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ABSTRACT 

The control of growth is a poorly understood aspect of animal development. This 
thesis focuses on body size regulation in Caenorhabditis elegans, and in particular, 
how worms grow to a certain size. 
In C. elegans, a key regulator of size is the TGFβ homologue DBL-1. Mutations that 
deplete the worm of DBL-1 result in a small body size, whereas overexpression of the 
gene renders long animals. The small mutants have the same number of cells as wild 
type suggesting that some or all cells are smaller. DBL-1 activates a TGFβ receptor 
leading to the nuclear localization of three Smad proteins which then initiate a 
transcriptional program for size control whose targets are mainly unknown.  
In order to learn more about how body size in C. elegans is regulated, we set up EMS 
mutagenesis screens to identify new loci that caused a long phenotype. A subset of 
the genes we have identified might function in the TGFβ signaling pathway 
regulating growth while others likely function in parallel pathways.  
One gene that we found in this screen, lon-3, encodes a cuticle collagen that 
genetically lies downstream of the DBL-1 TGFβ signaling pathway. Interestingly, 
loss of function mutations in lon-3 result in a Lon phenotype, whereas increasing the 
amount of LON-3 protein cause the worms to be dumpy, i.e. shorter, but slightly 
fatter than wild type. LON-3 is expressed in the hypodermis, the tissue from which 
the cuticle is synthesized and in which TGFβ signaling, regulating body size, has its 
focus. This study and previous work have shown that DBL-1 may affect body volume 
via effects on hypodermal nuclear ploidy, however this is unaffected in lon-3 
mutants. Consistent with this finding, the volume of lon-3 mutant worms is not 
different from wild type. Taken together, our results suggest that another mechanism, 
by which TGFβ signaling can regulate body length, is by altering the shape of the 
cuticle via its effect on lon-3 and possibly other cuticle collagens.  
Studies in worms, flies and mice show that body size and nutrient allocation are 
closely connected. p70 S6-kinase (S6K) is a known regulator of cell and body size 
that also plays a role in metabolism. In mice and flies S6K mutants are much smaller 
than wild type. Our work on the worm homolog, rsks-1, shows that in worms as well, 
this gene is important for growth regulation and cell size. However, this effect seems 
to be at least in part independent of DBL-1 TGFβ signaling. Furthermore, rsks-1 
mutants have a 50 % increase in the amount of stored fat. Fatty acid metabolism has 
been shown to play an important role in environmental adaptation, especially in 
regards to temperature changes. Consistent with this idea, rsks-1 mutants appear to 
have difficulties in adjusting to such changes, reflected in a much-decreased 
fecundity at 15 and 25 °C compared to their cultivation temperature (20 °C). 
Within the nervous system the gene is specifically expressed in a subset of the 
chemosensory neurons that, when nutrients are abundant, secrete signals that promote 
growth. Intriguingly, this expression seems to be negatively regulated by insulin- like 
signaling, in contrast to the positive regulation of S6K by insulin in Drosophila and 
mice. Taken together we show that rsks-1 is an important regulator of growth and fat 
metabolism in Caenorhabditis elegans.  
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INTRODUCTION 
 
The number of cells, the size of these cells and the extracellular space surrounding 
them determine the final size of an animal. Nutritional as well as genetic factors are 
known to be important for this process. However, the mechanisms that control body 
and cell size are largely unknown (CONLON and RAFF 1999). In mammals there are 
large differences in body size (or mass) between species, for which the number of 
cells are much more important than the size of individual cells. In lower invertebrates, 
however, the variation in cell size is also important (BOHNI et al. 1999; FLEMMING et 
al. 2000). 
In a multicellular organism there has to be a precise regulation in the generation and 
maintenance of the proper dimensions of limbs, organs and tissues relative to the 
whole body. However, the process has to be flexible enough to take into account the 
environmental conditions in order to create the appropriate size. One key 
environmental factor that influences growth is nutrition. Starvation leads to delayed 
development and reduced size in many organisms from worms to humans. Therefore 
the processes that govern growth regulation are probably closely coupled to the ones 
regulating metabolism (STERN 2003).  
For a long time regulation of cell size was mainly studied in the context of controlling 
cell cycle progression. Every cell has to grow to a minimum size before it can enter 
the cell cycle and divide. However, the cell can grow without being in a proliferative 
state, which shows that growth is not always coupled to proliferation.  
Findings in the model organisms Caenorhabditis elegans, Drosophila melanogaster 
and Mus musculus have given invaluable insights into how growth is regulated. 
Genetic screens for mutations causing increased or decreased body size have shown 
that insulin signaling and transforming growth factor beta (TGFβ) are of great 
importance for this process (GUMIENNY and PADGETT 2003; STOCKER and HAFEN 
2000).  
 
In this thesis we have used the model organism Caenorhabditis elegans in order to 
investigate how growth of an organism is regulated.  
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1. Caenorhabditis elegans 
 
In 1974 Sydney Brenner published a paper in Genetics that was going to be the 
starting point for a new model system in biological research. He presented 
Caenorhabditis elegans, a 1 mm long, transparent nematode that has proven to be 
very well suited for developmental and neurobiology studies. It is a simple 
multicellular organism that, nevertheless, has many of the major tissues and organs 
present in vertebrates, such as neurons, muscle, epiderm, intestinal tract and germ 
line. Due to its short generation time, ease of maintenance and manipulation C. 
elegans has become a model organism now used by a large research community. The 
worms can be grown on petri plates or in liquid culture at room temperature, and are 
possible to keep for many years as frozen stocks. Its transparent nature makes it 
possible to study cells within a living worm with Nomarski differential interference 
contrast (DIC) microscopy (Fig. 1). This feature has made it possible to determine the 
complete cell lineage, timing, locations and ancestral relationships of all cell divisions 
during development (SULSTON and HORVITZ 1977; SULSTON et al. 1983). The 
anatomy, locations and characteristics of all somatic cells in the adult, has also been 
established. In wild type worms these patterns are almost invariant, thus making it 
possible to follow (SULSTON and HORVITZ 1977; SULSTON et al. 1983). C. elegans 
exists in two sexes, male and hermaphrodite. The hermaphrodite can self fertilize, 
which makes it easy to maintain isogenic lines, and males are used for genetic 
crosses. In 1999 C. elegans became the first multicellular organism for which the 
complete genomic sequence was published (CONSORTIUM 1998); approximately 30 % 
of the genes have orthologues in humans. Additionally, a large collection of 
molecular and genetic methods has been developed that makes this nematode a 
wonderful model organism for developmental research. 
 
 

 
 
Figure 1. A DIC micrograph of a C. elegans larva at 1000x magnification. The 
transparency of the worm makes it possible to study individual cells. The arrows 
point toward the nuclei of A) a neuronal cell in the head and B) an intestinal cell.  
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1.1 Growth and development in C. elegans 
The life cycle of C. elegans (Fig. 2) is rather short, it takes only 3 days to grow from 
an embryo to a fertile adult at 20 °C. The worms go through four larval stages (L1-
L4), which are all characterized by specific patterns of development, before reaching 
adulthood. During embryogenesis the number of cells increases whereas the size of 
the embryo remains constant. After 7 hours, the embryo consists of 669 cells that now 
stop dividing. Differentiation and morphogenesis take place to create a small worm 
(SULSTON et al. 1983). The majority of these embryonic cells will never enter the cell 
cycle again, however some undergo apoptosis whereas 53 cells will continue to 
divide during the four larval stages (SULSTON and HORVITZ 1977). 
In contrast to embryogenesis, postembryonic growth consist of both an increase in the 
number of cells as well as increase in size. However, the largest increase in body 
volume occurs during the adult stage, when no more cell division occurs (FLEMMING 
et al. 2000). This growth, and even part of larval growth must then be due to increase 
in cell size (FLEMMING et al. 2000). This makes C. elegans a suitable organism to 
study the regulation of cell- and body size separate from cell proliferation. 
 
Nutrients are of importance for C. elegans growth and development. Worms need to 
receive sensory information of nutrient availability at least twice during development 
in order to maintain reproductive growth. If the L1 larvae hatch without food they 
become developmentally arrested (Fig. 2) (HONG et al. 1998). The L1 arrested worm 
can survive without food at least for three weeks and then resume growth when food 
is added. Both the cell cycle machinery and growth factors have been shown to play a 
role in this developmental decision (GEMS et al. 1998; HONG et al. 1998). Another 
decision is made in the L1-L2 stage, namely whether or not to enter the dauer stage 
(Fig. 2). Dauer is an alternative developmental stage, which is specialized for survival 
and dispersal in harsh conditions (CASSADA and RUSSELL 1975). 
 
 

 
 
Figure 2. The life cycle of C. elegans.  
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1.1.1 Dauer development 
During harsh conditions, not suitable for reproductive development, early C. elegans 
larvae can enter the dauer stage. Dauer worms drastically change both morphology 
and metabolism, to non-feeding, stress tolerant, long and thin worms that can survive 
for up to three months. Their behavior is also specific for the dauer stage, dauer 
larvae lay motionless most of the time, however they can move rapidly if disturbed. 
Furthermore, they tend to stand on their tails and move their heads back and forth, a 
behavior termed nictation, which, in natural habitats is thought to permit attachment 
to passing insects and transport to new locations (RIDDLE 1997). Three environmental 
signals are known to influence the decision to enter the dauer stage, food levels, 
pheromone (reflecting the population density) and temperature (GOLDEN and RIDDLE 
1982). 
Pheromone is necessary and sufficient in order to induce dauer, whereas temperature 
and food levels are thought to modulate this response. Two chemosensory organs, the 
amphids, sense pheromone concentration. C. elegans has two amphids, one on either 
side of the head. Each contains 12 sensory neurons with ciliated endings, eight of 
which are in direct contact with the environment (BARGMANN 1997). They are known 
to be important for chemotaxis, thermotaxis, osmotic avoidance and dauer formation. 
At least four of the 12 sensory neurons within each amphid are important for both 
entry and exit out of dauer, namely ASI, ADF, ASG and ASJ. Ablation of ASI, ADF 
and ASG results in 100 % dauers in non-inducing conditions (BARGMANN and 
HORVITZ 1991). However, functional ASJ promotes exit from the dauer stage of these 
ablated worms (BARGMANN and HORVITZ 1991). ASI or ADF alone are both 
sufficient to prevent dauer formation at 20 °C in abundant food, whereas ASG 
functions, to some extent, redundantly with the former (BARGMANN and HORVITZ 
1991).  
 
 
1.2 Genetic screens 
C. elegans has proved to be an excellent organism for genetic screens. Mostly 
because of the existence of hermaphrodites, which makes it possible to find recessive 
alleles already after the second generation (JORGENSEN and MANGO 2002). Sydney 
Brenner's historical publication in 1974, described the very first mutagenesis screen 
in C. elegans. He found over 100 complementation groups that all gave rise to visible 
phenotypes, such as uncoordinated movement, small or long body size, blistered 
cuticle, rolling locomotion etc. (BRENNER 1974). Many of which later have been 
cloned and have helped to outline several important signaling pathways and processes 
(JIN et al. 1994; SAVAGE et al. 1996). Genetic screens can be used to find genes 
involved in a specific developmental process. In Study II, for example, we screened 
for mutations that resulted in a long (Lon) phenotype. Since all four papers that make 
up the backbone of this thesis include genetic screens of various kinds, I will, in 
short, describe the general outline of some screens that can be used in C. elegans. 
 
Forward genetic screens are relatively easy to perform in C. elegans. The parental 
strain (P0) are exposed to a mutagen (often ethyl methane sulphonate (EMS)), which 
give rise to mutations in the worm DNA, including that in germ line cells. The second 
generation (F2) is then screened for the phenotype of interest, and interesting worms 
are isolated and their mutations characterized. Such screens can theoretically identify 
all genes required for the development of a specific organ for example. However, 
there are limitations to this method. If a gene has several functions or even an 
essential function during worm development it may not be found in screens for a 
specific phenotype. Moreover, a gene might show redundancy with another gene, in 
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which case both genes have to be mutated to see a phenotype.  
 
It is also possible to set up a screen in order to identify components of a specific 
signaling pathway by using enhancer or suppressor screens. These screens use the 
forward genetic approach, however might be more specific since they are designed in 
a way that makes it possible to look for genetic interactions. Another advantage with 
this approach is that weak mutations, which might be difficult to find in a wild-type 
background, can be found. One example of such a screen is presented in Study II, 
where we overexpress the gene lon-3 and search for mutations that can suppress the 
small phenotype of this strain (for more details see Paper II and section 2.1.4 below). 
Enhancer and supressor screens, if successful, can often give invaluable insight to the 
signaling pathway of interest.  
 
The completion of the genomic sequence of C. elegans made it possible to use 
reverse genetic approaches such as RNA interference (RNAi) and knock out 
techniques to analyze the role of a specific gene, or as large scale screens (used in 
Paper I, II and III) (KAMATH et al. 2001; SIMMER et al. 2003). TIMMONS and FIRE 
(1998) have developed an easy RNAi method where, in short, a short double stranded 
(ds) RNA, which corresponds to the gene of interest, is expressed in E. coli upon 
induction. C. elegans are fed these bacteria and the expression of the gene in C. 
elegans is reduced or eliminated. The phenotype of such “knock down” is then 
evaluated. This is a quick way to assess the function of a gene. However, the knock 
down of a gene is not stably inherited to the next generation making further genetic 
studies more time consuming. Furthermore, not all targeted genes result in a 
phenotype although a genomic deletion of the gene might. This is especially true for 
neuronal specific genes. 
  
Koelle and colleagues have described a method for isolating worms that have a germ 
line deletion in a gene of interest (info.med.yale.edu/mbb/koelle). They created a 
library of worms that in theory harbors at least one deletion of every gene in the 
genome. Such a library can later be screened for deletions in specific genes by the use 
of PCR, and worms carrying such deletion can be isolated and evaluated (used in 
Paper III). This method is more labor intensive then the RNAi protocol, but in the end 
one has a stable deletion that is inherited from generation to generation.  
 
 
1.2.1 Embryonically essential genes and their role in later development 
Forward genetic screens are very potent as tools to identify components of cell 
signaling pathways and developmental processes. However, as mentioned above, one 
group of genes that are difficult to find in simple forward genetic screens are genes 
for which function is essential during embryogenesis. Mutations that target genes that 
are absolutely required for embryonic development will be lethal to the animal at an 
early stage, thus never found in screens where you look for mutations that effect post-
embryonic processes, unless a weak mutation is found. Many screens for lethal 
mutations have been carried out and as many as 20 % of the total number of genes in 
C. elegans might be essential (CLARK et al. 1988; JOHNSEN and BAILLIE 1991). 
Lethality is not a precisely defined phenotype that affects a distinct developmental 
process. Rather, essential genes can have a general maintenance role or be highly 
specific for a particular process in the cell. Most studies of embryonic lethal 
mutations in C. elegans have identified early embryonic roles for the genes affected 
(JORGENSEN and MANGO 2002), however, their possible roles in postembryonic 
growth and development have not been evaluated.  
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One technique that can be used to study such genes is genetic mosaic analysis. 
Mosaic animals have clones of cells of a different genotype than most of the cells in 
the animal, and the phenotype of these clones can be evaluated (YOCHEM and 
HERMAN 2003). Thus embryonic lethal phenotypes can be rescued, and the effect of 
the mutations in different parts of the animal can be studied (Paper IV; BUCHER and 
GREENWALD 1991). In Study IV we describe a relatively fast technique where we 
first identify lethal mutations and with mosaic analysis assess their role in later 
development (described in section 4). 
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2. Regulation of growth in C. elegans 
 
From Brenner's very first forward genetic screen it was quite clear that it was 
relatively easy to find body shape defective mutants in C. elegans. Since then, several 
genetic screens, forward and reverse, that affect body shape have been conducted. A 
large number of mutations that give rise to a short phenotype, and a smaller subset of 
mutations resulting in a long phenotype have been identified (Fig. 3) (Paper II; 
HIROSE et al. 2003; MORITA et al. 1999; SAVAGE-DUNN et al. 2003; SUZUKI et al. 
1999). These screens have identified cuticle collagens, genes involved in fat 
metabolism and environmental sensing, and last, however not the least, components 
of a TGFβ signaling pathway as being important for growth.  
The latter findings have led to the discovery of an evolutionarily conserved TGFβ 
signaling pathway as a key regulator of growth in C. elegans (GUMIENNY and 
PADGETT 2003). The highly conserved TGFβ superfamily, present in all metazoans, 
are secreted growth factors that are essential for numerous developmental events, 
such as proliferation, differentiation, migration and apoptosis (TEN DIJKE and HILL 
2004). In both mice and Drosophila melanogaster, insulin signaling seems to be the 
major regulator of growth. However, there are studies that show a growth regulatory 
function for TGFβ also in these organisms. Myostatin is, for example, necessary for 
normal skeletal muscle mass in both mice and cattle (KAMBADUR et al. 1997; 
MCPHERRON and LEE 1997). Deletion of the myostatin gene leads to an increase in 
muscle mass due to both an increase in cell size and cell number (MCPHERRON and 
LEE 1997). Furthermore, Dpp is needed for D. melanogaster in the hindgut epithelia 
to establish its normal size (TAKASHIMA and MURAKAMI 2001).  
 
 
 

 
 
Figure 3. Body shape defective mutants in C. elegans. Sma denotes small, short and 
sometimes thinner than wild type. Dpy denotes dumpy, short and fat compared to 
wild type. Lon denotes long, long and often thinner than wild type. 
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2.1 TGFβ  signaling in C. elegans 
Many of the core components in TGFβ signaling were first described in C. elegans 
and D. melanogaster. Later the homologues were also identified in mammalian 
systems and the biochemical pathway described.  
After secretion, TGFβ family members are cleaved and the C-terminal parts dimerize 
to form biologically active ligand. The ligand binds to a type II receptor 
serine/threonine kinase, which leads to the recruitment of the appropriate type I 
receptor. The type II receptor phosphorylates, and thereby activates the type I 
receptor, which in turn phosphorylates receptor-regulated proteins in the Smad family 
(R-Smads). This leads to the formation of a heteromeric complex between R-Smads 
and cofactor Smads (Co-Smads) that can accumulate in the nucleus and regulate the 
transcription of downstream genes. Inhibitory Smads (I-Smads) also exist that, as the 
name implies, inhibit the pathway.  
There are two well-characterized TGFβ signaling pathways in C. elegans, one 
important for growth and male tail development and the other for dauer development 
(Fig. 4) (SAVAGE-DUNN 2005). These two pathways have the type II receptor DAF-4 
in common, however other signaling components are specific for the respective 
pathways (SAVAGE-DUNN 2005). Here I will focus on TGFβ and growth regulation 
(see section 3.5.3 for TGFβ and dauer development). 
 
 
 

 
 
Figure 4. TGFβ signaling pathways in C. elegans. There are five TGFβ like ligands 
in C. elegans. No biological function of TIG-2 and TIG-3 have been described so far. 
UNC-129 is involved in axonal path finding, however, the relevant downstream 
signaling molecules are not known. DBL-1 regulates growth via its downstream 
Smad complex (SMA-2, -3 and -4). DAF-7 regulates dauer development via its 
downstream Smad complex (DAF-8 and -14). Purple arrows depict entry of active 
Smad complexes into the nucleus.  
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2.1.1 DBL-1 TGFβ signaling 
The TGFβ homologue DBL-1 regulates growth and male tail development and was 
first identified in both reverse and forward genetic screens (MORITA et al. 1999; 
SAVAGE-DUNN et al. 2003; SUZUKI et al. 1999). Mutations that reduce DBL-1 
signaling result in small worms with defects in the male tail sensory rays and 
copulatory spicules (MORITA et al. 1999; SAVAGE et al. 1996; SUZUKI et al. 1999). 
Interestingly, an excess of DBL-1 gives rise to worms with a long phenotype and 
male tail defects (MORITA et al. 1999; SUZUKI et al. 1999). The core components of 
this pathway are the type I receptor DAF-4 (ESTEVEZ et al. 1993), the type II receptor 
SMA-6 (KRISHNA et al. 1999) and the three Smad proteins, SMA-2, SMA-3 and 
SMA-4 (SAVAGE et al. 1996) that upon activation accumulate in the nucleus and 
regulate transcription. SMA-2 and SMA-3 belong to the R-Smad family whereas 
SMA-4 is a Co-Smad. Recent results indicate that there is a ligand-independent 
shuttling of Smads in and out of the nucleus (TEN DIJKE and HILL 2004). In 
agreement with these data, SMA-3 is found both in the nucleus and the cytoplasm in 
worms deficient for TGFβ signaling. In addition this localization is not dependent on 
functional sma-2 or sma-4 (WANG et al. 2002).  
Reduction or loss of function mutations in the core components of DBL-1 signaling, 
all result in small worms with male tail defects. However, it is only increased amount 
of DBL-1 that leads to a Lon phenotype suggesting that the dose dependency comes 
from the amount of ligand (SAVAGE-DUNN 2005). The dbl-1 mutant L1 larvae are 
indistinguishable in size from wild type at hatching (SUZUKI et al. 1999). Thus only 
postembryonic growth is impaired in mutations that affect DBL-1 signaling, resulting 
in a reduction in both length and volume (Paper I; HIROSE et al. 2003; SAVAGE-DUNN 
et al. 2000).  
 
 
2.1.2 Modulation of DBL-1 signaling 
There are, as mentioned above, numerous roles ascribed for TGFβ during animal 
development. However, how this great diversity is achieved from the limited numbers 
of core components in the signaling pathway is not yet clear. Modulators, both 
spatially and temporally regulated would increase the complexity of the pathway. 
From vertebrates, secreted molecules that modify ligand activity have been found 
(MASSAGUE and CHEN 2000). Also in C. elegans modulators of the DBL-1 signaling 
pathway have been identified.  
Two genes have been found that function genetically upstream of DBL-1, namely 
lon-2 and egl-4 (HIROSE et al. 2003). LON-2 is a member of the glypican family, 
which is known to regulate growth factor signaling in many organisms (T. Gumienny 
and R. Padgett personal comm.). Loss-of-function mutations in lon-2 result in worms 
that are 20 % longer than wild type and this phenotype is dependent on functional 
dbl-1. LON-2 is thought to inhibit TGFβ signaling by attenuating the interaction 
between the ligand and its receptor (T. Gumienny and R. Padgett personal comm.). 
However, mutations in lon-2 do not affect male tail development.  
 
egl-4 was first identified as a gene important for normal egg laying, however, it was 
also found in a screen to identify mutations that resulted in increased body volume. 
Almost all organs, except for the gonad, had an increased volume in egl-4 mutant 
worms, although the number of cells was normal (HIROSE et al. 2003). egl-4 encodes 
a cGMP-dependent kinase that is involved in relaying sensory cues to multiple 
behavioral and developmental circuits in C. elegans. egl-4 is involved in body size, 
chemosensation, dauer and egg laying (DANIELS et al. 2000; HIROSE et al. 2003). In 
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addition egl-4 is involved in regulating longevity (HIROSE et al. 2003). Body size 
defects in egl-4 mutants were completely suppressed in an egl-4; dbl-1 double mutant 
(HIROSE et al. 2003), which implied a TGFβ regulatory role for this gene. Expression 
of EGL-4 either in the hypoderm or neuronal tissue can restore body size defects seen 
in egl-4 mutants (NAKANO et al. 2004). Thus this might suggest a function in neurons 
for EGL-4 to modulate DBL-1 signaling as a response to external cues.  
 
From a forward genetic screen for SMA mutants two genes have, so far, been 
characterized that seem to modulate DBL-1 TGFβ signaling downstream of the 
ligand, namely kin-29 and sma-9 (LIANG et al. 2003; MADUZIA et al. 2005). KIN-29, 
a member of the ELKL motif kinases that interacts with microtubules, has recently 
been shown to be a modulator of TGFβ signaling (MADUZIA et al. 2005). 
Hypomorphic mutations gave rise to altered sensory signaling, including increased 
lifespan, decreased body size, and deregulated entry into the dauer developmental 
stage (LANJUIN and SENGUPTA 2002; MADUZIA et al. 2005). After heat shock or 
starvation, KIN-29 is translocated from the cytoplasm to the nucleus. However, this 
gene seems to function downstream of the ligand DBL-1, in contrast to egl-4 and lon-
2, perhaps by modulating the subsequent signaling events in accordance with 
environmental signals (MADUZIA et al. 2005). 
Another interesting finding was that mutations in sma-9, the worm homologue of the 
D. melanogaster gene Schnurri, gave rise to a small body size. In flies Schnurri is an 
important modulator of TGFβ signaling functioning together with the Smad proteins 
to repress transcription of specific genes (AFFOLTER et al. 2001). sma-9 is a zinc 
finger transcription factor and suggested to work as a transcriptional cofactor for the 
Smads also in worms (LIANG et al. 2003). Interestingly, sma-9 seems to be 
temporally necessary for growth in C. elgeans and only important for early 
postembryonic growth (LIANG et al. 2003). 
 
To summarize, at least two modulators of DBL-1 TGFβ signaling, egl-4 and kin-29, 
seem to be involved in cellular response to sensory signals. It is well known that 
growth of an animal is dependent on nutrients, however, how nutrients control growth 
is not elucidated. DBL-1 is expressed in sensory neurons in the head, which have 
long ciliated axons that take up and process signals from the environment. 
Furthermore, two of its modulators are known to be involved in transmitting sensory 
signals. It is thus reasonable to believe that DBL-1 TGFβ signaling is directly or 
indirectly regulated by nutrients.  
 
 
2.1.3 Downstream effectors and possible mechanisms 
Although the DBL-1 signaling pathway has been outlined and its importance for C. 
elegans growth established, the molecular mechanism by which it regulates growth 
still remains elusive. In both long and small mutants the number of cells seems to be 
the same as in wild type, which suggests that at least some cells must be of different 
size, given that the body volume is altered (Paper I; FLEMMING et al. 2000; HIROSE et 
al. 2003; NAGAMATSU and OHSHIMA 2004; SUZUKI et al. 1999; WANG et al. 2002). 
All the SMA mutants have per definition a reduced volume compared to wild type. 
Intriguingly, only a small subset of the mutations giving rise to a Lon phenotype also 
increases body volume (Fig. 5) (Paper I; HIROSE et al. 2003).  
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Figure 5. Body volume. Even though several mutations cause an increase in length 
compared to wild type, this is often not correlated with an increase in volume. The 
worms are longer, however, thinner than wild type.  
The volume of adult worms measured 96 hours after hatching. Error bars represent 
standard error of the mean, n=30.  
 
 
It is quite clear, from tissue specific expression and mosaic analysis, that the focus of 
activity for body size regulation via DBL-1 TGFβ signaling is the hypodermal tissue, 
i. e. the outermost cell layer of the worm (INOUE and THOMAS 2000; WANG et al. 
2002; YOSHIDA et al. 2001). The hypoderm covers the entire body and is the site for 
synthesis and secretion of the cuticle. It is also known that the DNA of the 65 nuclei 
that make up the hypoderm is endoreduplicated. This is very interesting in a body size 
point of view since it is known from other organisms that ploidy correlates well with 
cell size (NURSE 1985). Furthermore somatic polyploidization has been suggested to 
be a part of the great differences in body size between nematode species (FLEMMING 
et al. 2000). As mentioned above, the major increase in organismal growth happens 
in C. elegans adult stage, without cell division. During the fourth larval stage (L4) 
hypodermal cells go through one round of endoreduplication, which results in a 
ploidy of 8. During the adult stage the ploidy resides on average around 13 
(FLEMMING et al. 2000).  
 
In Paper I we showed that one mechanism by which DBL-1 might affect growth is by 
altering the ploidy level of hypodermal cells. Mutations in TGFβ signaling resulted in 
decreased hypodermal ploidy (Paper I; FLEMMING et al. 2000), furthermore mutations 
in lon-1, a transcriptional target of the DBL-1 pathway, resulted in an increased 
ploidy level compared to wild type (Paper I; MORITA et al. 2002). Decreased amounts 
of LON-1 gave rise to Lon worms, however, it did not affect male tail or spicule 
development (MADUZIA et al. 2002; MORITA et al. 2002). Interestingly, increased 
amounts of LON-1 resulted in Sma worms with reduced ploidy in hypodermal cells 
(MORITA et al. 2002). Although these results suggest that one mechanism by which 
DBL-1 signaling might work is to regulate ploidy, they have not revealed whether 
endoreduplication is a consequence of reduced body size or vice versa. In addition, in 
our study we could not detect an increase in the ploidy level in worms that 
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overexpress DBL-1 compared to wild type, nor did these worms have larger volume 
(Fig. 5) (Paper I; HIROSE et al. 2003). It is also worth mentioning in this respect that 
dbl-1 mutant worms are SMA and lon-1 mutants LON also during the larval stages, 
when they have wild-type ploidy. Thus hypodermal DNA content is not responsible 
for the small size of these animals during larval growth. 
 
Another part of Paper I described the study of lon-3, which we identified in a forward 
genetic screen for Lon worms (Paper II and section 2.1.4). LON-3 encoded a cuticle 
collagen expressed specifically in hypodermal cells. Mutations that decreased or 
eliminated lon-3 expression resulted in a Lon phenotype, and interestingly, multiple 
copies of the wild-type lon-3 gene caused the worms to be shorter than wild type. 
However, in contrast to the Sma-mutant phenotype of dbl-1, the worms with high lon-
3 gene copy number (lon-3(++)) were shorter but slightly fatter than wild type and 
showed no male tail abnormalities. This phenotype is called Dumpy (Dpy), which is 
very common for worms with collagen defects (reviewed by (KRAMER 1994). How 
can a cuticle collagen affect the final size of an organism? Our studies indicated that 
lon-3 functioned as an effector of DBL-1 signaling. First, the Lon phenotype of lon-3 
mutant worms was morphologically very similar to worms overexpressing DBL-1. 
Morphometric analysis showed that the body of a lon-3 Lon mutant was not 
proportionally elongated. Instead we found that the distance between the posterior 
pharyngeal bulb and the anterior arm of the gonad as well as the distance between the 
posterior arm of the gonad and the rectum, were much longer in the mutant worms 
compared to wild type. Second, as with dbl-1 mutations, lon-3 mutations give rise to 
reciprocal effects on body length. Third, our genetic analysis placed lon-3 
downstream of the Smads, however, lon-3 transcription was not affected in a dbl-1 
mutant background (Paper I). (SUZUKI et al. 2002) showed that a translational fusion 
between lon-3 and GFP was downregulated in a dbl-1 mutant, however, the 
molecular basis of this regulation is not yet known. Thus DBL-1 signaling might 
influence LON-3 protein stability or modification via the Smads (Paper I; SUZUKI et 
al. 2002). 
What is the mechanism by which lon-3 regulates growth? lon-1 also show some dose 
dependent growth effects (MADUZIA et al. 2002; MORITA et al. 2002). However, our 
genetic data indicate that lon-3 and lon-1 probably function independently. Detailed 
analysis of the lon-3 mutant phenotype showed that the number of cells was the same 
as wild type, furthermore the volume of either lon-3(-) worms or lon-3(++) worms 
was the same as wild type (Fig. 4) (Paper I). In agreement with this result the level of 
endoreduplication in hypodermal cells in these mutants was normal (Paper I). We 
came to the conclusion that lon-3 regulates growth by controlling the shape and/or the 
elasticity of the cuticle (Paper I and section 2.2).  
 
In order to find more target genes of DBL-1 signaling MOCHII et al. (1999) designed 
a cDNA-based array analysis to find genes that were regulated by DBL-1 signaling. 
From 7584 genes they found 22 that were positively regulated and two that were 
negatively regulated by DBL-1 signaling. Most of these genes were expressed in the 
intestine, a few in hypodermis and also some in neurons. The many genes expressed 
in the intestine might reflect the recently discovered role for DBL-1 signaling in 
innate immunity (MALLO et al. 2002). Interestingly, sma-6 seemed to be regulated by 
the pathway, which indicated a positive feedback loop (MOCHII et al. 1999).  
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2.1.4 Screens for novel mutations that result in a Lon phenotype 
In order to understand more about growth regulation in C. elegans, we performed a 
forward genetic screen searching for mutations that gave rise to Lon worms (Paper 
II). From this screen of 50,000 haploid genomes 15 lon mutations were isolated. 
Among these, three were found to be in lon-3 (Paper I and II), two in lon-1 (described 
in MORITA et al. 2002) and four in sqt-1 (Paper II, this gene is also discussed in 
section 2.2). The remaining four mutations belonged to two different 
complementation groups. 
 
These two novel loci, identified in our screen, mapped to the right arm of 
chromosome X, sp8, sp10 and sp11 belonged to one complementation group and sp9 
formed another. At this stage the genes affected by these mutations have not been 
identified. The location of sp9 was further mapped and found to be between unc-3 
and unc-15 (Paper II). The locus affected by the other mutations was more precisely 
mapped by single nucleotide polymorphism (SNP) mapping, which indicated that this 
locus lies within a 350 kb region between position 14041896 and 14404269 (Paper 
II). It will, of course, be very interesting in the future to know the identity of these 
genes. sp11 mutant worms were 23 % longer than wild type, additionally these 
mutants have been shown to result in increased amount of endoreduplication in 
hypodermal tissue (A. Leroi personal comm.). sp9 were 19 % longer than wild type 
and they also have an egg-laying defect (Egl). No other gross defects were detected 
and the number of cells seemed normal. The body volume of these mutants has not 
yet been measured. Morphometric analysis showed that the sp9 mutant worms were 
commensurately longer than wild type whereas sp11 mutant worms have a slight 
increase in the distance between the posterior bulb of the pharynx and the anterior 
gonad arm. This proportional difference in this part of the body was, as mentioned 
above, also seen in lon-3 mutant worms as well as in dbl-1 mutants (Paper I; SUZUKI 
et al. 1999). Thus some Lon mutants have a proportional increase of the body 
whereas other Lon mutants have some parts that are more elongated than others in 
relation to the total body length. Our genetic epistasis experiments did not rule out a 
role for these novel loci in the TGFβ signaling pathway, however further analysis 
have to be done (Paper II). 
 
In Paper II we also described a suppressor screen for the Dpy phenotype of lon-3(++) 
worms. The rationale behind this approach was to find modulators of the TGFβ 
signaling pathway that influence body size. We knew that the Lon phenotype of dbl-
1(++) worms was epistatic to the Dpy phenotype resulting from an integrated array 
containing multiple alleles of lon-3. Therefore, we reasoned that mutations that 
moderately increase TGFβ signaling (give rise to slightly longer worms) might be 
easier to find as supressors of this Dpy phenotype than by their weak Lon phenotype. 
Six mutations were found that could suppress the dumpiness of the lon-3(++) worms 
and that also resulted in a Lon phenotype in a wild-type background (Paper II). One 
of these alleles mapped to lon-2, which, as described above, is a modulator of DBL-1 
signaling. Thus, this approach worked.  
 
Hopefully the identification and further characterization of the alleles presented in 
Paper II will lead to a greater understanding by what mechanisms DBL-1 signaling 
affects growth. However, the genes affected by some of these mutations might also 
lead to the discovery of unknown signaling pathways and new genes that are involved 
in growth regulation. 
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2.2 Cuticle collagens 
Collagens are a family of extracellular matrix proteins that are important for 
maintaining the structure of various tissues (PROCKOP 1998). They are also involved 
in several developmental processes such as cell adhesion, chemotaxis, migration and, 
additionally, in many pathological states (MYLLYHARJU and KIVIRIKKO 2004). A 
collagen molecule consists of three monomeric collagen chains that form a triple 
helical structure. Collagen molecules of different kind can then form 3D fibrillar 
structures. Mutations that result in structurally altered collagen chains, which are still 
able to participate in triple helix formation, typically cause more severe phenotypes 
than null mutations or mutations that inhibit trimer assembly (MYLLYHARJU and 
KIVIRIKKO 2004).  
The C. elegans genome contains around 175 collagens and so far only a subset has 
been genetically studied. Mutations in these genes result in a wide variety of defects 
affecting mechanosensation, muscle attachment, cell migration, axon guidance and 
morphology (ACKLEY et al. 2001; CHALFIE and SULSTON 1981; DU et al. 1996; 
JOHNSTONE 2000; KUO et al. 2001; VOGEL and HEDGECOCK 2001).  
 
Nematode cuticle collagens are synthesized and secreted by the hypodermal cells. 
The hypoderm is the outermost layer of the worm. It mainly consists of a single 
multinucleate large syncytium, hyp7 that encircles most of the body. After secretion, 
the cuticle collagens polymerize at the apical surface of the hypoderm to form the 
complex multi-layered cuticle (COX et al. 1981a). New cuticles are synthesized five 
times during development, once in the embryo before hatching and then repeatedly 
prior to each molt (COX et al. 1981b). Each cuticle is specific for that particular 
developmental phase, consisting of different sets of cuticle collagens that give rise to 
a stage specific structure. The cuticle collagens are small 30 kDa proteins with similar 
domains; in the N-terminal four well conserved homology blocks important for 
processing of the collagen chains, in the central region approximately 50 Gly-X-Y 
repeats with 2-4 interruptions and C-terminally located a non-Gly-X-Y domain of 9-
60 amino acids (KRAMER 1994). The central Gly-X-Y repeats are characteristic of 
collagen proteins in both vertebrates and invertebrates (KRAMER 1994; VAN DER REST 
and GARRONE 1991).  
Glycine is the smallest amino acid and is absolutely essential for the coiled-coil 
structure of the protein chains in the collagen molecule. Bulkier amino acids at this 
position may inhibit assembly of triple helix molecules and lead to intracellular 
degradation of the abnormal collagen (PROCKOP 1998). Any amino acids are allowed 
in the X and Y positions, however, proline is often found in the X-position and 4-
hydroxyproline in the Y-position, which is important for the stability of the triple 
helix (MYLLYHARJU 2003). Another typical cuticle collagen feature is the presence of 
three groups of conserved cysteins, which are important for disulfide bonding during 
cuticle assembly. One group is immediately N-terminal of the first Gly-X-Y domain, 
one immediately after this domain and one set following the last Gly-X-Y repeat. The 
cuticle collagens of C. elegans can be divided into 9 different subfamilies depending 
on the spacing of these cysteins (KRAMER 1994).  
 
Several mutations in cuticle collagens have been shown to affect body length in C. 
elegans (JOHNSTONE 2000). For example, mutations have been identified in dpy-2, 
dpy-7, dpy-10, dpy-13, sqt-1 and rol-6, all of which encode cuticle collagens, that 
result in Dpy phenotypes (JOHNSTONE et al. 1992; KRAMER et al. 1990; KRAMER et 
al. 1988; LEVY et al. 1993; VAN DER KEYL et al. 1994; VON MENDE et al. 1988). 
However, none of these cause a Lon phenotype when present in multiple copies. Thus 
while these genes seem to be required for normal body morphology, they do not 
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appear to actively regulate growth. Our finding that lon-3 was a dose-dependent 
regulator of body length is the only report of a cuticle collagen with this characteristic 
(Paper I). LON-3 is most similar to ROL-6 and based on the spacing of the conserved 
cysteins it belongs to the SQT-1 family of cuticle collagens (Paper I; KRAMER 1994). 
In the following sections I will focus on the genetic interplay between lon-3, sqt-1 
and rol-6, and also address their possible role in growth regulation.  
 
 
2.2.1 The SQT-1 family of cuticle collagens 
As mentioned above, the spacing of three sets of conserved cysteins divides the C. 
elegans cuticle collagens into 9 subfamilies (KRAMER 1994). The level of over all 
sequence identity is larger between members of the same family than between 
subfamilies, suggesting that they come from different evolutionary branches of the 
collagen family (KRAMER 1994). Members of the SQT-1 family are sqt-1, rol-6, lon-
3, col-123, dpy-17, col-74 and col-113. To date, mutations in sqt-1, rol-6 and lon-3 
have been genetically characterized.  
Null mutations in sqt-1 and rol-6 leads to weak Dpy phenotypes and, as already 
mentioned, loss of lon-3 results in Lon worms (Paper I; KRAMER and JOHNSON 1993; 
SUZUKI et al. 2002). However, certain alleles of sqt-1 and rol-6 can affect body 
morphology of worms in different ways. Both strong Dpy and roller (Rol; the cuticle 
and the underlying tissues are helically twisted resulting in worms that roll instead of 
moving forward/backward) phenotypes have been reported (KRAMER and JOHNSON 
1993). Furthermore, three mutations that result in a substitution of a glycine residue 
in the SQT-1 polypeptide, all result in weak Lon phenotypes (KRAMER and JOHNSON 
1993). We also identified mutations in this gene that gave rise to a Lon phenotype 
(Paper II). 
If a mutant protein is able to form triple helix molecules this can reduce or delay the 
assembly of fibrils or alter their form and function (MYLLYHARJU and KIVIRIKKO 
2001). Mutations in sqt-1 that show strong Dpy, Rol or Lon phenotypes are thought 
to be neomorphic, i. e. change the function of the resulting protein. This is probably 
the reason why null mutations in sqt-1 and rol-6 cause only mild phenotypes, whereas 
neomorphic mutations in these genes are more severe. Interestingly, in Paper I, a 
translational fusion between LON-3 and GFP conferred a Rol phenotype in 
transformed progeny, suggesting that this fusion protein somehow disturbed the 
cuticle formation. In contrast to the weak null mutations in sqt-1 and rol-6, we found 
that the null phenotype of lon-3 cause a quite severe, 20 % increase in adult body 
length (Paper I).  
 
Since the precise spacing of these cysteins is involved in disulfide bonding during 
cuticle assembly, it has been speculated that members of the same family can form 
heterotrimers (KRAMER 1994). sqt-1 and rol-6 show strong genetic interactions with 
each other and have been suggested to form a physical complex (KRAMER et al. 1990; 
KRAMER and JOHNSON 1993; YANG and KRAMER 1999). sqt-1 null mutations 
suppress all rol-6 mutant phenotypes, which suggests that rol-6 collagen chains 
require sqt-1 for function (KRAMER and JOHNSON 1993). However, sqt-1 is not 
absolutely dependent on normal rol-6 since sqt-1 mutant phenotypes are modified but 
still present in a rol-6 null background (KRAMER and JOHNSON 1993). Our genetic 
analysis showed that lon-3 suppressed the Rol phenotypes of both sqt-1 and rol-6 
mutations, although to a high degree not completely (Paper I). Thus neither sqt-1 nor 
rol-6 collagen chains are absolutely dependent on wild type lon-3. Furthermore, sqt-1 
and rol-6 null mutations suppressed the Lon phenotype seen in lon-3(0) worms. 
Interestingly, we also found that sqt-1, but not rol-6, null mutations completely 
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suppressed the dumpiness of lon-3(++) worms (Paper I and II). Therefore we 
concluded that wild-type LON-3 is dependent on wild-type sqt-1 in order to cause a 
decreased body length. It would be interesting in the future to investigate possible 
biochemical interactions between these collagens. Our hypothesis is that LON-3 is 
needed for the proper shape or elasticity of the cuticle. In agreement with this we 
found that lon-3 null mutant worms are more likely to burst under the pressure of a 
cover slide than wild type. Thus suggesting that they are more fragile. However if the 
lon-3(++) mutants can endure higher pressure than wild type is not known. 
 
 
2.2.2 DBL-1 signaling and cuticle collagens 
Null mutations in rol-6 and sqt-1 can suppress the Lon phenotype of lon-3 null 
mutant worms (Paper I). Additionally we suggested the regulation of cuticle shape or 
elasticity to be a mechanism by which DBL-1 affect length (Paper I; SUZUKI et al. 
2002). Therefore we wanted to investigate weather the Lon phenotype of dbl-1 
overexpressing worms can be modified by mutations in rol-6 or sqt-1. Indeed we 
found that wild-type DBL-1 requires normal sqt-1 and rol-6 in order to increase body 
length (Paper I).  
One way for DBL-1 signaling to affect body length via these collagens would be to 
regulate their transcription. However, no cuticle collagen gene has been identified as 
a transcriptional target of DBL-1 signaling (MOCHII et al. 1999). Furthermore, no 
evidence exists to support a transcriptional regulation of lon-3 by DBL-1 signaling 
(Paper I (SUZUKI et al. 2002). Instead there are indications that DBL-1 signaling 
affects LON-3 at a post-transcriptional level (SUZUKI et al. 2002).  
Roles in processes other than one in transcription have been suggested for the Smad 
complex in vertebrates, such as in recruitment, sequestration and enzyme activation 
(TEN DIJKE and HILL 2004). Thus DBL-1 signaling might affect the post-translational 
modification of a set of cuticle collagens directly, or indirectly by regulating other 
genes involved in this process. Interestingly, null mutations in phy-1 and pdi-2, α and 
β subunits of a prolyl 4-hydroxylase, respectively, that catalyzes the hydroxylation of 
proline into 4-hydroxyproline, and dpy-11, a thioredoxin needed for proper 
crosslinking, all cause a Dpy phenotype (MYLLYHARJU and KIVIRIKKO 2004). One 
can speculate that DBL-1 signaling is important through one, or some, of these 
proteins (or others) in regulating the stability of for example LON-3. 
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3. Growth and metabolism 
Growth and metabolism are coordinated according to genetic and environmental cues. 
Furthermore, multicellular organisms have to set up and maintain the correct 
proportions of limbs, organs and tissues throughout life. How this is accomplished is 
mainly unknown. However, systemic growth factors such as hormones, which can 
transmit signals to target cells over a long distance, are known to play an important 
part in this regulation. Nutrient availability is important for the production and 
secretion of these hormones (IKEYA et al. 2002; SHAMBAUGH et al. 1993), and they 
can affect growth of target tissues accordingly.  
The hormone insulin has been shown to be of great importance for both metabolism 
and growth (HAFEN 2004). In response to increased glucose levels in the blood, 
insulin is secreted into the blood stream and stimulates glucose uptake in target cells. 
Another important player in growth regulation, and closely connected to insulin 
signaling (INS), is the target of rapamycin (TOR). TOR has been shown to regulate 
cell growth and proliferation via regulation of protein synthesis in response to 
nutrients, growth factors and energy metabolism (HAY and SONENBERG 2004). Both 
INS and TOR signaling work in parallel pathways that are intimately interwined, as a 
master switch in sensing energy availability, as well as coordinating cell growth and 
proliferation accordingly (Fig. 6) (HAY and SONENBERG 2004; SOLIMAN 2005; ZICK 
2005). 
 
 
 

 
 
Figure 6. Schematic drawing of INS and TOR signaling crosstalk. 
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One downstream target of both these pathways, the 40S ribosomal protein S6-kinase 
or p70 S6K (S6K), is thought to function as a relay station for growth factor and 
nutrient signals, transduced through the INS and TOR pathways respectively, and to 
regulate the efficiency of translation accordingly. S6Ks have been shown to be 
important regulators of body, organ and cell size in worms, flies and mammals (Paper 
III; MONTAGNE et al. 1999; SHIMA et al. 1998)).  
 
 
3.1 TOR signaling 
TOR was first identified in yeast where it regulates growth and proliferation, at least 
in part, by regulating protein biosynthesis in response to nutrient levels (HAY and 
SONENBERG 2004). This protein is thought to function in an ancient signaling 
pathway used by simple organisms to regulate growth, cell autonomously, in response 
to amino acid levels. TOR is a high molecular weight protein kinase that contains 20 
tandem repeats, called HEAT repeats, which are thought to be important for protein 
protein interactions. The kinase domain is similar in sequence to the catalytic domain 
of phosphatidylinositol 3-kinase (PI3K) and to the family of kinases termed PIKK 
(PI3K-related kinases) (HAY and SONENBERG 2004). However, it is not currently 
known weather TOR has any lipid kinase activity. TOR exists in two distinct multi 
protein complexes, each containing at least three components. One complex includes, 
apart from TOR, also Rictor and LST8, and is important for the cell-cycle dependent 
organization of the cytoskeleton (SARBASSOV et al. 2004). The second complex 
contains TOR, Raptor (regulatory associated protein of TOR) and LST8, and is 
important for growth (HARA et al. 1998; KIM et al. 2003). Raptor seems to be 
important for the recruitment of the target proteins 4E-BP and S6K, which are 
subsequently phosphorylated by the TOR kinase domain (BEUGNET et al. 2003; 
NOJIMA et al. 2003; SCHALM et al. 2003).  
The function of TOR to sense nutritional levels, both amino acids and energy, has 
been evolutionarily conserved (reviewed by (FINGAR et al. 2004). In yeast, TOR is 
important for sensing the amount of amino acids, glucose and nitrogen. Consistent 
with this idea, deletion of the TOR protein results in a phenotype very similar to 
nutrient starvation with production of small cells and starvation-like metabolic 
responses. In D. melanogaster, mutations in TOR impair larval growth and 
phenocopy amino acid withdrawal (OLDHAM et al. 2000; ZHANG et al. 2000). 
Mammalian TOR has also been found to be important for cell size control (FINGAR et 
al. 2002), and phosphorylation of S6K and 4E-BP1 is sensitive to amino acid and 
glucose levels (INOKI et al. 2003a; KIM et al. 2002). The activity of TOR is thus 
regulated by the amount of amino acids in a cell from yeast to human, however, the 
molecular mechanism behind this nutritional regulation is not known. It has been 
speculated that the TOR complex changes its conformation, and hereby its activity, as 
a response to amino acid availability (KIM et al. 2002; KIM et al. 2003). 
 
TOR is negatively regulated by the tumor suppressor tuberous sclerosis complex 
consisting of hamartin (TSC1) and tuberin (TSC2) (MONTAGNE et al. 2001). 
Inactivation of TSC1 or 2, in D. melanogaster and mice, results in increased cell size 
and proliferation, S6K activation and resistance to amino acid deprivation (GAO et al. 
2002; KWIATKOWSKI et al. 2002; MONTAGNE et al. 2001; RADIMERSKI et al. 2002). 
Interestingly, the lethality of D. melanogaster lacking TSC function is suppressed in 
an S6K null mutant background, thus suggesting S6K to be the main target of TSC 
signaling (RADIMERSKI et al. 2002). 
TSC2 has a GTPase-activating protein domain (GAP), and functions as a GTPase-
activating protein for the small G protein Rheb (reviewed by (MANNING and 
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CANTLEY 2003). Rheb (Ras homolog enriched in brain) was first identified as an 
enhancer of cell growth that was epistatic to the TSC complex in D. melanogaster 
(SAUCEDO et al. 2003; STOCKER et al. 2003). Further genetic analysis in D. 
melanogaster places TOR and S6K downstream of Rheb (SAUCEDO et al. 2003; 
STOCKER et al. 2003). Consistently, in yeast loss of Rheb results in a growth arrest 
phenotype, similar to that caused by nitrogen starvation, indicating a role for Rheb in 
TOR signaling in this system as well (MACH et al. 2000). Taken together these data 
suggest that the TSC complex negatively regulates Rheb, which in turn activates TOR 
signaling in D. melanogaster (Fig 6). TOR signaling in C. elegans is not as well 
characterized as in D. melanogaster. However, mutations in TOR, let-363, or its 
partner Raptor, daf-15 results in a dauer-like larval arrest phenotype (JIA et al. 2004; 
LONG et al. 2002). Due to the larval arrest phenotype a possible adult body size defect 
has not been evaluated. In addition, these mutants accumulate more fat than wild type 
and daf-15 heterozygous worms are long lived (Jia et al 2004).  
 
Proliferation and growth in unicellular eukaryotes is regulated largely by nutrient 
availability. However, development of multicellular, more complex, organisms 
requires coordination between nutrient and growth factor signals. Growing evidence 
suggests that the interactions seen between nutrient-sensing TOR and growth factor 
induced insulin signaling have evolved to ensure the proper coordination.  
 
 
3.2 Insulin signaling 
Insulin and insulin-like molecules are well known regulators of growth and 
metabolism in a variety of organisms, from worms to humans. Insulin signaling (INS) 
has been intensely studied over the years mostly due to its involvement in glucose 
homeostasis and because resistance to insulin is associated with a wide variety of 
human disorders, including type 2 diabetes, obesity and cardiovascular disease 
(reviewed by (HAFEN 2004). Genetic studies of this pathway in model organisms, 
such as D. melanogaster and C. elegans, together with studies in mammals have 
revealed an evolutionary conserved signaling pathway important for nutrient sensing, 
growth and lifespan (HAFEN 2004)). Insulin binds to an insulin receptor tyrosine 
kinase (InR) on the surface of responsive cells. This results in recruitment and 
phosphorylation of the insulin receptor substrate (IRS), which triggers the activation 
of a cascade of protein and lipid kinases that leads to activation of phosphatidyl 
inositol trisphosphate dependent kinase (PDK1) and protein kinase B (PKB). These 
proteins seem mainly to be responsible for the effect of insulin on growth and 
metabolism. This signaling cascade leads to the phosphorylation of FOXO 
transcription factors that result in cytoplasmic localization of these proteins (Fig. 6) 
(HAFEN 2004).  
 
Both the D. melanogaster and mammalian genomes harbor seven genes of the insulin 
superfamily. In the C. elegans genome, as many as 38 insulin-like molecules have 
been found (PIERCE et al. 2001; LI et al. 2003). In mammals, insulin, insulin growth 
factor 1 (IGF1) and IGF2, with respective receptors regulates growth and metabolism 
(HAFEN 2004). However, only one unique InR seems to exist in D. melanogaster. 
This was long thought to be true in C. elegans as well, although recently a new family 
of insulin receptor-like molecules has been reported (DLAKIC 2002). However, the 
relevance for these molecules in insulin signaling is not yet known. The expression of 
some of these insulin-like molecules is regulated by different nutritional conditions 
(IKEYA et al. 2002; LI et al. 2003; SHAMBAUGH et al. 1993). Several of the D. 
melanogaster insulin-like molecules are expressed in neurosecretory cells in the 
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larval brain. Interestingly, ablation of these cells causes a systemic growth defect, 
which suggests an endocrine function (BROGIOLO et al. 2001; IKEYA et al. 2002). 
Deletion of the D. melanogaster InR is lethal to the organism, underscoring its 
importance (CHEN et al. 1996). Interestingly partial loss-of-function mutations in 
genes in this signaling pathway result in a developmental delay and, in addition, 
reduced body size of the adult fly. This reduction in size is partly caused by a 
reduction in cell size and partly by reduction in cell number (CHEN et al. 1996). This 
is also true for the other members of this pathway, and furthermore, overexpression 
results in an increase in cell size (reviewed by (WEINKOVE and LEEVERS 2000). In 
agreement with these findings, knockout experiments of mammalian InRs have 
shown that INS is important for viability, glucose homeostasis and growth also in the 
mammalian system (ACCILI et al. 1996; JOSHI et al. 1996; LIU et al. 1993).  
 
In C. elegans, mutations that affect insulin signaling, also affect body size, however, 
not to the same extent as in other organisms (KIMURA et al. 1997; MCCULLOCH and 
GEMS 2003). INS regulates the decision of entry into dauer in C. elegans, which is, as 
mentioned above, an alternative developmental phase that a worm can enter during 
harsh conditions, such as high temperature, starvation or crowdedness (section 1.1.1). 
Furthermore, this signaling pathway regulates lifespan and metabolism (KIMURA et 
al. 1997; LI et al. 2003; PARADIS and RUVKUN 1998). Mutations in daf-2, the best 
characterized insulin like receptor (InR) in C. elegans, extend lifespan, 
inappropriately induce dauer arrest and cause the accumulation of more fat in adipose 
tissue than normal (KIMURA et al. 1997).  
 
 
3.3 INS and TOR signaling crosstalk 
Work during the last years has made it clear that INS and TOR signaling are 
intimately connected in a complex signaling network to fine tune growth and 
reproduction in response to intra and extra cellular signals (MANNING and CANTLEY 
2003; RADIMERSKI et al. 2002). They do not only share common targets, such as 
S6K, but are also involved in regulating each other (Fig. 6). 
High levels of nutrients positively regulate TOR activation, however, in multicellular 
organisms, growth factor signals also have to be present in order to get fully activated 
TOR (MANNING and CANTLEY 2003). It was clear from work in mammalian cells that 
PKB somehow stimulated S6K activation mediated via TOR (SCOTT et al. 1998). 
Beautiful work in D. melanogaster then revealed an insulin dependent activation of 
TOR via the TSC complex (INOKI et al. 2003b). Both genetic and biochemical data 
suggested that the TSC complex was directly phosphorylated by PKB upon insulin 
signaling, linking INS to TOR (INOKI et al. 2003b; POTTER et al. 2001).  
This interpretation was further strengthened when Rheb was identified and shown to 
be epistatic to PI3K, PKB and the TSC complex in D. melanogaster (INOKI et al. 
2003a; SAUCEDO et al. 2003; STOCKER et al. 2003). 
 
To summarize, insulin signaling results in active PKB and PDK1. The latter can 
directly activate S6K whereas PKB inhibits the TSC complex thus releasing Rheb 
from the TSC inhibition. This, together with nutrient stimulation leads to fully active 
TOR that can phosphorylate S6K, 4E-BP1 and other targets to stimulate growth.  
 
More complexity was added to this picture when (UM et al. 2004) showed that S6K 
negatively modulates the effect of insulin by phosphorylating IRS proteins. Thus, 
insulin activates a negative feedback mechanism in order to shut off its own activity, 
leaving the cell resistant to further stimulation.  
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Insulin resistance is connected to a wide variety of human pathological states, such as 
type II diabetes, obesity and others (MANNING 2004). Phosphorylation of IRS seems 
to be the main mechanism behind this desensitizing phenomenon (ZICK 2005)). 
Changes in IRS stability, delocalization or responsiveness might be the result of such 
negative feedback (MANNING 2004). Furthermore, several pathways have been 
suggested to be responsible for desensitizing phosphorylation of IRS, such as adipose 
derived molecules for example. Additionally, nutrients have been shown to adjust 
insulin signaling through IRS in mammals, a process that requires TOR (TAKANO et 
al. 2001; TREMBLAY and MARETTE 2001). Deletion of TSC1 and 2 results in cells in 
which insulin treatment fails to activate PI3K and PKB (KWIATKOWSKI et al. 2002; 
ZHANG et al. 2003), which is also true for D. melanogaster TSC1 hypomorphic 
mutations (RADIMERSKI et al. 2002). This resistance is due to a constitutive increase 
in IRS phosphorylation, which is suppressed by TOR inactivation (HARRINGTON et 
al. 2004; SHAH et al. 2004).  
In C. elegans the function of INS and TOR signaling in developmental and 
behavioral responses to various environmental signals seems to be conserved, as well 
as the close connection between the two pathways. JIA et al. (2004) found a novel 
link between INS and TOR in C. elegans when they showed that the FOXO 
transcription factor DAF-16 binds to and regulates the transcription of C. elegans 
Raptor daf-15.  
 
Work in D. melanogaster suggested that the feedback mechanism on INS by TOR 
was mediated by S6K (RADIMERSKI et al. 2002). In vivo studies in mouse clearly 
showed that S6K is directly responsible for attenuating IRS function by 
phosphorylation (UM et al. 2004). The following sections will describe S6K functions 
in growth and metabolism.  
 
 
3.4 Growth regulation by S6K 
p70 S6Ks have been shown to be important regulators of body, organ and cell size in 
several organisms (Paper III; MONTAGNE et al. 1999; SHIMA et al. 1998). Deletion of 
this gene in D. melanogaster resulted in a partial lethal phenotype. However, the few 
surviving adults show delayed development and are 20 % smaller than wild type in 
overall size (Fig 7) (MONTAGNE et al. 1999).  
 
 
 
 

 
 
Figure 7. Deletion of the D. melanogaster S6K results in small flies.  
Reprinted with permission from MONTAGNE et al., 1999. Copyright 1999 AAAS.  
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In contrast to other mutations affecting INS signaling in D. melanogaster, dS6K 
specifically regulates cell size without affecting cell proliferation (MONTAGNE et al. 
1999). In mammals there are two highly homologous p70 S6K genes, S6K1 and 
S6K2. Of the two, only S6K1 homozygous mutant mice are smaller than wild type 
(SHIMA et al. 1998), whereas S6K2 -/- mutant mice are the same size as wild type 
(PENDE et al. 2004). The double mutant is similar in size as S6K1-/- and has a partial 
lethal phenotype (PENDE et al. 2004), suggesting some redundancy between the two 
but also a certain degree of specificity (OHANNA et al. 2005; PENDE et al. 2004; 
SHIMA et al. 1998).  
 
Studies in D. melanogaster and mammals have shown that S6K is activated by 
multisite phosphorylations downstream of insulin, TOR and possibly other kinase 
families (DUFNER and THOMAS 1999). S6K is thought to exist in an inactive, 
activation competent or active state. In the inactive configuration, the basic C-
terminal part may interact with the acidic N-terminal region, thereby concealing the 
phosphorable activation loop for other proteins (reviewed by (TEMPLETON 2001). 
Phosphorylation of four sites at the C-terminal region is thought to relax the 
conformation and permit phosphorylation of a threonine in the linker domain 
(MUKHOPADHYAY et al. 1992). This phosphorylation event is thought to serve as an 
anchor point for PDK1, and is required for efficient phosphorylation of S6K by 
PDK1 (BIONDI et al. 2001). Several different proteins have been suggested to be 
responsible for the PDK1 anchor phosphorylations, one of which is TOR (reviewed 
by (TEMPLETON 2001). In addition, different phosphatases have also been suggested 
to modulate the activity of S6K. A complex picture of regulating kinases and 
phosphatases is emerging around S6K, and how this is coupled to overall body size 
and metabolism is not clear. It is clear however, that full activation of S6K requires 
both active PI3K and nutrient signals via TOR (HARA et al. 1998). 
 
 
3.5 S6K in Caenorhabditis elegans 
In Paper III we describe the characterization of the C. elegans homologue of S6K. 
The worm genome consists of only one S6K homologue, namely Y47D3A.17. This 
gene was later named rsks-1 for ribosomal S6-kinase pSeventy. We found the amino 
acid sequence identity between RSKS-1 and the D. melanogaster counterpart to be 61 
%, and that between RSKS-1 and human S6K1 to be 86 % (www.wormbase.org 
release WS150). The rsks-1 gene is located on chromosome III and consists of 6 
exons. The protein has a large kinase domain that spans from mid part of exon 3 to 
the end of exon 4 (Paper III). 
Furthermore, the phosphorylation sites known from D. melanogaster and mammals to 
be important for the regulation of S6K (see section 3.4) were all conserved in RSKS-
1 (Fig 8 and Paper III).  
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Figure 8. The phosphorylation sites of S6K important for its activation are conserved 
between species. The kinases thought to be involved in specific phosphorylations are 
indicated in gray close to that phosphorylation site.  
 
 
3.5.1 rsks-1 is important for growth 
In study III we wanted to investigate the function of S6K in C. elegans, therefore we 
isolated a deletion allele in rsks-1, sv31, which lacked almost the entire kinase 
domain. Consistent from both mammals and flies, rsks-1, is involved in size 
determination (Paper III; MONTAGNE et al. 1999; SHIMA et al. 1998). Our rsks-1 
mutant worms were viable and fertile, however, much smaller than wild-type worms 
and showed delayed development. These worms were both shorter and thinner than 
wild type (SMA), similar to worms deficient in DBL-1 signaling. We measured the 
approximate volume of rsks-1 mutants and found that it was 35 % smaller than wild 
type whereas the overall morphology was the same, suggesting that all or a subset of 
cells were smaller (Paper III). This impact on cell size in C. elegans is in agreement 
with results from both D. melanogaster and mice, where S6K is the only protein in 
the INS and TOR signaling pathways that exclusively regulates cell size without 
affecting cell proliferation (MONTAGNE et al. 1999; SHIMA et al. 1998). We were also 
able to rescue the growth defect seen in rsks-1 mutant worms by introducing multiple 
copies of the rsks-1 wild-type gene. 
Interestingly, the decrease in body volume, we saw in rsks-1 deleted worms, was 
more pronounced at the L4 stage than in adulthood (Fig. 9). A similar result has been 
observed in S6K1 mutant mice; at birth the difference in body weight was 20 % 
whereas at adult stage only 15 %, compared to wild type (SHIMA et al. 1998). This 
might reflect a requirement for S6K in early growth regulation. Temporal 
requirements during development for INS have been shown to be of importance for 
growth in D. melanogaster (SHINGLETON et al. 2005).  
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Figure 9. The volume of rsks-1 mutant worms is smaller than wild type in both L4 
and adult stage.  
 
 
Since body size in C. elegans is regulated by DBL-1 signaling, we investigated the 
genetic relationship between dbl-1 and rsks-1. dbl-1; rsks-1 double mutants were 
smaller than any of the single mutants, which suggested that rsks-1 functions, at least 
in part, in parallel to dbl-1 in body size regulation (Paper III).  
 
Hence, S6K is an evolutionary conserved determinant of growth from worms to 
humans (Paper III; MONTAGNE et al. 1999; SHIMA et al. 1998). The mechanism 
whereby S6K affects growth has long been thought to go via increased protein 
biosynthesis. S6K’s best-known downstream target, the 40S ribosomal protein S6, 
has been thought to regulate the translation of 5’TOP mRNAs (JEFFERIES et al. 1994; 
JENO et al. 1988). These mRNAs primarily encode proteins important for the 
translation machinery. However, recent reports have questioned this model since S6 
phosphorylation and translation of 5’TOP mRNAs are not correlated (MCMULLEN et 
al. 2004; OHANNA et al. 2005; PENDE et al. 2004; STOLOVICH et al. 2002; TANG et al. 
2001). Furthermore, S6 phosphorylation is not affected in S6K1-/- mice, even though 
these mice have a reduction in size compared to wild type. S6 was also 
phosphorylated in an S6K1-/-/S6K2-/- double mutant mouse (PENDE et al. 2004). 
Additionally, a conditional deletion of the 40S ribosomal protein S6 in mouse liver 
blocked proliferation but not growth in this organ (VOLAREVIC et al. 2000). In 
contrast to this finding a non-phosphorable S6 seems to affect both the number and 
size of cells, the resulting animal is, however, of wild type size (RUVINSKY et al. 
2005). Thus S6K might regulate other targets and cellular processes than S6 and 
ribosome biosynthesis. 
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In Paper III, we wanted to investigate whether rsks-1 could possibly affect growth by 
regulating ribosome biosynthesis. RNAi of the S6 gene, rps-6, in C. elegans results in 
severe pleiotropic defects during embryogenesis; few surviving larvae either arrest or 
develop into sterile adults (RUAL et al. 2004; SONNICHSEN et al. 2005). This suggests 
that if rsks-1 somehow regulates the activity of rps-6 in C. elegans it is not required 
for all rps-6 functions. In addition, we also found that increased amount of ribosomal 
RNA (rRNA) is not sufficient to rescue the rsks-1 body size defect. ncl-1, has been 
shown to be a repressor of ribosome synthesis and cell growth in C. elegans (FRANK 
and ROTH 1998). ncl-1 hypomorphic mutant worms have increased body, cell and 
nucleolar size, in addition, these mutants contain twice as much rRNA as wild type. 
ncl-1(-)rsks-1(-) double mutants had enlarged nucleoli, however, remained smaller 
than wild type. This suggests that if rsks-1 does affect ribosome synthesis it does not 
do so solely by regulating ncl-1. However, it would be interesting in the future to look 
at ribosome synthesis and protein levels in rsks-1 mutants. 
 
Consistent with the growing picture that ribosome biosynthesis is not the mechanism 
by which S6K exert its function, other downstream targets of S6K have been 
suggested. These are involved in several cellular processes, such as the apoptotic 
protein BAD, the RNA splicing and export factor CBP80, the transcription factor 
CREM and the elongation factor kinase eEF2 kinase have been found in mammals, 
(DE GROOT et al. 1994; HARADA et al. 2001; WANG et al. 2001; WILSON et al. 2000). 
However, the genetic evidence and the physiological relevance of these targets are 
not known. Recently a novel S6K1-interacting protein was identified, SKAR1, which 
belong to a protein family that is involved in RNA processing (RICHARDSON et al. 
2004). Furthermore, reduction of SKAR1 by RNAi resulted in small cells. Future 
studies will hopefully shed light on the biochemical function of S6K in the regulation 
of cell growth.  
 
 
3.5.2 rsks-1 and fat metabolism 
(UM et al. 2004) showed that S6K1 in mice is important for normal metabolism. 
S6K1 deficient mice had increased β-oxidation resulting in decreased fat stores in 
adipose tissues. Furthermore, these mice were also more sensitive to insulin than 
normal. Wild-type mice, when grown on a high fat diet, develop obesity and insulin 
resistance; S6K1 is necessary for these responses because of a negative feedback loop 
in which S6K1 directly phosphorylates IRS (UM et al. 2004). Thus during normal 
conditions nutrients and INS triggers the activation of S6K1 which desensitizes INS 
by phosphorylating IRS. As nutrient levels decrease the activity of S6K1 also 
decreases and the inhibition on INS is released. However, in a situation where 
nutrients are non-limited, S6K1 will always be active and thus attenuate INS leading 
to insulin resistance and obesity.  
Similarly, in Paper III, we found that rsks-1 is also involved in fat metabolism, 
suggesting an evolutionarily conserved function of S6K. However, in contrast to mice 
deficient for S6K null mutations of rsks-1 caused increased lipid storage. 
 
rsks-1 deficient worms appear much darker than normal. We found that the intestine, 
which serves as the adipose tissue in C. elegans (WHITE 1988), consisted of more and 
bigger granules than wild type. This phenotype was suppressed when introducing 
multiple copies of wild-type rsks-1 in the mutant background. In order to investigate 
what kind of granules the deletion mutants were accumulating, we stained the worms 
with the fluorescent dye NileRed, which stains fat and hydrophobic proteins 
(GREENSPAN et al. 1985; SACKETT and WOLFF 1987). rsks-1 deficient worms clearly 
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fluoresced stronger than wild type, and further quantification by a combination of thin 
layer and gas chromatography revealed a 50 % increase in triglyceride content in 
these worms compared to wild type (Paper III). Thus rsks-1 is involved in fat 
metabolism, however, in contrast to the mouse model, it seems to act positively to 
promote β-oxidation (Paper III; UM et al. 2004). Consistent with the mouse model, 
loss of D. melanogaster TOR results in an increase in lipid vesicles in the fat body to 
mobilize nutrient stores (ZHANG et al. 2000). 
 
Recently, many genes were found to have an impact on fat accumulation in C. 
elegans (ASHRAFI et al. 2003). Furthermore, mutations in some genes involved in fat 
metabolism in C. elegans, such as elo-2 and fat-3, result in slow growth and body size 
defects (KNIAZEVA et al. 2003; WATTS et al. 2003).  
As discussed above, rsks-1 mutant worms accumulated more fat in the intestine than 
normal. In addition, our GC analysis showed that the peaks corresponding to fatty 
acids C16:1n9 and C18:1n9/3n3 (unfortunately, we did not aquire good separation 
between these two peaks) were disproportionally amplified in rsks-1 mutants (Paper 
III). This might reflect a quite specific fat metabolic defect. It is known that the 
composition of poly unsaturated fatty acids (PUFAs) in an organism, are of 
importance for a wide variety of biological processes and that disruption of proper 
PUFA composition are associated with certain human disease states, such as diabetes 
and cancer for example (SIMOPOULOS 1999). Furthermore, fatty acid metabolism and 
PUFAs have been shown to play an important role in environmental adaptation, 
especially in regards to temperature changes (KAHN-KIRBY et al. 2004; LOGUE et al. 
2000).  
 
In C. elegans, C18:1n9 is desaturated by FAT-2 which results in C18:2n6, which in 
turn is further desaturated by FAT-1 and FAT-3, resulting in C18:3n3 and C18:3n6. 
Both these C18:3n fatty acids can thereafter be used in elongation and desaturation 
events resulting in PUFAs (KAHN-KIRBY et al. 2004). 
The disproportional increase in C16:1n9 and C18:1n9/3n3 we detect in rsks-1 mutant 
worms might indicate that fat-2 is dysfunctional. Hypomorphic mutations in this gene 
leads to an increase in C18:1 as well as C16:1 (PEYOU-NDI et al. 2000). fat-2 is 
thought to protect against cold stress by increasing the fluidity of the membrane 
(PEYOU-NDI et al. 2000). Interestingly, we found that rsks-1 mutants have a reduced 
ability to respond to temperature changes reflected in a low fitness at 15 °C (further 
discussed in section 3.5.5).  
 
 
3.5.3 Genetic pathways that control dauer development and a role for rsks-1 
Many mutations that affect fat metabolism also affect the decision to enter dauer 
(KIMURA et al. 1997). This may not be surprising since lipid storage in the dauer 
larvae is an important energy reserve (RIDDLE 1997). Because of the increased 
amount of fat in our rsks-1 mutants we wanted to investigate whether rsks-1 might be 
involved in regulating dauer. In addition, adult worms deficient of RSKS-1 tend to 
nictate (Paper III), a behavior that is specific for dauer larvae (RIDDLE 1997). 
Interestingly, neuronal S6K in D. melanogaster is involved in hunger driven behavior 
(WU et al. 2005). 
 
Genetic screens for dauer abnormal phenotypes have identified two classes of 
mutations; Daf-c, mutants that form dauers inappropriately under non-inducing 
conditions and Daf-d, mutants that fail to form dauers under inducing conditions. 
Genetic analysis of these mutations has outlined three different signaling pathways 
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involved in regulating entry and exit from dauer, TGFβ, insulin-like and a cyclic 
nucleotide pathway (Fig 10) (THOMAS et al. 1993). Interestingly, daf-15, found in 
such screen was recently identified as the C. elegans homologue of Raptor, also 
connecting TOR to the dauer process (Jia et al. 2004).  
Here I will focus on INS and TGFβ signaling and their role in dauer development. 
 
 
 
 

 
 
 
Figure 10. Genetic pathways that regulates dauer development in C. elegans 
(modified from LIU et al. 2004). 
 
 
The INS pathway regulating dauer development is thought to be activated by the 
insulin like molecule DAF-28 (LI et al. 2003), which is proposed to bind to the InR, 
DAF-2 that in turn signals via AGE-1 (a PI3K) (RIDDLE et al. 1981). Active AGE-1 
produces the second messenger, PIP3, which is required for activation of PDK-1, 
AKT-1 and AKT-2 (worm PKBs) (PARADIS et al. 1999; PARADIS and RUVKUN 1998). 
Hypomorphic mutations in these proteins result in a dauer constitutive phentoype 
(Daf-c), increased fat levels and lifespan (KIMURA et al. 1997; RIDDLE 1997). This 
pathway functions to block the nuclear localization of DAF-16 (FOXO) (OGG et al. 
1997), and hereby ensure commitment to the reproductive life cycle. Null mutations 
in daf-16 can suppress both the Daf-c and fat accumulation defect in worms lacking 
DAF-2 (ASHRAFI et al. 2003; OGG et al. 1997; RIDDLE et al. 1981). 
 
A TGFβ signaling pathway functions synergistically and in parallel to INS to regulate 
dauer formation (Fig. 4 and 10). This pathway is activated by DAF-7, and functions 
through the receptors DAF-1 and DAF-4, which activate a Smad transcription factor 
complex consisting of DAF-8 and DAF-14 (SAVAGE-DUNN 2005). Worms deficient 
for any of these proteins are Daf-c, furthermore, they have higher amounts of fat than 
normal, defective egg-laying and behavioral defects associated with starvation 
(THOMAS et al. 1993; TRENT et al. 1983). DAF-3 (Smad) and DAF-5 (Sno/Ski 
homologue) function downstream of these proteins to antagonize the pathway (DA 
GRACA et al. 2004).  
Activities of both these pathways are thought to be important for the production of a 
lipid (or lipid derived) hormonal signal that mediates developmental response in non-
neuronal tissues (ANTEBI 2005). This lipid hormone is thought to bind to the nuclear 
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hormone receptor DAF-12 in order to inhibit dauer specific transcription in target 
tissues. The present model is that DAF-12 together with its coregulators functions as 
a switch to specify development in the presence or absence of ligand (ANTEBI 2005). 
In Paper III, we wanted to investigate whether rsks-1 mutations could affect entry 
into dauer. In addition, since mutations affecting rsks-1 give rise to similar 
phenotypes as mutations in INS and TGFβ signaling, we also wanted to study genetic 
interactions between these genes.  
When grown at temperatures between 15 and 25 °C, rsks-1 mutants do not form dauer 
larvae. We did, however, find that a significant proportion enters dauer at 27 °C. This 
phenotype is known as the high temperature induced dauer (Hid) (AILION and 
THOMAS 2000). Dauer formation at the temperature range between 15-25 °C is 
dependent on pheromone, since daf-22 mutants that lack pheromone fail to enter 
dauer even though there is little food or increased temperature (GOLDEN and RIDDLE 
1985). However, at 27 °C these daf-22 mutants can form dauers in the presence of 
food suggesting that high temperatures can also be sufficient to induce dauer 
formation (AILION and THOMAS 2000). There are several other genes also important 
for dauer formation at 27 °C, however, not at lower temperatures (AILION and 
THOMAS 2000). For example, unc-31 and unc-64, suggested to be involved in insulin 
secretion, only form dauers at 27 °C; a phenotype that can be suppressed by a 
hypomorphic mutation in daf-16 (AILION and THOMAS 2000). Interestingly we found 
that a mutation in daf-16 could suppress the Hid phenotype of rsks-1 deficient worms, 
however, not the fat accumulation defect. Thus, rsks-1 may function upstream of daf-
16 in regulating dauer, however, downstream or in parallel regarding fat storage.  
 
Even though mutations in rsks-1 alone did not result in a Daf-c phenotype in the 
temperature range 15-25 °C, we wanted to investigate whether mutations in rsks-1 
could modulate the dauer responses in worms with defects in either TGFβ or INS. We 
found a strong synergistic Daf-c phenotype between null mutations in rsks-1 and daf-
7 or daf-8, respectively (Paper III). However, the genetic interactions between INS 
and rsks-1 were more complex. Deletion of rsks-1 enhanced dauer formation in pdk-
1, unc-31 and unc-64 mutant worms. In contrast, rsks-1 mutations partly suppressed 
the Daf-c phenotype of worms with mutations in daf-2 (Paper III).  
 
To summarize, our data show that rsks-1 is clearly of importance for dauer regulation, 
even though, at this point, it is not clear how. In addition, reduction in rsks-1 also 
enhanced the fat accumulation defect caused by mutations in both the INS and TGFβ 
signaling (Paper III). Furthermore, rsks-1 mutations also enhanced the Egl defect and 
clumping behavior seen in DAF-7 deficient worms (Paper III).  
Our data also indirectly links rsks-1 function to C. elegans TOR since mutations in 
let-363, and its binding partner daf-15, have increased lipid storage and a partial Daf-
c phenotype (JIA et al., 2004).  
 
 
3.5.4 rsks-1 is expressed in sensory neurons 
In Paper III we investigated the expression pattern of the rsks-1 gene and found that it 
was most prominently expressed in a pair of amphid neurons, ASI and ADF as well 
as body wall muscle. Thus consistent with a role for rsks-1 in regulating dauer, the 
protein is present in neurons important for this developmental stage (Discussed in 
section 1.1.1). Our detailed analysis of the expression pattern of RSKS-1 revealed a 
dynamic expression seen in neuronal as well as non-neuronal tissues throughout 
development (Paper III). In short, in the L1 stage expression was seen in ASI and 
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ADF and also weak expression in intestine. In the L2 stage, the neuronal expression 
was similar, however, the intestinal expression became gradually more posterior and 
body wall muscle started to express RSKS-1. This increase continued during the L3 
and L4 stage, whereas the neuronal expression in ASI as well as the intestinal 
expression decreased. From the L1 to the adult stage the neuronal pairs ASK and 
ADL, showed a gradual increase in RSKS-1 levels. These neurons are important for 
lysine chemotaxis and egg laying, and octanol avoidance, respectively (reviewed by 
(BARGMANN 1997).  
 
 
 
TABLE 1. Expression of RSKS-1::GFP fusion protein 
Worm ASI ADF ASJ/ASE/BAG ASK/ADL Intestine Body muscle 

L1 +++ +++ - + ++ - 

L2 ++ +++ - + ++ + 

L3 ++ ++++ - ++ ++ ++ 

L4 (+) ++++ - ++ + +++ 

adult - ++++ - ++ - +++ 

daf-2(-) ++++ ++++ ++++ + nd + 

daf-7(-) ++++ ++++ ++++ + nd nd 

 
 
 
In addition, we also found that mutations in INS or TGFβ signaling affecting dauer 
could induce expression of RSKS-1 in the amphid neurons ASJ and ASE. These 
neurons are important for recovery from dauer and chemotaxis respectively 
(BARGMANN 1997). In agreement with these data we also found that rsks-1 promotes 
exit from dauer (Paper III). Thus INS negatively regulates RSKS-1 levels in these 
neuronal cells.  
From mammalian and D. melanogaster studies there are no indications so far of a 
negative regulation of S6K expression by INS. As mentioned above, post-
translational activation of S6K, directly by PDK1 and indirectly by PKB via TSC and 
TOR has been found. The neurons in which this regulation is seen are, as mentioned 
above, ASJ, ASE and BAG. ASJ is important for exit from the dauer stage and thus 
of relevance to rsks-1 since it seems to be involved in this process. One possibility is 
that rsks-1 is important for changing the neuronal sensitivity to food signals; the 
sensitivity to food levels is increased during the dauer stage and is important for exit 
(RIDDLE 1997). ASE functions in water-soluble chemotaxis and it would be 
interesting in the future to investigate whether rsks-1 is important for this process as 
well. The role of BAG is not known, although, this cell is known to express 
chemosensory receptors (YU et al. 1997). 
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3.5.5 rsks-1 is important for transcription of daf-7 
Both daf-28 and daf-7 are expressed in amphid neurons, in addition, daf-28 is 
expressed in the posterior part of the intestine (LI et al. 2003; REN et al. 1996), very 
similar to rsks-1. Food and pheromone signals can control transcription of both daf-7 
and daf-28, however, only daf-7 transcription seems to be sensitive to temperature (LI 
et al. 2003; REN et al. 1996; SCHACKWITZ et al. 1996).  
In Paper III we found that a transcriptional daf-7 reporter gene was decreased in ASI 
in rsks-1(-) dauer worms compared to wild type. Thus rsks-1 may, at least in part, 
affect dauer formation through TGFβ signaling. The neuronal expression of daf-28 
was not affected in rsks-1 mutants; however, the intestinal expression of this gene 
was appreciably lower in these worms compared to wild type. Further studies are 
necessary in order to elucidate the relationship between these genes and their 
corresponding proteins.  
 
 
3.5.6 Functional rsks-1 is important for fitness  
Multicellular organisms allocate their resources in response to genetic and 
environmental signals in order to maximize their fitness. Fitness is usually measured 
as fecundity. Interestingly, rsks-1 mutants have a smaller brood size than normal. Our 
sv31 deletion resulted in worms that had a more than 50 % decrease in fecundity 
compared to wild type. Thus, these mutants grow to a smaller size and have lower 
fitness than wild type, regardless of the fact that they seem to have an abundance of 
energy resources. This, together with the fact that RSKS-1 was expressed in sensory 
neurons in direct contact with the environment, led us to investigate the ability of 
rsks-1 mutants to respond to changes in external environment (Paper III).  
Wild-type worms are thought to adjust metabolism and growth to changes in 
environment, for example resulting in similar fitness when cultured between 15-25 
°C. Interestingly, we found that RSKS-1 deficient worms had a severe reduction in 
fitness when grown at 15 and 25°C compared to those grown at 20 °C. This result 
may indicate a defect in these worms to adjust to high and low temperatures.  
 
Interestingly in this respect is also the fact that rsks-1(-) mutations suppressed daf-2 
Daf-c phenotype at 20 °C, however not at 25 °C. In addition, although rsks-1(-) 
mutations enhanced the Daf-c phenotype of daf-7 mutants this effect was more 
pronounced at 15 °C than at 20 °C. It is possible that the metabolism in rsks-1 
deficient worms is best adjusted to temperatures close to their cultivation temperature 
(20 °C) and that these worms are incapable of controlling their metabolism despite 
different environmental stimuli. Thus resulting in more severe phenotypes at 15 
compared to 20 °C. Further experiments will be necessary in order to investigate this 
further. 
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4. Mosaic analysis and later roles for essential genes 
 
Mosaic analysis has long been used to establish the site of action for specific genes in 
C. elegans (YOCHEM and HERMAN 2003). The worm is very well suited for such 
studies because of its transparency, invariant cell lineage and holocentric 
choromosomes (ALBERTSON and THOMSON 1982). If the chromosomes are 
holocentric the mitotic spindle fibers can attach over the whole chromosome and do 
not require a centrosome. This feature makes it possible for large free DNA 
fragments to segregate almost as regularly as the endogenous chromosomes during 
mitosis and meiosis. They are, however, spontaneously lost at some frequency, which 
is different for different fragments. In C. elegans, it is possible, and relatively easy, to 
inject DNA (plasmids, cosmids or PCR fragments) into the gonad of the worm, where 
the injected DNA forms large stable extrachromosomal arrays that are introduced into 
the oocytes.  
 
BUCHER and GREENWALD (1991) developed a genetic mosaic screen in order to 
distinguish between embryonic and larval lethal mutations that affected general 
housekeeping genes and genes with more specific developmental functions. In 
addition, they were also interested in later developmental effects of genes harboring 
these mutations. They specifically screened for mutations on chromosome III that had 
an embryonic or early larval lethality, which could be rescued by the free 
chromosomal duplication qDp3. This duplication also carried marker genes that made 
it possible to identify animals and also clones of cells where the duplication had been 
lost, in order to evaluate later roles of these genes. Although they were able to 
identify genes that indeed had a later role in development, this technique was labor 
intensive and restricted to the parts of the genome that contained good markers. In 
addition, the markers they used only allowed analysis of rather large clones of mutant 
cells.  
LEUNG-HAGESTEIJN et al. (1992) developed a technique that made it possible to fuse 
chromosomal duplications with plasmid DNA in living worms by random 
mutagenesis using γ-irradiation. This approach makes it possible to design 
duplications from all parts of the genome with markers suitable for mosaic analysis. 
In study IV we took advantage of this and fused the free duplication sDp3 with the, at 
that time, new marker sur-5::gfp in order to evaluate the possible role of essential 
genes in later development. This marker was developed for mosaic analysis by 
(YOCHEM et al. 1998). Expression of the fusion protein, between SUR-5 and green 
fluorescent protein (GFP), is driven by the sur-5 promoter, which is expressed in 
essentially every cell in the worm. The fluorescence is localized to the nuclei, which 
makes it easy to identify GFP positive cells. Another advantage of this marker is that 
the GFP protein does not perdure in a genetically mutant cell lineage (YOCHEM et al. 
1998). It also allows direct scoring of individual mosaic worms under a fluoresence-
dissecting microscope, which greatly facilitates the identification of mosaics. Before 
this marker was developed, mutations in ncl-1, which gives rise to enlarged nucleoli, 
were used to identify mosaic clones of cells. This is a good mosaic marker, however, 
every potential mosaic individual has to be mounted separately on an agar pad and 
examined with DIC optics, which is time consuming. Furthermore, enlarged nucleoli 
are difficult to score in adults.  
In study IV we fused sDp3 and sur-5::gfp, which resulted in the extrachromosomal 
array svEx12. We screened for embryonic or early larval lethal mutations that were 
rescued by this array and identified 10 such mutations (Paper IV). The existence of 
ncl-1 on sDp3 made it possible to evaluate the accuracy of sur-5::gfp in identifying 
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clones of cells that had lost svEx12, since such cells should be GFP negative and have 
enlarged nucleoli. Furthermore, Professor Baillie and co-workers have generated, and 
kindly provided us with, many early lethal mutations that map to the region of the 
genome that is covered by sDp3. To evaluate our approach, the strains that carried 
lethal mutations presented in this study were screened for individuals that had lost 
svEx12 in the intestinal cells. sur-5::gfp is brightly expressed in these cells, which 
makes it relatively easy to identify worms that has lost intestinal expression (Paper 
IV). The early C. elegans embryo consists of 6 founder cells named AB, P1, EMS, E, 
MS and P4 (Fig. 11). The intestinal cells arise from the E-lineage, thus a loss of GFP 
in the intestine is due to a loss in the E-, EMS- or P1-lineage. The mosaic animals 
from each strain was further examined using DIC microscopy, to determine I) exactly 
how early during embryogenesis the array was lost and II) if this loss resulted in any 
visible developmental defects. In our study, 94 % of the let genes resulted in 
developmental defects in late larvae and adult stage. This clearly showed that many 
essential genes are also important later in development. Our method is a relatively 
fast way of identifying many mosaic individuals using only a fluorescent-dissecting 
microscope compared to other studies (BUCHER and GREENWALD 1991). 
Furthermore, this screen, in contrast to BUCHER and GREENWALD (1991), makes it 
possible to look at smaller clones of cells that have lost the duplication.  
In summary, we have described a new, relatively fast, technique that makes it 
possible to assess later developmental roles of essential genes throughout the genome 
with no restriction to the presence of good markers. For detailed analysis of the 
phenotypic characterization of mosaic animals see Paper IV.  
 

 
 
Figure 11. Early embryonic lineage (modified from SULSTON et al. 1983). The 
founder cells give rice to different types of cells, indicated in the figure. Cells of the 
P1 lineage are indicated in light gray. 
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CONCLUSIONS AND FUTURE PROSPECTS 
 
Paper I: LON-3 is a cuticle collagen, expressed in hypodermal cells, that regulates 
body size in a dose dependent way. Deficiency of this protein caused a Lon 
phenotype, whereas abnormally high levels resulted in a Dpy phenotype. lon-3 
genetically interacted with members of DBL-1 TGFβ signaling, and we suggested 
that LON-3 was post-transcriptionally regulated by this pathway. In addition, we 
found that lon-3 interacted specifically with two other cuticle collagens, namely sqt-1 
and rol-6. lon-3 mutations did not alter the number of cells or the size of these cells. 
Instead, we suggested a function for lon-3 in regulating the shape and/or the elasticity 
of the cuticle. It would be interesting in the future to look at the morphology of lon-3 
mutant worms more closely, specifically the cuticle. In addition, to use antibodies in 
order to study LON-3 protein localization and stability, and to evaluate how these 
properties are affected by mutations in the DBL-1 signaling pathway.  
 
Paper II: We identified several loci that resulted in a Lon phentoype. Some have 
been described elsewhere (Paper I; MORITA et al., 2002). Although further 
characterizations of the phenotypes and identification of the genes affected remains to 
be done, these loci are clearly of importance for body length. It is possible that many 
of these genes will participate or modulate already known signaling pathways that are 
important for growth regulation in C. elegans, however, it is also possible that novel 
mechanisms important for this process will be revealed.  
 
Paper III: C. elegans S6K homologue rsks-1 is important for growth regulation and 
fat metabolism. Mutations in rsks-1 did not affect the number of cells, instead it 
seemed like the size of these cells were decreased, reflected in a 20 % decrease in 
body volume. In addition, lipid storage was increased by 50 %. We also showed that 
rsks-1 play a role in inhibiting dauer formation and also promote exit from this stage. 
RSKS-1 was expressed in a set of amphid neurons known to be important for dauer 
development, in the posterior part of the intestine (the adipose tissue of the worm), as 
well as in body wall muscle. Furthermore, RSKS-1 expression was induced in three 
sensory neurons in the absence of INS or TGFβ signaling. rsks-1 also seemed to be 
important for proper transcription levels of the TGFβ homologue daf-7.  
There are many aspects of S6K signaling that can be studied in C. elegans. Genetic 
screens can be designed in order to identify downstream target genes or upstream 
regulators of rsks-1. In addition metabolism in rsks-1 can be further studied. It is 
possible that rsks-1 mutants affect other metabolic pathways, different from lipid 
storage. Furthermore, it would be very interesting to further evaluate the impact of 
temperature, food levels and pheromone on the expression of RSKS-1, as well as 
rsks-1 mutants. Also, to look at chemotaxis as well as thermotaxis in rsks-1 mutant 
worms. 
 
Paper IV: We developed a new technique in order to investigate later roles for genes 
that are essential to the embryo or early larvae. Our technique identified several lethal 
loci that also affect later development. Using this technique may identify novel roles 
for already established genes in C. elegans development. 
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