedia

(Antp), where - as the name suggests - a dominant mutation that causes the



transformation of antennal structures to the corresponding (homologous) leg structures
(Figure 2).

Figure 2 Frontal view of the fruit fly head. Wild type (left). Mutant Antennapedia (right).
Antennae are transformed into metathoracic (second thoracic segment) legs (Turner and
Mahowald, 1979).

When molecular techniques became available and were applied to cloning of these
genes, it led to the discovery of the homeobox, a conserved stretch of DNA sequence of
about 180 nucleotides that codes for the DNA-binding portion of a large class of
transcription factors (McGinnis et al., 1984; Scott and Weiner, 1984). Subsequently,
these genes were found to be involved in many aspects of development not only
homeotic development. While “homeotic” was used to christen the “homeobox”, it
should be noted that not all homeotic genes are homeobox genes, and many homeobox
genes do not have homeotic functions (Burglin, 2005). Many more homeobox genes
were subsequently identified from all eukaryotes. They have a wide phylogenetic
distribution, having been found in baker's yeast, plants, and all animal phyla that have
been examined so far (Derelle et al., 2007). Homeobox genes are essential for
development as they control many different aspects of cellular growth and
differentiation (Abate-Shen, 2002).

The homeobox encodes a DNA-binding domain of 60 amino acids that folds into three
helices (Figure 3). The third helix is the key for providing specific DNA-binding (Qian
et al., 1989). As hundreds of homeobox genes have been described, it became clear that
the homeodomain of closely related genes have more sequence similarity. Figure 4
shows a consensus sequence that is based on a compilation of 346 homeobox
sequences. These 60 amino acid positions, especially the more conserved ones, define

the typical homeodomain (Btrglin, 2005).



Figure 3 A homeodomain bound to its specific DNA sequence. The homeodomain is folded
into three o helices, which are packed tightly together by hydrophobic interactions (A). The part
containing helix 2 and 3 closely resembles the helix-turn-helix motif, with the recognition helix
(red) making important contacts with the major groove (B). The Asn of helix 3, for example,
contacts an adenine. Nucleotide pairs are also contacted in the minor groove by a flexible arm
attached to helix 1. The homeodomain shown here is from a yeast gene regulatory protein
(Alberts, 2002).
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Figure 4 Homeodomain consensus sequence and amino acid encountered at a given position in
the homeodomain (Birglin, 2005).



Based on sequence similarities and fusion with characteristic co-domain sequences,
homeodomain protein have been classified into several distinct classes, including
TALE, Antp, PRD, SIX, LIM, POU, ZF, CUT, HNF and PRO (Btrglin, 2005; Booth
and Holland, 2007; Takatori et al., 2008). The resulting classification allows to the
examination of how structural conservation in sequence correlates with functional
conservation. Many of the homeodomain classes have additional conserved protein
domains or motifs outside of the homeodomain; some of the families are named after
their extra domains (Btrglin, 2005).

The homeodomain can both bind DNA and mediate protein-protein interactions
(Wolberger, 1996). Several sequences that are bound by homeodomain have been
identified. For instance, the binding site of the homeodomain of the Drosophila
morphogenic protein Bicoid (Bcd) is TAATCC. Bicoid is the only known protein that
uses a homeodomain to regulate translation, as well as transcription, by binding to both
RNA and DNA during early Drosophila development (Baird-Titus et al., 2006). POU
homeodomain proteins usually bind to the octamer motif (ATGCAAAT) (Pierani et al.,
1990; Staudt et al., 1986). Although the homeodomain in POU homeodomain proteins
is essential for DNA binding, the POU-specific domain contributes specific contacts
(Ingraham et al., 1990; Verrijzer et al., 1990). Therefore, the different types of
homeodomain proteins target DNA in different ways to activate or repress transcription

(or translation in some cases) of target genes.

Homeobox genes have been shown to play crucial roles from embryogenesis to cell
differentiation in plants, fungi, and all animal phyla. It is important that one can
compare the genomes of different organisms, since this will help us to understand the
evolution of animal development. C. elegans genome encodes orthologs of most but
not all developmental control genes known from Drosophila and vertebrates (Ruvkun
and Hobert, 1998). Based on our data (Krishanu Mukherjee, unpublished), we
identified 101 homeobox genes in Caenorhabditis elegans, 103 homeobox genes in
Drosophila melanogaster and 339 homeobox genes in human.



1.2.1 OTD/OTX homeobox genes

Homeobox genes of the orthodenticle (otd)/Otx family belong to the class of paired-like
homeodomain transcription factors that contain a lysine at position 50 of the
homeodomain (Acampora et al., 2005; Acampora et al., 2001). In Drosophila, the only
member of otd/Otx family is the orthodenticle (otd) transcription factor (synonym:
ocelliless, oc). Its embryonic expression is essential for patterning of the anterior region
of the body and the central nervous system (Finkelstein and Perrimon, 1990;
Finkelstein et al., 1990; Hirth et al.,, 1995; Wieschaus et al., 1992; Younossi-
Hartenstein et al., 1997). Severe or null mutant alleles are embryonic lethal, revealing
defects in head structures, deletions in anterior parts of the brain, and defects in ventral
nerve cords (Finkelstein et al., 1990; Klambt et al., 1991; Wieschaus et al., 1992). The
viable mutant allele implicates otd in the terminal differentiation of the photoreceptor
neurons of the fly eye (Ranade et al., 2008). In mice, three otd-related homeobox genes
have been identified: Otx1, Otx2 and Otx5/CRX. Both Otx1 and Otx2 are expressed
anteriorly in the embryo in nested domains that include the embryonic forebrain and
midbrain (Simeone et al., 1992). Otx2 null mice die early in development due to severe
defects in gastrulation and a lack of the anterior neuroectoderm that is fated to become
forebrain, midbrain, and rostral hindbrain (Acampora et al., 1995; Ang et al., 1996;
Matsuo et al., 1995). Otx1 null mice are viable but have spontaneous epileptic seizures

and abnormalities affecting the dorsal telencephalic cortex (Acampora et al., 1996).

All three transcription factors, Otx1, Otx-2 and CRX, also contribute to the development
of eyes (Ranade et al., 2008). In addition to the remarkable similarities in expression
patterns and mutant phenotypes of the otd/Otx gene family, the in vivo cross-phylum
rescue experiments provide further evidence for conservation of functional properties
(Acampora et al., 1998; Nagao et al., 1998; Sharman and Brand, 1998). otd/Otx genes
encode a homeodomain with a similar DNA-binding specificity as that of Bcd. This
DNA-binding specificity is mediated by a lysine at position 50 of homeodomain (K50).
In the known direct targets of Otd in the fly (Rh3, Rh5 and Rh6), gene transcription is
regulated through TAATCC (GGATTA) sites located within the first few hundred base
pairs upstream of the start of transcription (Tahayato et al., 2003). The sea urchin otd-
related homeobox protein SpOtx is capable of binding the core consensus TAATCC to
regulate the expression of the Strongylocentrotus purpuratus Spec2a gene (Mao et al.,
1994).
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Figure 5 Alignment of the homeodomains of C. elegans CEH-36, CEH-37 and TTX-1, rat
OTX1, rat OTX2, as well as Drosophila OTD. Identical residues are boxed in black; conserved
residues are boxed in gray. The positions of the helices are over lined. The asterisk indicates the
characteristic lysine at position 50. The three amino acid insertion in the third helix of CEH-36 is

marked with a dashed underline (Lanjuin et al., 2003).

There are three otd/Otx genes in C. elegans: ttx-1, ceh-37 and ceh-36 (Galliot et al.,
1999; Ruvkun and Hobert, 1998). The homeodomains of TTX-1, CEH-37 and CEH-36
show high conservation to the otd/Otx genes isolated from Drosophila and different
vertebrate species, and the three genes contain the characteristic lysine at position 50 of
homeodomain (Figure 5). However, the CEH-36 homeodomain shows a significantly
lower homology with the other otd/Otx genes as its homeodomain contains an extra
three-amino-acids insertion (VIT) in the predicted third helix (Figure 5). Phylogenetic
analysis shows that CEH-36 and CEH-37 are more diverged from the vertebrate OTX
proteins than TTX-1 (Lanjuin et al., 2003; Satterlee et al., 2001).

All members of OTD/OTX family of homeodomain proteins preferentially promote
distinct neuronal identities in C. elegans (Koga and Ohshima, 2004; Lanjuin et al.,
2003; Satterlee et al., 2001). ttx-1 is expressed in the bilateral AFD thermosensory
neurons and in the nine pharyngeal marginal cells that are structural cells of the
pharynx with unknown functions. The AFD neurons have been assigned a



thermosensory role in C. elegans (Mori and Ohshima, 1995; Satterlee et al., 2001). The
dendritic endings of the AFD neurons display a great increase in surface area and show
finger-like shapes. ttx-1 mutants show defects in the AFD neurons function. Electron
microscopy of ttx-1 mutants revealed that they lack dendritic endings (Perkins et al.,
1986). Because ttx-1 regulates differentiated characteristics of the AFD neurons, ttx-1
mutants are defective in a thermotaxis behavior and exhibit deregulated thermosensory
inputs into a neuroendocrine signaling pathway. The AFD neurons also express partial
AWC-like characteristics in ttx-1 mutants. Ectopic expression of ttx-1 converts other
sensory neurons to an AFD-like fate. ttx-1 expression in the AFD neurons was
obviously reduced in ttx-1 mutants , showing that TTX-1 autoregulates to maintain
expression in the AFD neurons. In addition, TTX-1 regulates the expression of the LIM
homeobox gene ceh-14, whose mutants exhibit weak thermostatic behavior (Cassata et
al., 2000a; Satterlee et al., 2001). ceh-37 is expressed in the AWB neurons and in the
excretory cell. Mutations in ceh-37 show defects in multiple aspects of AWB olfactory
neuron specification. A GFP-tagged ceh-36 transgene is expressed in the AWC and
ASE neurons. ceh-36 is required for the specification of AWC and ASEL (ASE in left
side) neuronal identities. ceh-36 is also required for establishing the left-right
asymmetry in ASER chemosensory neurons (Chang et al., 2003). The HMX family
homeodomain protein MLS-2 regulates ceh-36 expression specifically in the AWC
neurons. CEH-36 autoregulates itself by the K50-homeodomain binding site TAATCC
to maintain its own expression (Kim et al., 2010). Moreover, CEH-36 may directly
interact with the regulatory sequences of terminal differentiation genes in AWC and
ASE neurons via the same binding motif (Chang et al., 2003; Etchberger et al., 2009;
Lesch et al., 2009). All three C. elegans otd/Otx genes and rat Otx1 can functonally
substitute for ceh-37 and ceh-36, but only ceh-37 substitutes for ttx-1. Expression of
both ceh-37 and ttx-1 in the AWB neurons restores AWB development, and TTX-1
compensates for CEH-37’s function in the AWB neurons by activating the same
downstream target genes (Lanjuin et al., 2003). Both ttx-1 and ceh-37 are also
expressed in non-neuronal cell types in C. elegans, though the mutants do not show

gross abnormalities in the development or function of these other types of cells.



1.2.2 POU homeobox genes

The POU class of homeobox genes contain the conserved POU-specific domain, which
spans an approximately 80 amino acids, upstream of the homeodomain with a variable
linker (Herr et al., 1988). The POU class of homeobox genes is further divided into five
families (1, 11, 111, 1V and V), which have diverse roles in cellular processes from stem
cell functions to acting as transcription factors (Nichols et al., 1998; Ryan and
Rosenfeld, 1997). oct-4 (POU-V) is sufficient to reprogram mouse adult neural stem
cells (Kim et al., 2009). In C. elegans, three POU homeobox genes can be identified:
unc-86 (POU-1V), ceh-18 (POU-II) and ceh-6 (POU-III). In Drosophila five genes in
four families are found; no POU-1 family genes are identified in either flies or worms
(Burglin et al., 1989; Burglin and Ruvkun, 2001).

unc-86 is required for the correct cell fate determination and differentiation in diverse
neuronal lineages, including the egg-laying neurons, the mechanosensory neurons, and
the chemosensory interneurons as well as all six IL2 neurons (Finney and Ruvkun,
1990; Finney et al., 1988). Although UNC-86 is not expressed in amphid sensory
neurons, unc-86 mutants are defective in their responses to chemosensory attractants
mediated by the AWC and ASE sensory neurons (Bargmann et al., 1993). The AlZ
interneurons, where unc-86 is expressed, are probably important for chemotaxis (Mori
and Ohshima, 1995). The POU member ceh-18 plays a distinct role in development,

specifying ectodermal and gonadal cell fates (Greenstein et al., 1994; Rose et al., 1997).

The third member of the POU homeodomain proteins in C. elegans, CEH-6 is
expressed in particular head and ventral cord neurons, as well as in rectal epithelial
cells, and in the excretory cell. ceh-6 mutations result in embryonic lethality due to
defects in the excretory cell function, that is required for osmoregulation. Expression of
many genes in the excretory cell is abolished or downregulated in the ceh-6 null mutant
and in ceh-6 RNAI knockdown animals (Armstrong and Chamberlin, 2010; Biirglin
and Ruvkun, 2001; Mah et al., 2007; Mah et al., 2010). CEH-6 is also required for the
function of several different types of neurons and epithelial cells (ref). The vertebrate
POU-I1II genes (Brnl, Brn2, SCIP/Tst1/Oct6/Pou3fl and Brn4) are all expressed in the
nervous system, particularly in the CNS (Alvarez-Bolado et al., 1995; He et al., 1989).
Expression of POU-III genes has been detected in the excretory organs of mammals,
quail, zebrafish, brine shrimp and Xenopus (Chavez et al., 1999; Lan et al., 2006;

10



Spaniol et al., 1996; Witta et al., 1995).

The optimal binding site of the POU- II (Oct-1 and Oct2) is the canonical octamer
motif (ATGCAAAT) (Pierani et al., 1990; Staudt et al., 1986). Binding site of the Brn
family (POU-II) is distinct from the oct-1 motif (Wegner et al., 1993). C. elegans
CEH-6 (POU-III) binds to the same cis-regulatory element (ATGCAAAT) to regulate
the expression of agp-8 in the excretory cell (Mah et al., 2007). Mutagenesis assays
indicate that the octamer cis-regulatory element could have a range of functional

variants in C. elegans (Armstrong and Chamberlin, 2010).

1.2.3 LIM homeobox genes

LIM domain is about 60 amino acids long and made up of two contiguous zinc finger
domains, separated by a two-amino acid residue hydrophobic linker (Kadrmas and
Beckerle, 2004). They are named after their initial discovery in the proteins LIN-11,
ISL-1 & MEC-3 (Bach, 2000). LIM-domains mediate protein interactions that are
critical to cellular processes. LIM homeobox genes encode two LIM domains
upstream of the homeodomain (Biirglin, 2005). This family of conserved genes plays
a crucial role in neuronal survival, axon guidance and neuronal function. The diverse
functions of LIM proteins include the development of kidney, pancreas, eyes, and
limbs in vertebrates, the patterning of wings and imaginal disc precursor tissues in

flies and the formation of the vulva in C. elegans (Hobert and Westphal, 2000).

The genome of the nematode C. elegans encodes seven LIM homeobox genes, which
fall into the six subfamilies: apterous (#tx-3), LHX6/8 (lim-4), ISLET (lim-7), LMX
(lim-6), LIM3 (ceh-14) and LIN1/5 (mec-3 and lin-11). ceh-14 is expressed in the
thermosensory neurons AFDL/R, the interneurons BDUL/R and the asymmetric
interneuron ALA. ceh-14 mutants are athermotactic, but the AFD neurons are still
present and differentiated (Cassata et al., 2000a). The LIM homeobox gene ##x-3 is
required for the functions of the interneuron ALY, including thermosensory behavior
and olfactory learning (Altun-Gultekin et al., 2001; Remy and Hobert, 2005). lin-11
plays a role in the differentiation of the AIZ interneurons (Hobert et al., 1998) which
are a major component of the chemosensory and thermosensory circuits (White,

1986). These three LIM homeobox genes play a role in the C. elegans’ thermosensory
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circuit, which contains AFD, AlY and AlZ neurons (Hedgecock and Russell, 1975).

The LIM domains are zinc-binding motifs interfacing with other proteins. These
motifs do not only occur in homeodomain proteins, but also in other proteins that are
involved in protein-protein interaction. In animals, there are LMO proteins (LIM
domain only proteins), which have apparently secondarily lost the homeodomain.
However, there are also more divergent LIM domains, which are found not only in
eukaryotes, but also in bacterial proteins. They also function in protein-protein
interaction (Burglin, 2005; Duboule, 1994). The protein NLI/Ldb1/CLIM2 can bind
to the LIM domains of the LIM homeodomain proteins but also to the nuclear LMO
proteins to form functional complexes (Agulnick et al., 1996; Bach et al., 1997; Jurata
et al., 1996; Milan and Cohen, 1999). Loss of LDBL1 in mice causes severe pattering
defects during gastrulation (Mukhopadhyay et al., 2003). C. elegans also contains an
ortholog, Idb-1, which is expressed in all neurons and some other tissues of the larval
and adult animal. The Idb-1 RNAi worms exhibits the uncoordinated movement
phenotype and defects in the function of mechanosensory and is thought to be an

important co-factor for the LIM homeodomain proteins (Cassata et al., 2000Db).

1.2.4 Prospero homeobox genes

Prospero (pros) class homeobox genes are atypical homeobox genes that contain a
highly divergent 63-amino acid homeodomain. Three additional amino acids are
located between helices 2 and 3. The conserved pros domain, which is about 100 amino
acids long, lies downstream of the homeodomain. The pros domain forms a single
structural unit with the homeodomain which provides sequence specific DNA binding
(Holland et al., 2007). Drosophila pros is expressed in neuronal precursor cells and its
asymmetric segregation determines the cell fates of sibling cells (Hirata et al., 1995;
Spana and Doe, 1995). Mouse Prox1 plays divergent roles in multiple internal organs
(Burke and Oliver, 2002; Dudas et al., 2008; Sosa-Pineda et al., 2000). Its mutants are
embryonic lethal, lacking the lymphatic vasculature around midgestation (Johnson et al.,
2008; Wigle and Oliver, 1999). Prox1 is also known to regulate the activity of a
specific subset of nuclear receptors (Charest-Marcotte et al., 2010; Lee et al., 2009; Qin
et al., 2004; Song et al., 2006; Yamazaki et al., 2009). Mouse Prox2 is expressed in

eyes, testes, as well as the developing nervous system. Prox2 is not essential for
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embryonic development and postnatal survival in mice (Nishijima and Ohtoshi, 2006).
Human and chicken Prox1 mRNAs are detected in multiple organs including kidney in
the embryonic and adult tissue (Rodriguez-Niedenfuhr et al., 2001; Zinovieva et al.,
1996). Prox1 in situ hybridization of chicken embryos shows that a few tubuli of the
kidneys are Prox1-positive (Rodriguez-Niedenfuhr et al., 2001). Drosophila Pros and
human Prox1 have a unique sequence preference and recognize the following
consensus sequence: AA/TC/TNNCT/C (Cui et al., 2004; Hassan et al., 1997). Only a
single prospero class gene is present in C. elegans, ceh-26, which has been the subject

of a few unpublished studies in the Brglin laboratory.

1.3 RNA-binding proteins containing an RBD domain

The RBD (RNA binding domain), also known as RRM (RNA-recognition motif) or
RNP (ribonucleoprotein domain), is one of the most common protein domains in
eukaryotes and is extensively studied in terms of structure and biochemistry (Maris et
al., 2005). A typical RBD is about 90 amino acids long with a 3a;(3(3a,(% topology
that forms a four-stranded (3sheet packed against two a-helices (Figure 6) (Ding et al.,
1999). RBD-containing proteins play a role in most post-transcriptional gene regulation
processes (i.e. mMRNA and rRNA processing, RNA export and stability) (Dreyfuss et al.,
2002).

The RBD domain is not only involved in RNA/DNA recognition but also in protein-
protein interaction. The structural versatility of the RBD interactions result in RBD-
containing proteins having many diverse biological functions (Clery et al., 2008).
Proteins have been found containing from one to several RBDs. The combination of
two or more RBD domains allows the continuous recognition of a long nucleotide
sequence and often increases the binding affinity (Maris et al., 2005). The individual
RBD domains are separated by linker sequences of highly variable length which
provide a critical determinant of binding affinity and may modulate cis versus trans
binding (Shamoo et al., 1995). Several of proteins containing RBD domains have been
studied in C. elegans: DAZ-1, SPN-4, FOG-1, CPB-1, RNP-4, FOX-1, UNC-75, EXC-
7, ETR-1, MEC-8, MSI-1, EXC-7 and LIN-28 (Lee and Schedl, 2006). They are
required not only in the germline and early development but also in the somatic

development. The C. elegans neural RNA-binding protein ELAV homologue EXC-7,
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which contains three RBD domains, is localized to nucleus in excretory cells and in the
nervous system and regulates its mRNA targets (i.e. sma-1 that encodes R3y-Spectrin)
through post-transcriptional control, which further affects the proper development of
the excretory canals (Fujita et al., 2003; Loria et al., 2003).

Figure 6 RRM (RBD) B-sheet interaction with RNA. Structure of hnRNP A1 RRM2 in complex with
single stranded telomeric DNA as a model of single stranded nucleic acid binding. The place of main
conserved RNP1 and RNP2 aromatic residues on the B-sheet indicated in green. Most commonly,
three aromatic side-chains located in the conserved RNP1 (in B3-strand) and RNP2 (in p1-strand)
sequence stretches, accommodate two nucleotides as follows: the bases of the 50 and of the 30
nucleotides stack on an aromatic ring located in 1 (position 2 of RNP2) and in B3 (position 5 of
RNP1), respectively. The third aromatic ring that is usually located in B3 (position 3 of RNP1) is
often inserted between the two sugar rings of the dinucleotide (Clery et al., 2008).
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1.4 The excretory system of C. elegans

Figure 7 Schematic of the adult excretory system in C. elegans. Lateral oblique view. A)
The fused pair of gland cells (blue), the excretory (canal) cell (red), the duct cell (brown)
and the pore cell (yellow) are located in the head region. B) In this view, excretory and duct
cell bodies are removed to reveal the junction. (Altun, Z.F. and Hall, D.H. 2009. Excretory

system. In www.wormatlas.org)

The excretory system (Figure 7) in nematodes acts in osmotic and ionic regulation
(Nelson et al., 1983; Nelson and Riddle, 1984) and is also responsible for secreting

hormones and fluids required for molting (Nelson et al., 1983). This system consists of
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four cell types: one excretory duct cell, two excretory gland cells, one excretory pore
cell, and one excretory (canal) cell in C. elegans. All cells are descendants of the AB
cell lineage, but no direct precursor cell is shared amongst these cells (Sulston and
Horvitz, 1977). Laser ablation of any of the three central cells, i.e. the excretory cell,
the duct cell, and the pore cell, leads to fluid retention in the worm (Nelson and Riddle,
1984). These cells and their morphology are highly variable in nematodes (Chitwood
and Chitwood, 1977; Wang and Chamberlin, 2002). C. elegans exhibits the greatest
ability to survive in a high salt test among five different Caenorhabditis species (C.
elegans, C. remanei, C. brenneri, C. briggsae and C. japonica) (Wang and Chamberlin,
2004).

1.4.1 Excretory cell

Dorsal

Excretory canals 2 .
Y Posterior

Nucleus

Figure 8 Structure of the excretory canals in a late larval stage worm. The apical/luminal (red)
and basal (blue) surfaces of the excretory cell meet only at the connection to the duct cell
(Buechner, 2002).

The H-shaped excretory cell (Figure 8) is the largest cell in C. elegans and its birth at
the end of gastrulation is a useful identifiable landmark in embryogenesis (Fujita et al.,
2003). The excretory canals are fluid-filled channels surrounded by the cytoplasm of
the excretory cell processes, which extend both anteriorly and posteriorly from the
excretory cell body beneath the hypodermis on the worm’s lateral side. The surface

areas of canals are increased by the structure of canaliculi (Figure 9), which also
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provide exposure to the extracellular fluid-filled pseudocoelomic cavity (Buechner et

al., 1999).

Most tubules are made of a series of linked epithelial cells. As single-celled tubules, the
excretory cell of the nematode C. elegans is a good example of cell morphogenesis but
also a simply genetically traceable model for studying tubule formation and regulation,
just like the other model, the single-cell tips of the Drosophila trachea (Buechner, 2002;
Casanova, 2007).

Figure 9 Illustration of an excretory cell
canal cross section. Excretory cell tubes
locate an apical membrane that forms the
lumen. Numerous canaliculi branch off of
the center lumen (Altun, Z.F. and Hall,
D.H. 2009. Excretory system. In

www.wormatlas.org)

Basal lamina

The trachea of Drosophila is a network of tubes that fulfills the respiratory needs of the
fly. Several homeobox genes including Antennapedia, abdominal-A, abdominal-B, cut,
engrailed, empty spirades, nubbin and ventral veins lacking are found in tracheae and
spiracles (http://www.sdbonline.org/fly/aimorph/trachia.htm). The fly gene ventral
veinless (vvl) which is ortholog of the C. elegans gene ceh-6 (POU-III), corresponds to
the genetic locus drifter (dfr), also known as Cfla, which regulates the developmental
processes of tracheal formation (Anderson et al., 1995; de Celis et al., 1995; Llimargas
and Casanova, 1997). However, df is not expressed in the Drosophila malpighian
tubules, which carry out the function of waste excretion and maintenance of osmotic
homeostasis, like the C. elegans excretory cell (Jung et al., 2005). So far only three
homeobox genes (caudal, cut, and homothorax) are detected in the fruit fly Drosophila

melanogaster malpighian tubules (http://www.sdbonline.org/fly/aimorph/maltubls.htm).

17



This suggests that a different homeobox genes transcription regulation network may be

active in excretory organs of C. elegans and the Drosophila.

Due to some similarities in their structures (e.g., outgrowth of processes), the excretory
cell and neurons share many developmental characteristics that direct elongation,
guidance and outgrowth. Indeed, mutations in many genes, including pat-3 (B:-
integrin), epi-1 (the laminin o chain), lam-1 (laminin B chain), unc-52 (perlecan), mig-
15 (Nck-interacting kinase), unc-53 (a novel actin-binding protein), unc-73 (a rho-type
GDP-GTP exchange factor), mig-10 (Grb7), unc-34 (a EVH1 domain-containing
protein), unc-104 (kinesin), unc-116 (kinesin), unc-6 (netrin), unc-5 (a netrin receptor)
and lin-17 (a Frizzled receptor), affect the development of both excretory cell and
neurons in elongation, guidance, outgrowth, and cell fate decision. However, none of
the above mentioned mutations causes defects in the ability of the canals to form
tubules or to regulate the diameter of the lumen (Buechner, 2002). In addition,
excretory cell tubulogenesis occurs in vitro using conditions intended for neuronal cell
culture (Buechner et al., 1999).

1.4.2 EXC genes regulation pathway

Buechner et al in 1999 first reported a number of the lumenal mutants in the excretory
cell of C. elegans. These mutants are unable to maintain a narrow channel structure and
would swell into a series of fluid-filled cysts (EXC), in the excretory cell of C. elegans.
So far, mutations causing a visible EXC phenotype have been found in twelve genes
including exc-1, exc-2, exc-3, exc-4, exc-5, exc-6, exc-7, exc-8, exc-9, let-4, let-653 and
sma-1 (Buechner et al., 1999). EXC proteins act together to regulate the excretory
channel shapes (Figure 10). The model of EXC protein function suggests that sma-1
MRNA, which encodes a By —spectrin is transported via EXC-7 ELAV, which encodes
a RNA binding domain-containing protein (see above), and is translated along the
length of the canals (Tong and Buechner, 2008). EXC-9, which encodes a LIM domain,
activates EXC-1 and EXC-5 (encodes a guanine nucleotide exchange factor) to cause
CDC-42 (encodes a RHO GTPase) to be phosphorylated, and direct the growth and
stability of the apical cytoskeleton, while inhibiting the basolateral cytoskeleton. In this
model, a gap at the apical cytoskeleton probably triggers activation of EXC-9, while the
spectrin at the apical surface would repress activation of EXC-9. exc-4 encodes a CLC
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chloride channel (Berry et al., 2003) and its expression is necessary for EXC-9 to
function normally. exc-2 and exc-1 genes are not yet cloned, but mutants analysis
indicates that both the presence of the EXC-4 CLC channel and EXC-2 allow EXC-9
to function and EXC-1 may function together with EXC-5 downstream of EXC-9 in a

pathway that activates CDC-42 at the canal apical surface (Tong and Buechner, 2008).
Mutations in let-4 and let-653 result in an extremely large canal lumen which is visible
under the dissecting microscope. let-4 has not yet been cloned, and let-653 encodes a

secreted mucin (Jones and Baillie, 1995). Its functional pathways are not yet known.

Figure 10 Model of EXC protein interactions. Diagram depicts a section of the excretory
canals (Tong and Buechner, 2008).

1.4.3 CEH-6 dependent genes

The EXC phenotypes or cysts in the excretory cell are not only seen in the mutants
discussed above. The homeobox gene ceh-6 (POU-III family) mutants display similar
cysts in the excretory channel and/or body of C. elegans, and about 80% of the animal
die in larval stages (Birglin and Ruvkun, 2001). The transcription factor ceh-6 is the
only POU homeobox gene that is expressed in the excretory cell. It directly regulates
the expression of agp-8, which encodes an aquaglyceroporin and nac-2, which encodes
a sodium-coupled dicarboxylate transporter, in the excretory cell via the octamer
elements (ATTTGCAT) of their promoters (Armstrong and Chamberlin, 2010; Mah et
al.,, 2007). ceh-6 RNAIi and mutants screens uncovered several of additional

downstream genes, which are regulated in the excretory cell by CEH-6, but also
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Table 1 Excretory cell gene: gene tested for CEH-6 dependence. Adapted from
(Armstrong and Chamberlin, 2010; Biirglin and Ruvkun, 2001; Mah et al., 2007)

Gene Description CEH-6 Octamer | Test
dependence | element
nac-2 Na" dicarboxylate transporter Yes Yes Mutant
and RNAI
clh-4 CIC-type chloride channel Yes Yes RNAI
twk-36 K" channel transporter Yes Yes RNAI
sulp-4 Sulfate permease anion transporter Yes Yes RNAI
sulp-5 Sulfate permease anion transporter Yes Yes RNAI
pgp-3 ATP-dependent transporter Yes Yes RNAI
agp-8 Water channel Yes Yes RNAI
Y70G10A.3 | Na' dicarboxylate transporter Yes Yes RNAI
nhx-9 Na*/proton exchanger Yes Yes RNAI
sulp-8 Sulfate permease anion transporter Yes Yes RNAI
vha-12 Vacuolar-type ATPase Yes Yes RNAI
mrp-2 ATP-binding cassette (ABC) Yes Yes RNAI]
transport
sel-9 p24 family of proteins Yes Yes RNAI]
ral-1 Ras-related GTPase Yes Yes RNAI
aat-1 amino acid transporter Yes Yes RNAI
pgp-4 ATP-binding cassette (ABC) Yes No RNAI
transporter
vha-13 Vacuolar-type ATPase Yes Yes RNAI
kin-18 Serine/threonine protein kinase No Yes RNAI
unc-115 Actin-binding LIM Zn-finger No Yes RNAI
protein
cnx-1 calnexin No Yes RNAI
inx-13 innexin No Yes RNAI
vha-1 Vacuolar-type ATPase No No Mutant
and RNAI
vha-5 Vacuolar-type ATPase No Yes RNAI
vha-8 Vacuolar-type ATPase No Yes RNAI
exc-9 LIM domain-containing proteins No Yes RNAI

20




showed that some genes are CEH-6 independent (Table 1). CEH-6 dependent genes
that are found in Table 1 are all terminal differentiation genes such as structural
proteins, channels, and transporters, i.e. they are the targets of the regulatory
transcription factors. The data summarized in Table 1 suggest that ceh-6 play a role in

the function of the excretory cell.

ceh-6(RNAI) does not suppress the expression of EXC-9 (Armstrong and Chamberlin,
2010) and therefore ceh-6 may not be involved in the EXC protein interaction pathway.
To date, we can find about 300 genes expressed in the excretory cell including a couple
of transcription factors; for example, ceh-37, ceh-26, tag-97, pad-1, nhr-31, nhr-17,
nhr-41, nhr-43, nhr-91, dis-3 and set-17 (http://www.wormbase.org). For comparison,
the POU homeobox gene unc-86 by itself allows activation of the expressions of the
mec-3, a LIM homeobox gene, in the mechanosensory neurons (Lichtsteiner and Tjian,
1995). Does ceh-6 have such a key regulatory role in the excretory cell? Future
experiments will be necessary to determine, whether expression of the above
mentioned transcription factors are dependent on CEH-6 regulation. Some interactions

have been studied in this thesis.

1.4.4 Nuclear receptor and its binding elements (NRES)

The vacuolar ATPase (VATPase) is an ATP-dependent proton pump that transports
protons across cellular membranes (Figure 11). Each C. elegans vha gene encodes one
subunit of the vATPase holoenzyme, and there are 15 separate subunits that make up
the holoenzyme (Hahn-Windgassen and Van Gilst, 2009). ceh-6 RNAi knock-down
down-regulates the expression of vah-12 and vah-13, but has no effect on the
expression of vah-1, vah-5 and vah-8 (Table 1), while RNAI of nhr-31 dramatically
affects the expression of the 15 genes that encode subunits of the vacuolar ATPase
(Figure 11).

NHR-31 encodes one of 268 C. elegans nuclear receptors and is highly conserved to
the mammalian and Drosophila HNF4 receptors (Robinson-Rechavi et al., 2005). Its
expression is required for controlling the growth and function of the nematode
excretory cell (Hahn-Windgassen and Van Gilst, 2009). RNA. of the vacuolar ATPase
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subunits such as vha-5 (small a subunit), vha-8 (catalytic E subunit) or vha-12 (B

subunit) leads to tube formation phenotypes similar to those of nhr-31 RNAi animals.
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Figure 11 NHR-31 promotes expression of numerous genes encoding subunits of the vacuolar
ATPase. The change in the expression levels of vacuolar ATPase genes (vha genes) in nhr-31
RNAI animals is shown. Data were obtained by QRT-PCR and are plotted as the fold-decrease
in gene expression observed in nhr-31 RNAi animals as compared to animals fed control
RNAI. The data are presented on a log scale and are color-coded according to the specific
subunit encoded by that gene (the vATPase holoenzyme is shown in the inset, the peripheral
domain is named as the V1 domain and the integral membrane domain is termed VO0). For
some subunits, several different gene isoforms exist. Error bars represent standard error (n=7).
(Hahn-Windgassen and Van Gilst, 2009)

Nuclear receptors typically associate with complex binding motifs that comprised of
two hexameric half-sites (Mangelsdorf et al., 1995). Nuclear receptor binding elements
(NREs) are predicted in the promoters of 15 out of 18 vha genes (Hahn-Windgassen
and Van Gilst, 2009), including vah-12 and vah-13 which are also regulated by ceh-6
via the octamer element (Armstrong and Chamberlin, 2010).
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1.4.5 Excretory cell-specific cis-element: Ex-1, Ex-2 and Ex-3

Ex-L Ex-1 Ex-R Ex-R1

CE caaaggatttccatacattattccecg-cg------- tttttggcaccca

e rrrrnrrrrrrerrner e LEE FErrrrrnd
CB aaagtgattticcatacattattaccgacgatttttttttctggcaccca

Figure 12 Alignment of the 500-bp C. elegans (CE) pgp-12 and its 500-bp C. briggsae
(CB) orthologous region using NCBI BLAST 2. The 10-bp element, Ex-1 (box), Ex-L
(line), Ex-R (dashed line), and Ex-R1 (dots) are highlighted (Zhao et al., 2005).

Except for the octamer cis-regulatory elements discussed above, three other motifs, Ex-
1, Ex-2 and Ex-3, have been identified in genes expressed in the excretory cell in C.
elegans (Zhao et al., 2005). The 10 bp EX-1 (CCATACATTA) motif at -249 of the
promoter of pgp-12 was identified using deletional analyses of pgp-12-promoter-GFP
fusion constructs (Figure 12). pgp-12 encodes a P-glycoprotein subclass of ATP-
binding cassette (ABC) transporters and it is expressed only in the excretory cell. pgp-
12 expression is regulated by DCP-66, which binds the pgp-12 Ex-1 promoter element
in yeast one-hybrid and EMSA experiments (Zhao et al., 2005). dcp-66 encodes an
ortholog of the NuRD component p66 and is a member of the transcriptional inhibitory
nucleosomal remodeling and deacetylase (NuRD) complex. Human and Xenopus
homologs of DCP-66 were identified as a component of a gene silencing complex
(Feng et al., 2002; Wade et al., 1999). Similarly, it negatively regulates /ag-2, which
encodes a transmembrane protein of the Delta/Serrate/Lag-2 (DSL) family, and is
expressed in the gut of C. elegans (Poulin et al., 2005). However, dcp-66 specifically
up-regulates pgp-12 expression in the excretory cell (Zhao et al., 2005). Deletion of the
Ex-1 motif eliminates pgp-12::GFP expression at all developmental stages, while
deletion of Ex-L, Ex-R or Ex-R1 (Figure 12) only partially lowers pgp-12 expression
in the excretory cell (Zhao et al., 2005). Since dcp-66 does not seem to be a specific
transcription factor, but rather a part of the NuRD complex, this apparently specific
function seems surprising. In fact, there is an octamer-like motif ATTTCCAT within
the Ex-1 and Ex-L elements and this suggests that CEH-6 can possibly regulate pgp-
12 expression in some unknown DCP-66 dependent way. A 26 bp (Ex-2) and a 25 bp

element (Ex-3) have been identified in the promoters of pgp-3 and nas-31, respectively,
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with the following sequences, CTCACAAAATATAAATATGGTAATTC and
GTTTCGAAAGTTCATCACCCCCAALC. Similar strategies as those used for pgp-12
were used. dcp-66 weakly reduces the expression of pgp-3 and nas-31 in the excretory
cell and it suggests potential co-factors and cross-talk between transcription factors
(Zhao et al., 2005).

1.5 The nervous system of C. elegans and Dye filling staining

The adult C. elegans hermaphrodite has 302 neurons (Sulston and Horvitz, 1977). They
communicate via approximately 6400 chemical synapses, 900 gap junctions, and 1500
neuromuscular junctions (NMJs). Among individual animals, the location of the
chemical synapses is about 75% reproducible (Durbin, 1987). Almost all C. elegans
neurons have simple monopolar or bipolar structures. They fall into four functional
categories defined by their circuitry: motor neurons, sensory neurons, interneurons and
polymodal neurons which perform more than one of these functional characteristics.
Except for these categories, there is a small subset of neurons whose functions are yet
unknown (Hall et al., 2006). The invariant anatomy and the simple neuronal
morphology make it very easy to detect even minor developmental defects and this
makes C. elegans one of the favorite model organisms to study neuronal development.

C. elegans can detect and differentiate a wide range of chemical compounds, including

water-soluble chemicals such as anions, cyclic nucleotides, cations, biotin, and amino
acids and volatile chemicals such as alcohols, aldehydes, esters, ketones, pyrazines,
thiazoles, and aromatic compounds (Bargmann, 2006). It senses chemicals with
chemosensory neurons that penetrate the cuticle to expose their sensory cilia to the
environment: the amphid, phasmid, and inner labial neurons (Ward et al., 1975; Ware,
1975). Of these neurons, 22 are paired amphid neurons (Figure 13) including ASE,
ASG, ASH, ASI, ASJ, ASK, ADF, ADL, AWA, AWB, and AWC, four are paired
phasmid neurons (PHA and PHB), and six are IL2 neurons. To date, the functions of
these sensory neurons have been studied and identified, except for the inner labial
neurons (IL2) (Bae and Barr, 2008; Bargmann, 2006). Fluorescent dyes such as FITC,
Dil, DiO and DiD can fill the amphid chemosensory neurons in the head and the
phasmid chemosensory neurons in the tail through their exposed ciliated endings, when
living worms are placed in a solution containing such dyes (Hedgecock et al., 1985;
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Shaham (ed.), 2006; Starich et al., 1995). FITC is able to label amphid neurons (ADF,
ASH, ASI, ASK and ADL) and phasmid neurons (PHA and PHB) (Hedgecock et al.,
1985). The lipophilic tracer dyes Dil, DiO and DiD can label the amphid neurons ASI,
ADL, ASK, AWB, ASH and ASJ, as well as the phasmid neurons PHA and PHB
(Coburn et al., 1998; Collet et al., 1998).

Amphid Opening

ASI,

ASJ, )
ASK ADF, / ' AWB,
ADL AWC

Figure 13 Structure of the amphid opening, longitudinal section. Amphid channel (Ch) is lined by the
cuticle in the distal (socket) part and an electron-dense lining supported by a scaffold of cytoskeletal
filaments (Fs) in the anterior sheath part. The socket cell is connected to the hypodermis and the
sheath cell by adherens junctions (aj). Adherens junctions are also seen between the dendrites and
sheath cell (neuron-sheath function) proximally to the level where the dendrites enter the channel. A
large Golgi apparatus located at the base of the sheath-cell process (leff) gives rise to matrix-filled
vesicles bound toward the channel. Mitochondria (not shown) are also present in this region. (Altun

Z.F. and Hall, D.H. 2009. Nervous system, neuronal support cells. In www.wormatlas.org)

Burket et al. developed a new dye-filling protocol for labeling the IL2 neurons and
showed that it is possible to label the IL2 neurons with dye (Burket et al., 2006). So far,
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the mechanism how dye is taken up is not fully understood. However, it is necessary
that the ciliated neuronal processes are exposed to the environment so that the dyes can
enter the neurons (Bae and Barr, 2008). Any defects in the ultrastructure of the
chemosensory cilia or their accessory cells will prevent dye uptake and disrupt
chemosensory behaviors (Perkins et al., 1986). Such dye-filling experiments are an
efficient and simple method used to assay the morphological intactness of the cilia and

sensory neurons (Inglis et al., 2007)
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2 AIMS

The general aim of the study was to get a better understanding of the role of
developmental regulators using the model organism C. elegans.

Specifically, the aims were to:
1. Investigate the role of a novel conserved RNA-binding Domain Protein.

2. Develop new dye-filling protocol in order to improve IL2 neuron identification and
improve the detection of DYF phenotypes.

3. Study the function of different homeobox genes in development control and cell
differentiation.

4. Define and characterize a regulatory network among several homeobox genes in the
excretory cell

5. Investigate the evolutionary conversation of cis-regulatory elements of homeobox
genes in the excretory cell
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3 RESULTS AND DISCUSSION

3.1 PAPERI: ANOVEL CONSERVED RNA-BINDING DOMAIN
PROTEIN, RBD-1, IS ESSENTIAL FOR RIBOSOME BIOGENESIS

The RBD is one of the most common protein domains in eukaryotes and genes
encoding this domain play a role in wide variety of post-transcriptional gene regulation
processes. In this paper we have characterized a novel protein, RBD-1 (RNA Binding-
Domain-1), which is involved in ribosome biogenesis. The protein contains six
conserved RNA-binding domains and is highly conserved from yeast to human.
Biochemical studies in Chironomus tentans show that RBD-1, binds pre-rRNA in vitro
and anti-Ct- RBD-1 antibodies repress pre-tRNA processing in vivo. Ct-RBD-1 is
mainly located in the nucleolus in an RNA polymerase I transcription dependent
manner, but is also present in discrete foci in the interchromatin and the cytoplasm. In
cytoplasmic extracts, 20-30% of Ct-RBD-1 is associated with ribosomes and,
preferentially with the 40S ribosomal subunit. cDNA clone yk417{6 (kind gift of Yuji
Kohara) spans the whole open reading frame of C. elegans rbd-1. We have performed
RNAI experiments using this cDNA and shown various abnormalities such as dumpy,
incomplete molting, and incomplete and defective gonadal and vulval development.
Animals arrest mainly at the L1 larval stage. Moreover, this gene is essential in
Caenorhabditis elegans. Our data suggest that RBD-1 plays a role in structurally
coordinating pre-rRNA during ribosome biogenesis and that this function is conserved

in all eukaryotes.

3.2 PAPERIII: CONDITIONS FOR DYE-FILLING OF SENSORY
NEURONS IN CAENORHABDITIS ELEGANS

Dye-filling experiments are an efficient and simple method used to fast assay the
morphological intactness of the cilia of a subset chemosensory neurons and defects of
neuron support cells in vivo (Inglis et al., 2007). While the amphids and phasmids are
easy to be stained, the six IL2 neurons are difficult to satin reproducibly. We optimized
the conditions under which the IL2 neurons take up the lipophilic fluorescent dye Dil.

In this paper, we describe that IL2 dye-filling depends on salt concentration, but not
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osmolarity. The modified dye-filling procedure provides a reliable method to
distinguish mutant alleles that stain amphids and phasmids, IL2 neurons, or both. An
additional benefit is that it can also stain the excretory duct. The method allows genetic
screens to be performed to identify mutants that selectively affect only one of the
sensory structures or the excretory duct. Using this assay, we found that a mutation in
the POU homeobox gene unc-86 can abolish dye-filling in IL2 neurons but not
amphids. Although the six IL2 (inner labial sensilla) neurons in the head also have
dendrites reaching to the tip of the head with exposed endings, the IL2 neurons function
is unknown. UNC-86 is not expressed in amphid sensory neurons, but unc-86 mutants
are defective in their responses to chemosensory attractants mediated by the AWC and
ASE sensory neurons. Therefore the new neuron staining method provides the clue to
investigate the function of IL2 neurons and the role of POU homeobox in the
development of IL2 neurons.

3.3 PAPERIIl: THE LIM HOMEOBOX GENE CEH-14 REGULATES
NEURITE OUTGROWTH IN SELECT NEURONS

The LIM homeobox gene ceh-14 is expressed in the AFD neurons and is required for
thermotaxis behavior in C. elegans (Cassata et al., 2000a). In this paper, we show that
ceh-14 is also expressed in the other sensory neurons and interneurons, including the
phasmid neurons (PHA, PHB, PHC, DVC, PVC, PVN, PVQ, PVT, PVW and PVR),
touch neurons (ALML/R, AVM, PVM and PLML/R) and the head interneuron (ALA
and BDU). Apart from the neuronal expression, ceh-14 expression is also seen in the
hypodermis and spermatheca. The expression of ceh-14 in AFD is reduced in the ceh-
14 mutant background compared to wild type, while its expression levels in the other

neurons (i.e. ALA, BDU, etc.) are not down-regulated.

In addition to severe thermotaxis defects, ceh-14 mutant animals show no behavioral
abnormalities that might be caused by defects in the sensory neurons. However, ceh-14
mutant animals show defects in dendrite outgrowth of the phasmid neurons. Moreover,
the ALA interneuron and some tail neurons show abnormal axonal outgrowth and
pathfinding. ceh-14 mutant worms have the ALA cell body at the normal position,
however the axons do not run into the lateral cord, but into the ventral nerve cord (VNC)

and stop just behind the posterior pharynx. Several worms have loop-shaped ALA
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axons at the point where they normally turn into the lateral cord or else in the VNC. We
also observed high percentages of abnormal axons of the tail neurons, aberrant
projections, extra-branching and premature termination in ceh-14 mutants. In contrast,
the axonal projections from the head neurons, AFD and BDU, seemed to be unaffected.
The paired-like homeobox gene ceh-17, which controls normal axonal outgrowth of
ALA, is not regulated by ceh-14, nor is ceh-14 regulated by ceh-17. These findings
suggest that they act in separate pathways. Furthermore, ceh-14 mutants display the
body size reduction and phasmid dye-filling defects due to the abnormal development
of the hypodermis. We also isolated a new allele, ceh-14(ch2), in which only one LIM
domain is disrupted. Analysis of this mutation shows that it behaves as a partial loss-of-

function mutation.

Dissection analyses of the ceh-14 promoter identify the regulatory regions that drive the
different components of the ceh-14 expression pattern. To beter understand its
regulation, further study of the cis-regulatory elements of ceh-14 is needed. To identify
the downstream genes of ceh-14 using microarrays, we did try to make the ectopic
expression of the cDNA of the ceh-14 using pan-neuronal promoter rab-3. However,
we found that these lines were difficult to maintain. Transgenic animals arrest either in
embryogenesis or L1 stage. In contrast, the LIM domain binding factor gene ldb-1,
which is expressed in all neurons of the animal, produced a variety of defects,
suggestive of important interactions in many tissues. We used an additional
overexpression construct, containing only the LIM domains of CEH-14 but lacking the
homeodomain. Overexpression of this construct also resulted in embryonic and L1
lethality. Taken together, these facts suggest that overexpression of CEH-14 in the
nervous system titrates out interacting factors, such as LDB-1, what is the cause of the
developmental defects.

3.4 PAPER IV: AREGULATORY NETWORK OF HOMEOBOX GENES IS
REQUIRED FOR THE FUNCTION OF THE CAENORHABDITIS
ELEGANS EXCRETORY CELL

We have previously described that one of the three POU homeobox genes in C. elegans,
ceh-6, functions in the excretory cell which plays a key part in regulating osmotic/ionic
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balance and waste elimination (BUrglin and Ruvkun, 2001). In this study, we further
characterize two other homeobox genes families (otd/Otx and Prospero) that are
required for the function of the excretory cell in C. elegans and the interactions among
these three homeobox gene families.

The C. elegans genome encodes three otd/Otx orthologous. The three genes specify
distinct sensory neuron identities in C. elegans (Lanjuin et al., 2003; Satterlee et al.,
2001). Analysis of the expression pattern of ceh-36, ceh-37 and ttx-1 during
embryogenesis using GFP reporter constructs and 2-channel 4D-microscopy indicates
that the expression pattern of both ceh-37 and ceh-36 consist of two phases of
expression, one during gastrulation, and a later one at the end of gastrulation/beginning
of morphogenesis, while for the third otd/Otx homeobox gene, ttx-1, 4D analysis shows

only one phase of expression after gastrulation.

The ceh-36 deletion (0k795), which removes the full homeodomain and 3’UTR, results
in animals with a stronger phenotype, especially in hermaphrodites. The mutant
animals display reduced brood size, dead eggs, L1 arrest, and delayed development.
These phenotypes contrast with the neuronal restricted phenotypes of the ceh-36 point
mutant alleles previously described (Lanjuin et al., 2003). The ceh-36 hermaphrodites
grow more slowly than males: After 72 hours, 85% of males had grown to the adult

stage, while only 20% of hermaphrodites were egg-laying adults.

We also analyzed the ceh-37 deletion mutant alleles (tm253, tm254) and ttx-1 mutant
allele (p767). They have no obvious defect in brood size and morphological appearance
except for the neuronal defects. However, ceh-37(tm253) ttx-1(p767) double mutant
animals display a severe phenotype of developmental arrest in young larval stages, with
cysts in the channel of excretory cell or in the body. The necrosis of the excretory cell
channels in double mutants of otd/Otx genes indicates an impaired development of the
excretory cell. We also tested for possible redundant roles using RNAI to generate
double and triple knockdowns among three otd/Otx genes. Only in the ttx-1/ceh-37
double RNAI animals, we found disruptions of the excretory cell and its canals. Cysts
mostly appeared in the head or the excretory cell region. Hence ceh-37 and ttx-1 play a
redundant role in the excretory cell and are required for the function of the excretory
cell in C. elegans.
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Prospero gene ceh-26 is also expressed in the excretory cell, in addition to a number of
cells, primarily in the head but also in some cells in the body and the tail. 4D recording
shows its wide expression in the embryo. We examined the loss of function of ceh-26
using RNAI as well as in the recent deletion mutant allele #m258. With both approaches,
we found a similar level of larval lethality and disruptions in the excretory cell.

Therefore ceh-26 is required for the function of the excretory cell in C. elegans.

We further examined the effects of knocking down ceh-6, ceh-26, and ceh-37/ttx-1 in
combination by looking at GFP reporters expressed in the excretory cell. For example,
knock-down of all genes downregulates the expression of c/h-4::GFP in the excretory
cell. In contrast, expression of sulp-4::GFP is suppressed in ceh-26(RNAi) and ceh-
6(mg6) animals, but not in ceh-37(RNAi)/ttx-1(RNAi) animals. Furthermore, only ceh-
6(RNAiQ) completely abolishes GFP expression of pgp-12, but ceh-26(RNAi) and ceh-
37(RNAi)/ttx-1(RNAQ) only weakly reduce the level of GFP. We also investigated the
regulation of the homeobox genes amongst each other using RNAi and
homeobox::GFP reporter integrated lines. ceh-6(RNAiQ) nearly completely suppresses
the GFP expression of both ceh-37 and ceh-26. ceh-26(RNAi) also abolishes ceh-
37::GFP expression. ceh-37/ttx-1(RNAi) of ceh-26::GFP showed that 42% of the
arrested worms still had GFP expression, indicating a partial downregulation, possibly
a regulatory feedback loop. Based on our findings, we propose a regulatory hierarchy
with ceh-6 at the top, ceh-26 in the middle, and the otd/Otx genes downstream (Figure
14).

Not affected

clh-3 e @ 1- 6O = pgp-12

Partially affected

pgp-12 ey C€N1-26 > s0Ip-4

sulp-4, nhx-9, apq-8 \J clh-4, sulp-5
CO1B12.3, F44B9.10 | ceh-37. ttx- J——p inx-13, pgp-3
abts-2, gck-2, vha-8 "Not affected ’ Y48ER.3
vha-1 Y48A6B.8

Figure 14 Model for the regulatory hierarchy in the excretory cell based on our current data in

this paper.
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We established that a combination of binding motifs TTTGCATAATG/CC for POU
and OTD homeodomain proteins is required for ceh-26 and clh-4 expression in the
excretory cell, using promoter deletion analyses, mutagenesis and functional studies.
Our results provide further evidence for the homeobox network to exist in the excretory

cell.

In conclusion, we find that two types of homeobox genes, the POU-III family and the
Prospero class play a role in development of an excretory cell in a nematode C. elegans.
Given the involvement of the homologous genes in kidney development in a wide
range of species, it is intriguing to draw parallels between these processes. How well
the regulatory networks and target genes are conserved in evolution is still unclear, but
C. elegans could nevertheless provide an important model system for kidney
development and function, because of its simplicity. Moreover, we have identified a
cascade of homeodomain transcription factors that is essential for excretory cell
function, loss of this cascade leads to lethality. Given that these homeobox genes are
well conserved in evolution, we may expect that parts of this cascade are also

conserved in other organisms.
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CONCLUSIONS

RBD-1 plays a role in structurally coordinating pre-rRNA during ribosome
biogenesis and that this function is conserved in all eukaryotes. Our data show that
this gene is essential in the development of C. elegans.

IL2 dye-filling depends on salt concentration, but not osmolarity. The modified
dye-filling procedure provides a reliable method to distinguish mutant alleles that
stain amphids and phasmids, IL2 neurons. Using this assay, we found that a
mutation in the POU homeobox gene unc-86 abolish dye-filling in IL2 neurons,
but not amphids and phasmids.

The LIM homeobox gene ceh-14 and the paired-like homeobox gene ceh-17 act in
separate pathways to control normal axonal outgrowth of the ALA neuron.
Overexpression of CEH-14 in the nervous system causes strong defects, most
likely by titrating out interacting factors, such as LDB-1, which then causes

developmental defects.

The otd/Otx homeobox genes ceh-37 and ttx-1 play redundant role in the excretory

cell and are required for the function of the excretory cell in C. elegans.

The Prospero homeobox gene ceh-26 is required for the function of the excretory

cell in C. elegans.

A combined motif TTTGCATAATG/CC may be bound by the POU and OTD

homeodomain proteins.

We have identified a cascade of homeodomain transcription factors comprised of
ceh-6 (POU III) at the top, ceh-26 (Prospero) in the middle, and the otd/Otx genes
downstream. This cascade is essential for excretory cell function, loss of it leads to
lethality.
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