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Abstract
The insulin signaling antagonist daf-18/PTEN is known to play various roles in the
response of C. elegans to starvation. While daf-18’s roles in promoting dauer formation are well
understood, the extent of its roles in L1 arrest remains unclear. Recent studies have highlighted
the importance of germline expression of daf-18 in coordinating proper L1 arrest. It had been
previously hypothesized that germline expressed daf-18 might be sufficient to properly arrest
germline proliferation and achieve wildtype levels of L1 arrest longevity. In this study, I show
that germline expression alone is neither sufficient in restoring full L1 arrest longevity nor germ
cell quiescence. Instead, L1 arrest longevity is dependent on systemic daf-18 expression. I also
explore the effects of maternal contributions to offspring on L1 arrest longevity. I show here that
maternally rescued daf-18 mutants survive two days longer than controls. I demonstrate that
worms that progressed to adulthood through the dauer life stage do not produce offspring that are
better suited to survive L1 arrest. Conversely, I observed adult worms that experience crowding
produce offspring with mildly increased L1 arrest longevity. Lastly, I explore the posttranslational regulation of DAF-18 by demonstrating that the proteasomal subunits pas-3 and
pbs-4 are involved in DAF-18 degradation.
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Chapter 1
Introduction
Developmental strategies evolved to cope with nutrient scarcity are abundant in
the animal kingdom. Animals must obtain reliable information regarding nutrient
availability in their environment and translate that into an appropriate response at the
cellular level. Unlike adults, which might sacrifice their individual survivability to
increase the chances of offspring success, juveniles are not capable of adopting this
strategy. Juveniles are particularly challenged during starvation, as they have not yet
developed to a stage where their fitness can rely on reproduction. Survival then becomes
the only viable strategy. The inability to achieve fitness from reproduction makes
juveniles particularly interesting, as it allows us to focus specifically on cellular processes
that enhance survivability. By studying the molecular underpinnings of starvationinduced changes in development, we gain a more in-depth knowledge of an organism’s
developmental plasticity. The free-living nematode worm Caenorhabditis elegans is an
excellent model organism to study starvation endurance strategies. C. elegans juveniles
are able to coordinate developmental strategies in response to varying levels of nutritional
availability.
The C. elegans presents us with a suite of powerful tools that make it particularly
useful as a model organism. There are abundant of resources available to the worm
researcher, including a fully sequenced genome, fully annotated cell lineage and neural
connectome. This nematode also possesses several intrinsic advantages. Its short
generation time and clonal mode of reproduction make genetic analysis simple. Though a
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rare occurrence in the wild, males do exist, allowing for easy crossing. C. elegans is
transparent, enabling the easy use of fluorescent proteins to identify cell types and
subcellular protein activity or gene expression. Lastly, C. elegans like many animals,
make use of the insulin signalling pathway to interpret the nutritional status of their
environment. By studying insulin signalling in C. elegans, we gain further insight into the
roles and regulation of genes in this highly conserved pathway. Studying how insulin
signalling genes affect development will ultimately lead to a better understanding of the
pathway and its ties to human diseases.
First stage C. elegans larvae (L1) have the option, upon assessing nutrient
availability, of progressing to the second larval stage (L2), adopting a highly stress
resistant morphology dauer or halting development and depressing metabolic rate (L1
arrest). The mechanisms and regulation underlying the process of adopting the dauer
morphology and the L2 moult are well understood. The processes underlying L1 arrest
are less clear. Previous studies highlighted the importance of germline quiescence in
maintaining proper L1 arrest. Germline proliferation is mediated by the insulin signalling
pathway and quiescence requires the action of the insulin signalling antagonist daf-18
(Fukuyama et al., 2006). Studies from our lab observed daf-18 is expressed at higher
levels in the primordial germ cells Z2/Z3 during L1 (Brisbin et al., 2009). These findings
led us to hypothesize that germline expression of daf-18 may be of particular importance
to proper L1 arrest. This hypothesis was further supported by the observation that a more
severe reduction in L1 arrest longevity was achieved by the germline-specific daf-18
knockdown than with soma-specific knockdown (Zanetti, 2014). Taken together, these
findings gave rise to the hypothesis being tested in this study. We aim here to test if daf2

18 functions cell autonomously in the germline to maintain proper germ cell quiescence,
and thereby full L1 arrest longevity. Secondly, we intend to gain further insight into the
upstream regulation of daf-18 by investigating the role of the proteasome in controlling
DAF-18 levels.
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Chapter 2
Literature Review

2.1 The C. elegans life cycle
At 22°C, a fertilized C. elegans oocyte will develop within its mother for roughly
2.5 hours before being laid. Once laid, the C. elegans embryo develops for 9 hours before
hatching. The hatched worm then emerges as its first larval stage, termed L1. The
nematode must feed in order to progress to the next larval stage (L2) in a moulting
process that takes place after 12 hours. Alternative developmental processes can occur in
the absence of food upon hatching or when nearing the L2 moult, but these will be
covered later in great detail. Once a worm has moulted to L2, it is committed to
developing its reproductive structures and will moult to L3 after 8 hours. A L3 worm will
moult to L4 after 8 hours. Finally, after 10 hours, a L4 worm will perform its final moult
into a young adult. However, it will take an additional 8 hours before the adult is able to
lay eggs of its own (Figure 1). Each larval stage is defined by a moult, where the larvae
sheds its cuticle and replaces it with a newly synthesized cuticle specific to that larval
stage (Cassada and Russell, 1975).

4

Figure 1 C. elegans life cycle at 22°C. Indicates the various developmental stages and
their respective durations as well as starvation induced L1 arrest and dauer development.
Figure obtained from wormatlas.org.

2.1.1 Embryogenesis

Embryogenesis is divided into the proliferation stage: consisting of undifferentiated cell
divisions, and the morphogenesis stage: where terminal differentiation occurs without
further cell divisions (Sulston et al., 1983). Part of the proliferation stage takes place in
the mother’s uterus. It is early during this stage that gastrulation is completed, and later
on that cells arrange themselves into the three germ layers (ecto-/meso-/endo-derm).
5

During the morphogenesis stage, the embryo acquires its fully differentiated organs and
tissues and elongates, taking its worm form (Sulston et al., 1983).

2.1.2 Postembryonic development

Upon feeding, the newly hatched worm may begin postembryonic development by
resuming cell divisions. As long as food remains available the worm will pass through
four larval stages termed L1-L4.

2.1.2.1 Larval stage 1 (L1)
It is during the first larval stage that the majority of the worm’s nervous system
develops. The reproductive system undergoes a large cellular proliferation from two
primordial germ cells Z1 and Z2 to 12 cells by the end of L1 (Kimble and Hirsh, 1979).
Finally, during L1, two coelomoctyes (invertebrate equivalents of macrophages) are
added to the four that developed during embryogenesis (Sulston et al., 1983).

2.1.2.2 Larval stage 2 (L2)
There are fewer cell divisions in L2 than L1. In the nervous system, the G2 cell
produces two ventral ganglion neurons, and the V5.pa produces the postdeirid sensilla
(Kimble and Hirsh, 1979). In the reproductive system the number of cells quadruples.
There are, however, extensive cell migrations resulting in the organization of the future
gonad (Kimble and Hirsh, 1979).
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2.1.2.3 Larval stage 3 (L3)
During the L3 stage, the somatic gonad begins to take form with extensive
proliferation and cell migrations to make up the spermathecae, uterus, gonadal sheaths
and the beginnings of the vulva (Kimble and Hirsh, 1979).

2.1.2.4 Larval stage 4 (L4)
The gonadogenesis of L3 is completed during L4 and germline meiosis begins,
resulting in the production of mature sperm (Antebi et al., 1997). As L4 comes to an end
and the moulting process begins, sperm production ceases and the remaining germline
cells will exclusively generate eggs. By this time, the egg laying neurons are formed as
well as the sex muscles (Greenwald, 1997).

2.1.2.5 Adult
Oocyte fertilization begins in newly moulted adults, and within roughly eight
hours embryos can be seen developing in utero thus completing the C. elegans life cycle.

7

2.2 C. elegans responses to starvation
C. elegans posses a wide array of strategies evolved to help them survive
starvation including developmental, metabolic and behavioural adaptations.
2.2.1 Waving, phoresy and necromeny
In the wild, the C. elegans feeds on bacteria in the soil that, in turn, are sustained
by detritus. When the supply of decaying organic matter is extinguished, so too does the
bacterial food supply of the nematode (Felix and Braendle, 2010). In order to reach the
next bacterially rich environment, free-living nematodes have been shown to associate
with other invertebrate species such as insects, millipedes and gastropods. In a behaviour
known as waving (also known as nictation), worms will “stand” on the tips of their tails
and sway their body to facilitate coming into contact with other invertebrates (Völk,
1950). Once the worm has climbed onto the carrier, it either waits until it comes in
contact with another nutrient-rich environment and then disembarks the carrier (Phoresy),
or, if the carrier dies and begins to decompose, they will stay and feed on the bacteria
proliferating on the cadaver (necromeny) (Bovien, 1937; Richter, 1993; Schulte, 1989;
Sudhaus, 1989). In the case of both phoresy and necromeny, the worm must survive
extended periods without food and possibly under environmental stressors such as
desiccation. This feast-and-famine lifestyle has led to the evolution of various strategies
to increase longevity during periods of starvation, so that nematodes can survive the
journey between food sources. The most robust strategy in terms of prolonged longevity
and stress resistance is the formation of dauer larvae.
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2.2.2 Dauer larvae
Dauer larvae morphology and behaviour are adapted to tolerate environmental
stress and starvation. Dauers are highly mobile and display waving behaviour. They
possess a specialized cuticle that is thicker and more highly reinforced compared to the
cuticles of other larval stages. This allows the dauer to prevent desiccation and passive
loss of metabolites (Cassada and Russell, 1975). The cuticle also contains alae that
increase traction, facilitating locomotion, and dauer larvae have a plugged oral orifice and
constricted pharynx that does not pump (Cassada and Russell, 1975; Vowels and
Thomas, 1992). Lastly, dauers maintain the use of the glycolysis cycle over aerobic
respiration as their primary form of cellular metabolism (Wadsworth and Riddle 1989)
and are, in general, transcriptionally quiescent with the exception of heat shock protein
Hsp90, and superoxide dismutase and catalase (Dalley and Golomb, 1992; Snutch and
Baillie, 1983; Vanfleteren and De Vreese, 1995).
The decision to initiate dauer larvae development occurs late in the L1 larval
stage and is contingent on any of three environmental factors: population density, food
supply and temperature, with population density being the most prominent. Population
density is interpreted by the secretion and detection of the constitutively produced dauer
pheromone. When signalling triggered by detection of dauer pheromone exceeds the level
of signalling from the detection of food, dauer development is initiated (Golden and
Riddle, 1982). Higher temperatures (25-27°C) favour dauer formation intrinsically, and
promote pheromone-induced dauer formation (Golden and Riddle, 1984). There are
several pathways that interpret food presence, dauer pheromone levels and temperature
9

respectively, that also converge on the regulation of dauer formation. However, I will
elaborate here on the three most pertinent pathways; the guanylyl cyclase pathway, the
insulin-signalling pathway and the TGFβ-like signalling pathway.

2.2.3 Guanylyl cyclase pathway
Dauer pheromone is thought to bind and activate a G-protein-coupled seven
transmembrane domain receptor, which relays the signal to the G-protein α-subunits
GPA-2 and GPA-3 to promote dauer arrest by antagonizing guanylyl cyclase signalling in
the amphid neurons (Birnby et al., 2000; Yu et al., 1997; Zwaal et al., 1997). The C.
elegans gene daf-11 encodes a transmembrane guanylyl cyclase that is expressed in
several chemosensory neurons, including the amphid neurons (Birnby et al., 2000), and
activates multiple downstream targets to inhibit dauer formation. One such target is the
beta-type insulin daf-28, and TGFβ superfamily protein daf-7 (Coburn et al., 1998; Li et
al., 2003) (Figure 2).
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Figure 2: Proposed sensation of dauer pheromone by the guanylyl cyclase pathway.

Cartoon representation of the anterior end of the C. elegans. The amphid neurons ASJ
and ASI are labelled green and purple respectively, the ventral verve cord is labelled red,
and the pharynx is labelled yellow. Guanylyl cyclase/daf-11 regulates the expression of
insulin signalling ligand daf-28 by modulating the dauer pheromone signal transduced via
cyclic guanosine monophosphate (cGMP) gated ion channels. DAF-11 in the ASI/J
neuron endings, at the tip of the buccal opening, sense dauer pheromone in the
environment and trigger the repression of daf-28 in the neuron cell body. Figure from
(Artal-Sanz et al., 2009)
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2.2.4 TGFβ-like signalling pathway
TGFβ family ligand DAF-7 binds to and activates heteromeric cell surface
receptors DAF-1 and DAF-4 through serine threonine kinase activity. This, in turn,
results in the phosphorylation of SMAD transcription factors DAF-8 and DAF-14, which
translocate to the nucleus, to regulate gene transcription and inhibit dauer arrest (Shi and
Massague, 2003) (Figure 3). Another SMAD transcription factor, DAF-3, is inhibited by
active TGFβ-like signalling (Patterson et al., 1997). The Sno/Ski oncoprotein DAF-5
binds to DAF-3 to promote dauer formation at 25°C (da Graca et al., 2004). However, by
mechanisms not yet well understood, daf-3 can also inhibit dauer formation at 27°C.
Therefore its role in dauer is temperature-sensitive (Gerisch et al., 2001; Ohkura et al.,
2003).

2.2.5 Insulin and insulin-like factor signalling pathway
Insulin and insulin-like factor (IIS) signalling is highly conserved in animals. In
C. elegans, activation of insulin receptor homolog DAF-2 inhibits dauer formation
(Figure 3). Some insulin-like molecules, like DAF-28, promote downstream activation of
the pathway, while others, like INS-1, are inhibitory. DAF-28 bound DAF-2/IR activates
the phosphoinositide 3-kinase AGE-1/PI3K, which, in turn, generates
phosphatidylinositol 3,4,5-trisphosphate (PIP3); a secondary messenger that targets
serine/threonine kinases AKT-1, PDK-1 and PDK-2 (Toker & Cantley 1997; Downward
1998). AKT-1 phosphorylates forkhead box O transcription factor DAF-16/FOXO which
prevents DAF-16’s entry to the nucleus, thus inhibiting transcription of targets that
initiate dauer development (Ogg et al., 1997). DAF-2/IR is also able to inhibit DAF-16
12

nuclear localization in an AKT-independent manner though the intermediaries in this
pathway are not yet known (Berdichevsky et al., 2006; Hertweck et al., 2004; Lin et al.,
2001). DAF-2 has also been shown to inhibit DAF-18/PTEN a negative regulator of
insulin-like signalling (Liu et al. 2013).
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Figure 3 Insulin and TGFβ signaling pathways regulate dauer formation. Nuclear
localization of DAF-16 and the DAF-3/DAF-5 complex promote transcription of genes necessary
for dauer formation. Transduction of the dafachronic acid signal through steroid hormone
signalling is independent of insulin and TGFβ pathways and also regulates entry to dauer; steroid
signalling will not be covered. Figure from (Von Stetina et al., 2007)
14

2.2.6 Dauer-induced epigenetic changes
Dauer larvae fortunate enough to find food, resume reproductive development
soon after feeding and will molt to the L3 stage. However, even after recovering from
dauer, post-dauer worms differ from their same stage counterparts who experienced
continuous development. Levels of numerous mRNAs as well as global chromatin
remodeling-signatures including H3K4 are methylated and H4 are acetylated in postdauer adults and not in adults who developed continuously (Hall et al., 2010; Hall et al.,
2013). Despite the global change in chromatic structure and the changes in expression
profiles there is still similar overall gene expression levels in both post-dauer and
continuously developed adults, leading to some speculation as to the purpose of these
changes (Hall et al., 2010). It is believed that while the post-dauer chromatin state does
not immediately alter gene expression in a direct way, it instead may prepare genes for
further regulation by other mechanisms. The expression profile of hundreds of siRNAs
was also observed to change significantly between post-dauer and control adults (Hall et
al., 2013). These changes in RNAi likely play a role alongside chromatin structure in
allowing post-dauer animals to retain cellular memory of their developmental history.
Though it remains to be determined how the post-dauer state relates to differences in
gene expression, it has been associated with increased brood size (Hall et al., 2010; Hall
et al., 2013).

15

2.2.7 L1 Arrest
The trigger to form dauer larvae can only occur late in L1 development because
the worm requires sufficient nutrients to produce the specialized dauer morphology. As
such, if the worm is hatched into conditions in the absence of food, a more immediate
developmental arrest occurs that does not confer the same morphological adaptations as
the dauer. This is known as L1 diapause or L1 arrest. First stage larvae are still
remarkably robust. Despite their lack of specialized cuticle, they are the only larval form
that survive and remain viable after freeze/thaw. L1 larvae are also ageless in that time
spent arrested at L1 does not affect adult longevity (Johnson et al., 1984). However, they
can only survive starvation in this state for a little over three weeks. L1 arrest is not a true
diapause due to the lack of a specific cue or preparation for starvation as seen in dauer.
Instead, L1 arrest is simply the inability of larvae to initiate post-embryonic development
because of the inhibition of insulin signalling that follows the absence of food. AMPactivated protein kinase (AMPK) also interacts with insulin signalling to maintain
cellular quiescence, and some downstream targets of insulin signalling act independently
of daf-16/FOXO.

2.2.8 Insulin-like signalling inhibition and AMPK activation promotes L1 arrest
Feeding after hatching results in the activation of the insulin receptor DAF-2, and
is required for post-embryonic development. Mutants lacking daf-2 function or proper
insulin peptide secretion, show constitutive L1 arrest, if not embryonic lethality (Baugh
and Sternberg, 2006; Kao et al., 2007). Conversely, daf-16/FOXO mutants starved at L1,
or mutations with upregulated insulin-signalling, follow the same pattern of cell
16

divisions, migrations and fusions, albeit at a slower rate, as fed animals (Baugh and
Sternberg, 2006). This is because downstream functions of daf-16 include somatic cell
cycle arrest via transcription of mRNAs lin-4 and cki-1, and insulin signalling inhibits
daf-16 entry to the nucleus (see section 2.2.5 above). Inhibition of insulin signalling also
results in cell cycle arrest of primordial germ cells (PGC), but unlike in somatic cells,
germ cell cycle arrest does not require activation of daf-16/FOXO. Mammalian target of
rapamycin complex 1 (mTORC1, hitherto referred to as mTOR or simply TOR) is
activated in a DAF-2/AKT dependant manner, and is responsible for daf-16/FOXO
inhibition (Lapierre and Hansen, 2012), increased metabolic rate and protein synthesis,
germ cell proliferation (Fukuyama et al., 2012) and inhibition of autophagy (Hansen et
al., 2008). L1s begin with only two PGCs, Z1 and Z2, but if mTOR activity is not
inhibited during L1 arrest, they can proliferate to up to 10 cells. The AMPK subunits aak1 and aak-2 were shown to partially inhibit mTOR activity (Fukuyama et al., 2012).
Disruption of TOR pathway genes rheb-1, raga-1 and ragc-1 or TORC components let363 and daf-15 resulted in increased stress tolerance as adults and germ cell quiescence
during L1 (Fukuyama et al., 2012). Another effect of insulin signalling inhibition is the
altered expression of metabolic genes. In a similar fashion to that seen in dauer larvae,
cells of L1 arrested larvae also prefer generating energy via the glycoxylate cycle than
through aerobic respiration (McElwee et al., 2006). Lastly, autophagy and lypolysis are
increased during L1 arrest in a daf-16/FOXO dependant manner, thus prolonging L1
arrest longevity (Kang and Avery, 2008; Lapierre and Hansen, 2012). It is important to
note that the absence of food is not sufficient to inhibit insulin signalling. The insulin-
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signalling antagonist daf-18 is required to impede AKT activity (see section “Insulin-like
signalling antagonist daf-18 is required for L1 arrest” below).

2.2.9 L3/L4 Developmental Checkpoint Arrests
A recent study by the Sherwood lab demonstrated the existence of developmental
checkpoints during L3 and L4 (Schindler et al., 2014). These checkpoints occur between
the completion of the previous molting cycle and the initiation of the next. During each
checkpoint, the worm makes a decision to either arrest development or to continue to the
next larval stage, based on nutritional information from the environment transmitted via
the insulin and steroid-signaling pathways. The decision to arrest is systemic in nature,
leading to the coordinated arrest of multiple cellular processes and tissues. In order to
bypass each checkpoint, the wild-type worm must feed for a minimum of 30 minutes,
however, changes to key genes in the insulin-signaling pathway alter the minimum
feeding duration required. Mutations in daf-2 result in an increased of minimum feeding
time required to bypass each checkpoint, while daf-16 loss of function leads to a
decreased duration of minimum feeding (Schindler et al., 2014). Reduced expression of
daf-9, the C. elegans cytochrome P450 ortholog, can partially suppress the decreased
feeding requirement of daf-16 mutants (Schindler et al., 2014). daf-9 is required for the
production of certain steroid hormones and is inhibited by DAF-16. This suggests that
DAF-16 regulates checkpoint arrest by inhibiting hormone production through daf-9
regulation. In daf-9, overexpressing lines, worms are able to bypass one, or sometimes
both checkpoints in the absence of food, demonstrating that checkpoint arrest is a
decision based on nutritional information and not simply the absence of sufficient energy
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stores needed to complete development (Schindler et al., 2014). The authors suggest that
wildtype worms sense their environment before the L3/L4 molts, and “decide” (based on
a feeding time threshold) whether it is better to commit their energy stores to further
development, or to save them for prolonged starvation.

2.2.10 Adult Reproductive diapause (ARD)
Adult C. elegans employ various strategies to ensure the survival of their
offspring during starvation. Those that were starved since L4 will have a delayed onset of
reproduction, fewer developing embryos, shrunken germlines and will retain embryos in
utero. These processes can later be reversed upon re-feeding (Angelo and Van Gilst,
2009; Daniels et al., 2000; Seidel and Kimble, 2011; Waggoner et al., 2000). However, if
retained embryos hatch within the worm, they will consume the mother in a process
known as “bagging”. While bagging kills the adult, it has the selective advantage of
providing offspring with enough nutrients to enter the dauer stage (Chen and CaswellChen, 2003, 2004). The fewer numbers of larvae that hatch inside the parent, the greater
chance those larvae will have enough food to reach dauer (Chen and Caswell-Chen,
2003, 2004). Germline shrinkage strongly correlates with embryo development (Seidel
and Kimble, 2011). Cytoplasm from the shrinking germline flows towards the developing
embryo suggesting the zygote, not the soma, scavenges nutrients from the germline to
develop (Seidel and Kimble, 2011). Adults starved since L4 produce only one oocyte
(Seidel and Kimble, 2011). By allocating nutrients to a single developing embryo at a
time, instead of maximizing embryo number, the worm stands a better chance at
producing viable offspring (Chen and Caswell-Chen, 2003, 2004). Those offspring, when
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hatched inside the mother, will stand a better chance at reaching dauer. Since starvation
delays the onset of reproduction and embryo viability, some animals, if starved early
enough, despite germline shrinking do not produce viable embryos, These avoid bagging
and can fully recover if returned to food. The avoidance of the bagging fate is not a result
of any specific starvation program, as it was originally believed (Angelo and Van Gilst,
2009). All starved adults shrink their germline and develop their few fertilized embryos
as long as possible (Seidel and Kimble, 2011). This suggests that adults who don’t bag
still attempt to produce viable offspring, but simply fail to do so. Since nutrients
scavenged through germline shrinkage are invested to developing embryos, this may
suggest that during starvation nutrient allocation to reproduction is prioritized over the
soma. It has even been hypothesized that the soma also contributes nutrients to the
embryo during starvation (Seidel and Kimble, 2011). The fact that bagged adults
sacrifice their bodies as food for hatched offspring further supports the idea that ensuring
offspring survival is a greater priority than parental survival and somatic maintenance
(Chen and Caswell-Chen, 2003;Chen and Caswell-Chen, 2004).
It was originally believed that crowding was a cue for ARD, but this was later
disproven (Seidel and Kimble, 2011). Thus, adult reproductive diapause is not a true
diapause. There is no specific cue or developmental program of reproductive dormancy
involved. ARD is instead simply a reallocation of nutrients away from the germline (and
possibly the soma), towards fertilized oocytes. It has been proposed that the name ARD
instead be changed to “Oogenic Germline Starvation Response,” since it more accurately
describes the phenomenon (Seidel and Kimble, 2011).
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2.2.11 Autophagy and lipolysis during starvation
Starvation at any stage of development is associated with increased lipolysis and
autophagy. Autophagy is the process where organelles and portions of cytoplasm
including mitochondria are engulfed by vesicles known as autophagosomes and then
brought to lysosomes to be catabolised and recycled. Mutations in autophagy genes result
in drastically decreased L1 arrest longevity as well as reduced dauer formation (Liang et
al., 2012; Lu et al., 2011; Tian et al., 2009; Tian et al., 2010; Toth et al., 2008; Wu et al.,
2012; Yang and Zhang, 2011; Zhang et al., 2013). Increased autophagy is also
responsible for the extended longevity seen in insulin-signalling mutants, TOR pathway
mutants/inhibition, reduced mitochondrial respiration, and dietary restriction (Toth et al.,
2008). Autophagy, as a result of dietary restriction, TOR inhibition, or starvation,
requires the transcription factors PHA-4 and DAF-16 (Hansen et al., 2008). The
triacylglycerol lipase lipl-4 is induced by nuclear DAF-16. LIPL-4 activity results in
increased ω-3/6 polyunsaturated fatty acids (O'Rourke et al., 2013), which in turn induce
autophagy (Lapierre et al., 2011). Increased autophagy maintains high lipase activity,
resulting in the interdependent regulation of both lipl-4 and autophagy (Lapierre et al.,
2011). Starvation also induces helix-loop-helix transcription factor hlh-30, a master
regulator of the autophagy-lysosomal pathway (Settembre et al., 2011). Nuclear
localization of HLH-30 activates expression of lysosomal lipases lipl-1 and lipl-3
(Settembre et al., 2011). LIPL-1 and LIPL-3 activities are specifically required for
starvation-induced lipophagy (O'Rourke and Ruvkun, 2013). Lipolysis and autophagy are
concomitant and autophagy requires nuclear localization of daf-16. Therefore, fat stores
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cannot be efficiently accessed without the inhibition of insulin signalling, mTOR and
other pathways that prevent DAF-16 entry to the nucleus.

2.3 DAF-18 is an antagonist of insulin-like signalling
DAF-18 promotes dauer formation, autophagy and longevity in C. elegans by
antagonizing insulin signalling (Figure 3). Insulin signalling results in increased
PI3K/AGE-1 activity. AGE-1 cascades the insulin signal downstream via the secondary
messenger phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which it generates by
phosphorylating phosphatidylinositol (PIP2) (Toker and Cantley 1997; Downward 1998).
AKT represses the terminal target of the insulin-signaling pathway FoxO/daf-16 and
thereby promotes normal growth and development (Ogg et al., 1997). DAF-18 halts the
insulin-signalling cascade through its lipid phosphatase activity, dephosphorylating PIP3
to generate PIP2. Without PIP3, AKT-1/2 and PDK-1 cannot be activated and DAF-16 is
no longer inhibited from entering the nucleus (Haas-Kogan et al., 1998). In C. elegans,
AKT deactivation and consequent nuclear localization of FOXO/DAF-16 initiates a suite
of starvation and stress tolerance genes, including those responsible for dauer formation,
autophagy and longevity (Mihaylova et al., 1999).

2.3.1 Insulin-like signalling antagonist daf-18 is required for L1 arrest
The absence of food alone is not sufficient to inhibit insulin signalling. The
activity of the insulin-signalling antagonist DAF-18 is essential for both somatic and
germline cellular arrest and decreased metabolic rate, as well as starvation longevity.
DAF-18 inhibits insulin signalling by converting PIP3 to PIP2 (see above). This allows
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daf-16/FOXO entry to the nucleus and also inhibits AKT activation of mTOR in the
germline alongside aak-1/2 (Fukuyama et al., 2006; Fukuyama et al., 2012). Recent
studies suggest daf-18 also has roles in the intestine, and, to a lesser extent, the
hypodermis, to promote L1 arrest longevity (Fukuyama et al., 2012). Results from our lab
demonstrated daf-18 is required for cellular quiescence in certain neurons during L1
arrest (Zanetti unpublished data). By inhibiting insulin signaling, daf-18 also decreases
overall metabolic rate. Wildtype worms were shown to consume less oxygen (a proxy to
metabolic rate) than daf-18 mutants (Lee et al., 2012). The roles of daf-18 extend also to
proper recovery after L1 arrest. In a recent study, daf-18s role was shown to extend even
to post L1 arrest recovery. It was determined that daf-18 activity is required during L1
arrest to maintain the regulation of mitochondrial activity, in order to prevent the
formation of germline tumours at L3 after recovery from arrest (Wolf et al., 2012). These
studies suggest that daf-18 is a crucial antagonist to the insulin-signaling pathway and has
roles in both the germline and soma to promote cellular quiescence, longevity and post
L1 arrest recovery.

2.3.2 DAF-18 has downstream targets independent of DAF-16
Some of DAF-18’s roles occur independently of DAF-16, the terminal target of
the insulin-signalling pathway. Crosstalk between daf-18 and the MAPK signalling
pathway were discovered in two independent developmental contexts. DAF-18 was
shown to activate MPK-1 to promote oocytes maturation in germline cells (Brisbin et al.,
2009). However, in the developing vulva, DAF-18 inhibits MPK-1 in vulval precursor
cells (VPCs) to prevent more than one VPC from adopting the primary cell fate
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(Nakdimon et al., 2012). DAF-18 has several roles during L1 arrest, some of which are
partially independent of DAF-16 activity, such as germline cellular quiescence and
prevention of post-arrest germline tumours (see above). Germline proliferation is seen in
daf-18 but not daf-16 mutants (Fukuyama et al., 2006, 2012). Likewise, germline
tumours at L3 larvae after L1 arrest are seen in daf-18 but not daf-16 mutants. Lack of
inhibition of AGE-1 activity in daf-18 mutants during L1 arrest deregulates
mitochondrial gene expression, which can persist after L1 arrest to result in overactive
germline cell proliferation at L3, causing sterility (wolf et al., 2014). These, and
potentially other, DAF-16 independent functions of DAF-18 result in a shorter L1 arrest
lifespan for daf-18 mutants than for daf-16 mutants by 8 days (Zanetti, 2014).

2.4 DAF-18 is the homologue of PTEN
DAF-18 is the homolog of the human tumor-suppressor PTEN (phosphatase and
tensin homolog), both of which form part of the highly conserved IIS pathway in animals
(Figure 4) (Ogg and Ruvkin 1998). DAF-18 and PTEN similarly dephosphorylate PIP3
(Maehama & Dixon, 1998) and it has been shown that PTEN can functionally replace
DAF-18 in C. elegans (Solari et al., 2005). Because the insulin-signaling pathway is so
highly conserved, we are able to use the worm as an effective and powerful model
organism to study the roles and interactions of daf-18/PTEN. While daf-18 can be
completely lost in C. elegans, with little consequence as long as food is abundant, PTEN
in humans plays a major role in cancer, a disease that does not manifest in the worm.
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Figure 4: The highly conserved insulin IGF signaling (IIS) pathway. The C. elegans’
insulin signalling pathway can be seen in blue (left) and it’s homologues in Humans in
red (right).

2.4.1 PTEN is an important tumour suppressor in humans
In 1984, before the discovery of the gene pten, it was already known that some
human cancers carried the partial or complete loss of chromosome 10 (Binger et al.,
1984). Thirteen years later, two independent groups identified the pten gene at
chromosome 10q23 in cancers (Li et al., 1997; Steck et al., 1997). In the same year,
germline mutations of pten were discovered to be the cause of Cowden disease (Liaw et
al., 1997). Since that time, there have been numerous discoveries made with regards to
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PTEN in its tumour suppressive roles. PTEN is the second most commonly mutated
tumour suppressor in cancer patients (Yin 2008), making it second in importance only to
the cell cycle regulator p53. PTEN is haploinsufficient in its tumour suppressor function,
and subtle downregulation can have major consequences (Christofano et al., 2001,
Christofano et al., 1999, Alimonti et al., 2010). PTEN is unique in its principal role as
the sole phosphatase that removes P from position 3 of PIP3. PIP3 activates AKT while
PTEN represses this activation by converting PIP3 to PIP2. AKT activation results in
phosphorylation of downstream targets including Forkhead Box O (FOXO), mammalian
target of rapamycin complex 2 (mTORC2) and mTORC1 to drive cell survival,
angiogenesis, cell proliferation and cellular metabolism. By blocking FOXO, AKT
inhibits gluconeogenesis (Sundqvist et al., 2005, Lee et al., 2007), and promotes
lipogenesis (Horie et al., 2004) and ATP consumption (Fang et al., 2010). Cancer cells
and other rapidly-dividing cells prefer these conditions, as it allows them to fuel their
increased glycolysis rates and synthesize lipids and other macromolecules more quickly
(Fang et al., 2010). Similarly, AKT activation of the mTOR complexes enhance
translation of mRNAs required for cell growth and proliferation.
PTEN’s crucial inhibitory role of AKT is not the only manner in which it actively
suppresses tumour formation. PTEN catabolises PIP3 in the cytoplasm, however, recent
studies have demonstrated PTEN has roles in the nucleus to further suppress oncogene
activity and promote genomic stability. RAD51 is an important protein involved in
repairing double-stranded breaks, and it is upregulated by PTEN (Shen et al., 2007).
PTEN also promotes the association between the E3 ligase APC/C and its activator
CDH1. The APC/C-CDH1 complex acts in the nucleus to degrade oncoproteins (Song et
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al., 2011; Song et al., 1981). Finally, PTEN in the nucleus forms a complex with p300 to
promote high p53 acetylation (Li et al., 2006). These findings support observations where
the absence of nuclear PTEN correlates with more aggressive cancers (Lindsey et al.,
2006).
A critical aspect of cancer metastasis is the remodelling of the tumour
microenvironment. Tumour cells secrete various factors to reprogram nearby fibroblasts
and recruit them into creating an environment permissive to both growth and movement
(Goetz et al. 2011). The absence of PTEN in mouse mammary fibroblasts was shown to
results in a tumour-permissive stroma, greatly increasing the risk of metastases (Timboli
et al., 2009). Similar results were seen in human breast cancer cell lines where pten and
p53 expression was altered (Kurose et al., 2002, Hu et al., 2005). It is believed that PTEN
functions in a way that prevents the production of secreted factors that alter stroma
formation (Bronisz et al., 2012).
One final way that PTEN opposes tumour formation is through its role in cellular
senescence. While seemingly counter intuitive, the complete loss of pten can induce the
cellular senescence program, which triggers an irreversible growth arrest and limits
replicative lifespan. This cell cycle failsafe can be initiated by the loss of certain tumour
suppressors or the activation of oncogenes. However, pten loss-induced cellular
senescence can only occur if both copies of pten are silenced and if p53 expression
remains intact (Salmena et al., 2008; Chen et al., 2005). These findings explain why
complete pten loss is seen less frequently with early-stage cancer compared to partial
loss, and why simultaneous pten and p53 loss are more commonly observed in late-stage
cancers.
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2.4.2 Other cellular functions of PTEN in humans
Aside from regulating cell metabolism and guarding against tumour formation,
PTEN is also involved in determining cell polarity. During epithelial morphogenesis,
PTEN localizes to the apical membrane, where it catalyses PIP3 to produce PIP2.
Downstream targets of PIP2 are recruited to form the PAR6-aPKC complex that
promotes the establishment of polarity (Martin-Belmonte et al., 2007). Loss of PTEN can
result in epithelial-mesenchymal transition, a process whereby epithelia acquire
mesenchymal properties including increased motility and invasiveness (Song et al.,
2009).
For these reasons, and those regarding PTEN’s role as a tumour suppressor,
understanding this gene with all of its interactions is of paramount importance to human
health.

2.5 Post-translation modifications play important roles in regulating DAF-18/PTEN
Recent studies have highlighted the importance of post-translational
modifications, particularly phosphorylation, in the regulation of both DAF-18 and PTEN.
Phosphorylation of serine, threonine and tyrosine residues on PTEN have been shown to
affect PTEN stability (Salena et al., 2008, Yim et al., 2009, Brisbin et al., 2009). A study
by Wang and colleagues affirmed that PTEN levels are regulated by ubiquitin-mediated
proteasomal degradation (Wang et al., 2007). Furthermore, it was shown that PTEN
could be stabilized via expression of deubiquitination enzymes (Zhang et al., 2013).
Because insulin signalling is highly conserved between mammals and the nematode, it is
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reasonable that the primarily post-translational regulation of PTEN seen in humans is also
likely to be well conserved in C. elegans. A recent study from our lab supported the posttranslation regulation model by demonstrating that PTEN stability was likely to be
affected by phosphorylation on tyrosine Y27 and Y174 residues (Liu et al., 2013).

2.6 Genetic regulation through RNAi in C. elegans
RNA interference (RNAi) is a common form of translational repression in C.
elegans, particularly in the germline (Tabara et al., 1999). In fact, RNAi as a mechanism
for gene regulation was originally discovered in C. elegans by the Fire and Mello labs
(Fire et al., 1998). Though C. elegans use RNAi to regulate several types of genes in
different pathways, they principally use RNAi to silence exogenous dsRNAs in the soma
and transgenic arrays, and transposable elements in the germline (Grishok 2005). In this
way, RNAi is a defense mechanism that maintains chromosomal integrity. However,
since its discovery, RNAi has become a potent tool for reverse genetics.
The classical RNAi pathway (Fire et al., 1998) begins with the recognition and
processing of a micro RNA (miRNA) or exogenous double-stranded RNA (dsRNA).
RNAseIII family ribonuclease Dicer (DCR-1) .The DexH box helicase Drosha (DRH-1)
form a complex with the PAZ-PIWI family protein RDE-1 and the dsRNA binding
protein RDE-4 to process the miRNA or dsRNAs into smaller short interfering RNAs
(siRNAs). RDE-1 remains bound to the siRNA, as well as siRNA accumulation cofactors MUT-7 and MUT-8/RDE-2 (Tops et al., 2005). The siRNA is then handed over to
the RNA-induced silencing complex (RISC) containing the PAZ-PIWI proteins TSN-1
and VIG-1. The RISC binds to the sequence complementary to the siRNA on the mRNA
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target, and recruits the RNAseH enzyme Argonaut (Slicer), which then degrades the
mRNA. If the siRNA/mRNA duplex does not completely match in sequence, Slicer does
not cleave the mRNA, but translation of the mRNA is still blocked by bound siRNA. At
the same time that the RISC complex is binding target mRNAs for cleavage, a complex
made up of siRNA, RDE-3 and an EGO-1/RRF-1 (or a similar complex containing RRF3 and RDE-3) also bind to the target mRNA to amplify to production of more dsRNAs
(Figure 5A) (Grishok 2005, Hammond 2005, Fire et al., 2008). EGO-1 and RRF-1 are
RNA-dependant RNA polymerases (RdRPs). These types of proteins play an essential
role for RNAi in C.elegans, and different tissues employ different RdRPs. RRF-1 is
essential for RNAi in the soma but not the germline (Sijen et al., 2001), while conversely,
the EGO-1 is required for germline and not somatic RNAi (Smardon et al., 2000).
Somatic and germline RNAi also differ in some of their PAZ-PIWI family proteins. For
example, PPW-1 is a required component of RISC in the germline but not the soma
(Tijsterman et al., 2002). dsRNA resulting from bi-directional transcription of a tandem
array also activates the RNAi machinery in a very similar manner (Figure 5B) (Grishok
2005). In the germline, silencing of repetitive sequences is particularly pronounced. This
was shown to likely be the result of H3methK9 and H3methK27 (see “Germline
Silencing” below) additions to the array triggered by siRNA complexes, in addition to the
cleavage of transcripts (Kelly et al., 2002).
Although RNAi plays a particularly active role in the germline, it is systemic in
nature. dsRNAi can diffuse into almost every tissue to induce RNAi, the exception being
neurons, due to the lack of the transmembrane receptor for dsRNA, SID-1. This can be
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easily overcome for those wishing to target RNAi to neurons by ectopic expression of the
sid-1 gene under a pan-neuronal promoter such as unc-119.
Currently, RNAi is widely used for reverse genetics. Arrays are designed to bidirectionally transcribe short sequences of the gene one wishes to target in order to
produce dsRNA, which can be readily taken up by the worm in several ways. Escherichia
coli can be transformed with the RNAi array so that they produce large amounts of
dsRNA and then are fed to the worm (Timmons and Fire, 1998). The worm can be bathed
in a solution containing dsRNA (Tabara et al., 1998), or dsRNA can simply be injected
into or near the desired tissue (Fire et al., 1998). Because dsRNA is taken up in germ
cells, the effects of the RNAi are inherited. However, they are not usually passed down
further than the F1 generation. Therefore, RNAi allows for transient gene silencing in a
population. Additionally, when administering dsRNA by feeding or soaking, the user can
modulate the degree of target gene inhibition by limiting the concentration of dsRNA in
the bath or time spent feeding on RNAi bacteria.
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Figure 5: The Classical RNAi pathway (A) and tandem array silencing pathway (B)
of C. elegans. dsRNAs resulting from endogenously produced micro RNAs or the bidirectional transcription of a transgenic array are similarly-processed and lead to the
severing of mRNA transcripts bearing the complimentary sequence. Figure from
(Grishok, 2005)

2.7 Germline Silencing
Germline chromatin is regulated very differently than in the soma during both
embryogenesis and post-embryonic development. Modifications in primordial germ cell
chromatin are highly transcriptionally repressive until the embryo hatches onto food.
Even then the X chromosome and transgenic arrays are highly repressed for the entirety
of the worm’s lifetime. The purpose of this unique regulation is twofold; to maintain the
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stem cell character of the germline until fertilization, and to protect the genomic integrity
of gametes.
Embryonic germ cells balance the necessity to repress genes involved in somatic
differentiation, and those required for cell survival, by relying heavily on maternally
derived transcripts. The germ cell lineage, termed the P lineage, is transcriptionally
repressed in the embryo by maternal production of PIE-1. PIE-1 is a CCCH zinc finger
protein that prevents transcriptional elongation. It segregates asymmetrically during each
cell division into the posterior blastomeres that make up the P lineage (Mello et al., 1996;
Seydoux et al., 1996). The presence of PIE-1 in the P lineage is required for germ cell
identity, and it is the loss of PIE-1 in the P2 blastomere that transforms it and its
daughters into somatic cells (Mello et al., 1992; Seydoux et al., 1996). Maternal PIE-1 is
present in germline cells until its degradation at the division of P4 into Z2 and Z3
primordial germ cells (PGCs) (Mello et al., 1996). At this stage, the separation of germ
cell and somatic cell lineages is complete. The chromatin of Z2/Z3 becomes more
condensed than the surrounding somatic nuclei (Schaner et al., 2003), as control of
transcriptional repression is transferred from maternal PIE-1 to zygotic histone
modifications. Histone modifications on Histone 3 and 4 that are associated with
transcriptional competence are reduced (H3methK4 and H4acetylK8), while
modifications associated with transcriptional repression on Histone 3 are maintained or
slightly increased (H3trimethK27) (Schaner et al., 2003; Bender et al., 2004). The
absence of H3MethK4 in PGCs is maintained by Nanos orthologs NOS-1 and NOS-2
until after hatching and feeding (Schaner et al., 2003).
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Once hatched and fed, the worm’s post-embryonic germline chromatin begins to
de-condense. H3MethK4 and other transcriptionally-activating histone modifications
return and subsequently the germ cells start to proliferate (Schaner et al., 2003). The
germ cell chromatin is now transcriptionally active with the exception of the X
chromosome and extrachromosomal arrays. These remain repressed through the action of
the mes Polycomb Group proteins as well as endogenous double-stranded interfering
RNAs (see “RNAi in C.elegans” above).
Extrachromosomal arrays are silenced at all stages in the post-embryonic
germline in order to protect chromosomal integrity (Kelly et al., 1997). Array silencing is
dependent on the sequence. Highly repetitive sequences are more efficiently silenced,
while more complex sequences may escape silencing. More complex arrays were shown
to contain more H3methK4 modifications and less of the repressive H3methK9,
indicating that chromatin remodeling plays an important part in germline silencing of
arrays, as well the X chromosome (Kelly et al., 2002). In fact, the mes Polycomb group
proteins required for X chromosomal repression are also required to silence repetitive
arrays (Couteau et al., 2002; Joudrusik and Schulze 2001). In addition to the mechanisms
that also silence the X chromosome, dsRNAs play important roles in repressing array
expression. Mutants for various RNAi genes lack the ability to efficiently silence arrays
in the germline (Ketting et al., 1999; Tabara et al., 1999).

This thesis will explore two distinct aspects of DAF-18. Firstly, I tested if DAF18 functions cell autonomously in the germline to regulate L1 arrest. Secondly, I tested
the involvement of the proteasome in the post-translational regulation of DAF-18.
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Chapter 3 Materials and Methods

3.1 Experimental Strains
All strains were manipulated according to standard procedures (Brenner, 1974)
and maintained at 20°C. I use the Bristol N2 strain as my wildtype. A list of strains used
or constructed for this study is outlined below:

CGC Strains: RB712 – daf-18 (ok480)
IC Strains: IC314 – zdIs5 I; him-5 (e1490) V, IC722 – mIs11 (Pmyo-2::gfp) IV; him-5
(e1490) V, IC817 – quIs18( daf-18 genomic ;PRF4) II; daf-18(ok480) IV,IC1015 – zdIs5
I; daf-18 (ok480) IV; him-5 (e1490) V, IC1408 – daf-18 (ok480); quEx518 [Pdaf18::daf-18::gfp::daf-18 3’UTR ; odr-1::mcherry], IC1418 – quIs23(Ppie1::gfp::h2b::pie-1 3’UTR, IC1523 – zdIs5/+ I; mIn1[[dpy-10(e128) mIs14] /+ II; daf-18
(ok480) IV; him-5 (e1490) V, IC1577 – zdIs5 I; daf-18 (ok480) IV; ZhEx343 [Pdaf18::daf-18::gfp::daf-18 3’UTR with Pmyo-2::mcherry], IC1576 – quIs24(Ppie-1::daf18cDNA::pie-1 3’UTR) II, IC1589 – quIs24(Ppie-1::daf-18cDNA::pie-1 3’UTR) II; daf18(ok480) IV; him-5(e1490) V, IC1617 – quIs24 II; daf-18 (ok480) IV; quEx638 [Pdaf18::daf-18::gfp::daf-18 3’UTR ; odr-1::mcherry], IC1675 – quIs18 quIs24 II; daf-18
(ok480) IV

Making of quEx518/quEx638 [Pdaf-18::daf-18::gfp::daf-18 3’UTR ; odr-1::mcherry]:
The 1.3kb daf-18 promoter was amplified using primers oIC264/265
(5’aattaagcttGGGGGATCCAAAAATCTCGTCG/ aattcccgggTGGGGGTTAGTAGATGTACCTGG) and
cloned into a plasmid backbone to make pIC184. The daf-18::gfp sequence was the
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product of a stitching PCR. I first amplified full length ( 4.7kb) daf-18 from genomic
DNA using oIC261 and oIC208 ( 5’aattgctagcATGGTTACTCCTCCTCCAGATGTGCC and 5’
GTGAAAAGTTCTTCTCCTTTACTCATCAAATAAATAGCTTGATCAAAATTCGAATCC).

Then I amplified the 800bp gfp sequence from pPD95.75 using primers oIC170 and
oIC500 (5’ATGAGTAAAGGAGAAGAACTTTTCAC and
5’aattggtaccCTATTTGTATAGTTCATCCATGCCATGTGT).

Finally I stitched daf-18 to gfp

using primers oIC261 and oIC500 (see above) to make a 5.5kb product. I cloned daf18::gfp into the vector pIC214 to make pIC897 (Pmec-4::daf-18::gfp used in another
publication). I then cloned the daf-18::gfp sequence from pIC897 into pIC184 to make
pIC922 (Pdaf-18::daf-18::gfp::unc-54 3’UTR). The 1.8kb daf-18 3’UTR was amplified
using oIC1399/1400 (5’aattGGTACCacctaaaacaaaacttttagaagattttcttcttac/
5’aattGGGCCCgacgatggatattataaagttatatatttttcg)

and cloned into pIC922 which contained the

above Pdaf-18::daf-18::gfp sequences to make pIC927 (Pdaf-18::daf-18::gfp::daf-18
3’UTR). The injection of pIC927 and odr-1::mcherry was termed quEx518 and initially
injected into wildtype worms then later crossed into daf-18(ok480) to make IC1408. The
injection of pIC927 and odr-1::mcherry into quIs24;ok480 worms was termed quEx638
and the resulting strain was designated IC1617.

Mos-1 mediated Single Copy Insertions (MosSCI): The quIs24 integration on IC1589
was integrated via MosSCI (see www.wormbuilder.org for detailed protocol). We
injected the quIs24 construct along with the transposase gene into strain EG6699 which
contains a single Mos-1 transposon at a predetermined locus on chromosome II. When
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transposase was expressed the Mos-1 transposon was excised causing a double stranded
break that allowed my quIs24 construct to recombine into the chromosome via
homologous recombination. This strain was then crossed into daf-18(ok480) and the
homozygocity of the daf-18 mutation verified using primers oIC641/642
(5’AACTTACCACTGGCAACGAATGAATAC/ 5’AATCGTGGAGATAAGGCTGCTAAATC), which
amplified a 1500bp region in wild-type animals and a 750bp region in daf-18(ok480)
mutants and does not amplify the daf-18 cDNA in quIs24. The presence of quIs24 daf-18
cDNA was verified using primers oIC1155
(5’GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGTTACTCCTCCTCCAGATG) and oIC1156
(5’GGGGACCACTTTGTACAAGAAAGCTGGGTTTACAAATAAATAGCTTGATCAAAATTC), the
presence of the ok480 null allele of daf-18 produces a 4kb size band with these primers
and the daf-18 cDNA from quIs24 produces a 2.89kb size band (full length genomic daf18 would appear as a 4.7kb band).

Combined quIs24/quIs18 systemic rescue strain(s): The double rescue strain was made
by crossing IC1589 males with IC817 hermaphrodites. The progeny were scored based
on L1 arrest longevity. Progeny surviving 10 days or longer were genotyped using
primers oIC1155 and oIC1156 (see above for sequence) to detect the quIs18 genomic
DNA (4.7kb band) and the presence of quIs24 daf-18 cDNA (2.89kb band) and the ok480
deletion (4kb band). Although the homozygocity of the daf-18(ok480) allele could not be
verified due to the fact my test will show the quIs18 daf-18 genomic DNA both strains
crossed were known to be homozygous for ok480 either through direct PCR analysis (oIC
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641/642 see sequence above) or by their inability to survive L1 arrest to wildtype levels
(neither strain survived past 8 days L1 arrest).
IC1675 [daf-18 (ok480); quIs18 quIs24] are recombinant animals derived from
the quIs18/quIs24 rescue strain (see above). Heterozygous quIs18/quIs24 populations
were subjected to a 10-day L1 arrest assay and single survivors were allowed to recover
and grow until a population of gravid adults was obtained. The offspring of these adults
were subjected to a 15-day L1 arrest assay. Populations with nearly 100% survival after
the 15 day L1 arrest were deemed probable offspring a recombinant homozygous for
quIs18 and quIs24 (II). These potential recombinants were tested by crossing offspring to
daf-18 (ok480); mIn1 mIs14/+; him-5 worms and selecting for GFP progeny. These
progeny would be quIs24/mIn1mIs14 or quIs18/mIn1 mIs14 if they were not
recombinants and therefore would not survive a 10-day L1 arrest. If they were
recombinants, these progeny would be quIs24 quIs18/mIn1mIs14 and therefore would
survive well beyond 10 days of L1 arrest. I used a 10-day L1 arrest to verify if the
crossed worms had been recombinants. After 10 days I observed healthy looking (nondumpy) GFP animals, confirming they were daf-18 (ok480); quIs18 quIs24/mIn1 mIs14.
These were rescued onto food and allowed to self. Finally I picked non-GFP offspring
ok480; quIs18+quIs24, which, now verified, were given then the IC name IC1675.
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3.2 L1 Arrest longevity Assay

Embryo Preparation:
To measure longevity during L1 arrest, I first performed an embryo preparation as
follows. Several un-starved plates were grown up until they contained many gravid (full
of eggs) adult worms. These were then washed in Chin-Sang Lab M9 buffer (Na2HPO4
5.8 g, KH2PO4 3.0 g, NaCl 0.5 g, NH4Cl 1.0 g, dH20 to one litre, sterilized by
autoclaving) and pipetted into a 1.5ml centrifuge tube. The tube was then centrifuged at
6000 rotations per minute (RPM) using a Fisher Scientific Accuspin Micro 17. The M9
was aspirated away from the newly-formed worm pellet and replaced with 1ml of bleach
solution (10% bleach, 1M NaOH) then agitated/vortexed for one minute. The worms
were then centrifuged at 5000 RPM for 1 minute, the bleach solution was aspirated to
leave only the worm pellet, which is then re-suspended in 1 ml of fresh bleach solution.
The tubes were then continuously agitated until the worm bodies were no longer visible
(leaving only the eggs). The eggs were spun to form a pellet at 6000 RMP and the bleach
solution was aspirated from the pellet and replaced with M9 buffer. A minimum of three
washes were performed in M9, each time spinning at 6000 RPM for one minute,
aspirating the M9 buffer from the egg pellet and re-suspending the egg pellet in fresh M9.
After the final wash, worms were re-suspended in M9 and placed on a Barnstead
Thermolyne Labquake Shaker at 20°C to hatch overnight.
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Survival Scoring:
Each day, I removed an aliquot containing a minimum of 30 L1 arrested worms
and plate on nematode growth media (NGM) agar plates. I scored survival by counting
the number of worms that were moving (alive) and then divided that number by the total
number of worms in the aliquot. I took survival scores using a Zeiss compound
microscope immediately after plating the L1s in the M9 droplet, so that the worms
remained suspended in liquid causing them to thrash, thus facilitating the identification of
living worms. Worms that do not thrash within ~10 seconds of being observed and also
do not respond to touch stimuli from a worm pick, qualify as dead. Each time point on
the survival curves represents the average of at least 3 independent trials.
Note: For the L1 arrest longevity assay performed on the offspring of IC817 –
quIs18(daf-18 genomic ;PRF4) II; daf-18(ok480) IV crossed with IC1589 – quIs24(Ppie1::daf-18cDNA::pie-1 3’UTR) II; daf-18(ok480) IV; him-5(e1490) V, survival scoring
was not possible as there was no practical method for distinguishing the genotype of dead
worms. Instead, for this assay, the number of living worms in a 25µl aliquot was noted
starting on day 10. This day was chosen because offspring homozygous for quIs18 or
quIs24 cannot survive 10 days of L1 arrest. This means that if there were any survivors,
they would be heterozygous quIs18/quIs24 II. This was confirmed by PCR (see
experimental strains).
A note on contamination: During any trial, if fungal contamination appeared on
the unseeded plate within 5 days of the L1 aliquot being plated for counting, the trial was
terminated and the data discarded. Fungal contamination has previously resulted in
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shortened lifespan. Plates should be free of contamination before being embryo prepped
for the assay to avoid such contamination.

3.3 Post-dauer assays
For assays comparing the effects of continuous development to post-dauer life
histories on L1 arrest longevity, worms were left to proliferate until dauer larvae were
observed. Plates with dauer larvae were washed with distilled water into a 15 ml conical
and spun at 3000 RPM to form a pellet. The water was removed from the pellet and the
pellet was resuspended in 10ml of 1% SDS to kill all non-dauer worms. After 15 minutes
of SDS treatment on a shaker the worms were pelletized and washed with water three
times before being plated onto food to resume reproductive development. Once the postdauer adults became gravid, a “L1 arrest longevity assay” (see above) was performed.
Control strains were prepared from well-fed (unstarved) plates that did not experience
dauer as described in the “L1 arrest longevity assay” section above.

3.4 Worm lysis for genotyping
A worm lysis buffer consisting of 5% Thermo Scientific proteinase K in 1x PCR
buffer was prepared. Next, 10 µl of lysis buffer was added to the lid of a 200 µl PCR tube
and 3-5 worms of the desired population were added to the lysis buffer. The PCR tubes
containing lysis buffer and worms were then centrifuged at 6000 RPM for 5 seconds
using a Qualitron Inc mini-centrifuge, and then placed into a thermos of liquid nitrogen
for a minimum of five minutes. After five minutes, the PCR tubes were removed from the
liquid nitrogen and either kept at -80°C for later use, or placed in a Biometra T personal
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PCR machine for a worm lysis cycle (single cycle at 65°C for 1 hour 15 minutes then
95°C for 15 minutes). The worm DNA was then ready for PCR genotyping. The primers
used and fragment sizes observed are dependant on the test being performed (see
experimental strains).

3.5 Maternal rescue assay
Homozygous daf-18(ok480) (IV) null mutant hermaphrodites were crossed with
males carrying the chromosome IV marker mIs11. mIs11 expresses green fluorescent
protein (GFP) in the pharynx in a dominant manner. Six days later, the gravid worm
populations containing a mix of homozygous mIs11 and daf-18 (ok480) as well as
heterozygotes were embryo-prepped for an L1 arrest assay (see “L1 arrest longevity
assay” section). After six days of L1 arrest, half of the L1 arrested worms were
transferred to a NGM plate seeded with E. coli (OP50) and allowed to recover for one
day. After 12 days of L1 arrest, the remainders of the L1 arrested worms were similarly
transferred onto food and left to recover. After the one-day recovery period, single worms
without pharyngeal GFP (indicating they were homozygous for the daf-18 null allele
ok480) were picked to individual plates (Plates containing a single solitary worm are
termed “singles”) and marked with an identifying number for the duration of their L1
arrest (6 or 12 days). Singles were allowed to proliferate for 4-6 days before a worm lysis
was performed (see worm lysis section of methods). Each line was PCR-verified for the
presence of the daf-18 (ok480) deletion allele using primers oIC641/642
(5’AACTTACCACTGGCAACGAATGAATAC/ 5’AATCGTGGAGATAAGGCTGCTAAATC), which
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amplified a 1500bp region in wild-type animals and a 750bp region in daf-18(ok480)
mutants. This assay was repeated 3 times to ensure the authenticity of the results.

3.6 RNAi Knockdown by Feeding Protocol
Transient gene knockdown was achieved by allowing a population of the desired
strain to feed on RNAi bacterial cultures for a minimum of 2 days. All RNAi plasmids
were obtained from the Ahringer RNAi library (Kamath et al., 2003) and transformed
into HT115 competent cells. These were grown in 2XTY (APPENDIX) with 100 mg/ml
of ampicillin at 37°C overnight. RNAi plates (APPENDIX) were seeded with 200ul of
the inoculated 2XTY and left at 37°C overnight, to allow the bacteria to grow and the
bacterial lawn to dry. Plates were stored at 4°C for a maximum of one month before use.
For RNAi assays to test candidate negative regulators of daf-18, a mixed stage population
of the desired strain was washed a minimum of three times in M9, then transferred to the
seeded RNAi plates and grown at 20°C, for at least two days before observation. For L1
arrest longevity assays requiring gene knockdown, the desired population was washed a
minimum of three times in M9 before being transferred to RNAi seeded plates, where
they were allowed to grow at 20°C for a minimum of three days until a large enough
population of gravid worms were available for embryo preparation (see “L1 arrest
longevity assay”) (usually 4-6 days).
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3.7 Cell Proliferation Analysis
Proliferations of primordial germ cells of L1 arrested worms were visualized by
PGL-1 antibody staining. After a “L1 arrest longevity assay” (see above) was performed
on the desired strain, worms were stained with PGL-1 antibodies on their third day of
arrest using the protocol described previously (Chin-Sang et al., 1999).
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Chapter 4 Results

4.1 DAF-18/PTEN Role in L1 Arrest
To investigate the tissue specific roles of daf-18 during L1 arrest, I used the ok480
null allele as it has the shortest L1 arrest lifespan of only 4 days. Previous studies have
demonstrated daf-18 functions in a tissue-specific manner with germline daf-18 acting
independently of daf-16 to maintain germ cell quiescence (Fukuyama et al., 2012). ChinSang lab rescue constructs expressing daf-18 in somatic tissues failed to achieve wildtype
L1 arrest longevity, further supporting the suspected importance of germline expression.
Finally, work by former master student, Michael Zanetti from the Chin-Sang lab,
demonstrated that tissue-specific knockdown of daf-18 in the germline resulted in
drastically shorter L1 arrest survival rates compared to somatic knockdown. This led us
to hypothesize that germ cell proliferation might alone be the cause for daf-18(ok480)
mutants’ inability to survive periods of L1 arrest exceeding four days. To test my
hypothesis, I built and compared tissue-specific rescue alleles for daf-18 expressing either
in the germline or the soma, and examined their effects on the L1 arrest phenotype.
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4.1.1 Somatic expression of daf-18 does not fully rescue all daf-18 phenotypes
The daf-18 deletion allele ok480 is characterized by its inability to form dauers,
protruding vulva (Pvul), shortened L1 arrest longevity, and proliferation of the germline
and neurons during L1 arrest (Fukuyama et al., 2012; Chin-Sang unpublished). Injection
of my daf-18-gfp construct into daf-18(ok480) created the extrachromosomal quEx518
[Pdaf-18::daf-18 genomic::gfp::daf-18 3’UTR ; odr-1::mcherry] and restored it’s ability
to properly form the vulva (87% reduction in Pvul frequency, n=114), form dauers, and
maintain cellular quiescence in neurons (data not shown) during L1 arrest. However, my
construct was not able to rescue the germ cell proliferation (Figure 6B) nor fully rescue
the lifespan of daf-18(ok480) (Figure 7).

First	
  larval	
  stage	
  C.	
  elegans
amphid	
  
neurons
pharynx

germ	
  cells
Figure 6A: First larval stage C. elegans, relevant anatomy: During L1 arrest in
wildtype worms, the 2 germ cells (Z2/Z3) do not proliferate. However during L1 arrest in
daf-18(ok480) worms, the 2 germ cells proliferate, giving rise to up to 8 germ cells. In
this illustration the amphid neurons are falsely colored red for contrast.
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Figure 6B: Somatic daf-18 does not rescue primordial germ cell proliferation during
L1 arrested. Both worms carry the daf-18(ok480) background mutation. Top left: The
worm on the right (experiment), expressing red fluorescence in the amphid neurons
(AWCR AWCL) carries the daf-18 rescue array quEx518 [Pdaf-18::daf-18
genomic::gfp::daf-18 3’UTR ; odr-1::mcherry] the worm on the left (control) does not.
Top right: worms were stained using monoclonal antibody PGL-1 to detect germ cells,
seen in bright green in the centre of each worm. Bottom right: The daf-18 somatic rescue
array did not significantly decrease (p=0.2, n=94, one-tailed, unpaired t-test) the
proportion of worms displaying germ cell divisions during day 3 of L1 arrest. Bottom
left: Worms both with and without the quEx518 (indicated by RFP in the head) array
were observed with greater than 2 germ cells.
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A second daf-18(+) genomic extrachromosomal rescue array was made and
integrated into the worm genome with the hope that this would ameliorate expression and
result in a full rescue of the daf-18 phenotype. The strain IC817 containing quIs18[Pdaf18::daf-18] on chromosome II in a daf-18(ok480) IV background is the result of
UV/TMP mediated integration (Brisbin et al., 2009). Despite having at least one
integrated copy of daf-18 on chromosome II, this strain behaved in the same as its nonintegrated predecessor; the dauer defective phenotype was rescued and L1 arrest
longevity slightly extended, though not to wild-type levels (Figure 7). The L1 arrest
germline proliferation phenotype remained unchanged compared to daf-18(ok480) null
mutants. The integrated (quIs18) strain IC817 and the extrachromosomal (quEx518)
rescue strain IC1408 appear equivalent in regards to the phenotypes being studied; both
appear to only rescue somatic daf-18 deficiency and neither achieving germline rescue.
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Figure 7: Somatic expression of daf-18 is not sufficient to restore L1 arrest longevity
to daf-18(ok480) null mutants. L1 arrest longevity assay with wildtype (N2) daf18(ok480), daf-18(ok480);quEx518[Pdaf-18::daf-18 genomic::gfp::daf-18 3’UTR ; odr1::mcherry] and daf-18(ok480)quIs18[daf-18;PRF4](II). While both integrated (quIs18)
and extrachromosomal (quEx518) daf-18 rescue arrays do extend L1 arrest longevity
beyond mutant levels, they do not approach wildtype levels.

4.1.2 Germline specific expression of daf-18 (ok480) is not sufficient to rescue daf-18
L1 arrest phenotype
Extrachromosomal arrays are poorly expressed in the germline due to germline
silencing. Attempts to achieve meaningful levels of germline expression by integrating
daf-18 under its endogenous promoter were also unsuccessful (quIs18). Therefore, in
order to determine the cell specific function of daf-18 in the germline, a rescuing copy
containing daf-18 under the germline-specific promoter pie-1 was created and integrated
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onto chromosome II, using MosSCI (see materials and methods). Successful integrants
were later crossed with daf-18(ok480) and worms homozygous for the ok480 allele and
the Ppie-1::daf-18 integration (quIs24) were selected and verified (for both the daf-18
deletion and the daf-18 rescuing cDNA) using PCR. None of the daf-18 (ok480) L1 arrest
phenotypes appeared to be rescued by the expression of germline specific daf-18 alone,
including germline quiescence (Figure 8) and longevity (Figure 9).

Figure 8: Germline expression of daf-18 does not rescue germline proliferation in daf-18
mutants. Left panel: a daf-18(ok480) worm carrying daf-18 under the germline promoter

pie-1 after three days of L1 arrest had 3 germ cells (pharynx outlined in red for
orientation). Right panel: after 3 days of L1 arrest a wildtype worm only has 2 germ cells
whereas a daf-18 mutant will have more than 2. Expression of DAF-18 in the germline
alone was not sufficient to maintain germ cell quiescence, more than two germ cells
(arrow, left panel) can be seen, indicating germline cell proliferation. The germline cells
were detected using a monoclonal antibody to PGL-1, a marker for germline cells.
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Figure 9: The presence of daf-18 under the germline specific promoter pie-1 does not
rescue daf-18(ok480) reduced L1 arrest longevity phenotype

4.1.3 Germline coupled with somatic expression of daf-18 rescues mutant L1 arrest
phenotypes
Neither worms homozygous for the somatic rescue allele (quIs18) nor those
homozygous for the germline rescue allele (quIs24) in a daf-18(ok480) background
experience a L1 arrest lifespan exceeding 7 days (Figure 10). However, crossing the
germline-specific integration quIs24 with the somatically expressing integration quIs18
in a daf-18(ok480) background results in fully rescued L1 arrest longevity, exceeding
even the sum of the longevities provided by either integration alone (Table 1). The
combination of both germline and somatic rescue alleles also rescued daf-18’s L1 arrest
germline proliferation phenotype (Figure 11). Both the somatic expressing and germline
expressing rescue construct integrations are located on chromosome II, and daf18(ok480) mutant worms heterozygous for these two rescue alleles (quIs18/quIs24 II) or
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recombinants homozygous for both alleles (IC1675) achieve wildtype levels of L1 arrest
longevity. Single worms rescued after a minimum of 10 days of L1 arrest were allowed to
recover on food. Their F2s were genotyped via PCR analysis to confirm the presence of
quIs18 and quIs24 alleles as well as the ok480 deletion allele. To control for potential
epigenetic effects resulting from the mating process, hermaphrodites from daf18(ok480);quIs18 and daf-18(ok480);quIs24;him-5 lines were each individually crossed
with daf-18(ok480);him-5 males and their F1 progeny assayed for longevity. The act of
mating alone did not have any effect on the L1 arrest longevity of progeny from the latter
crosses.
Having both an integrated and extrachromosomal rescue allele for somatic daf-18
expression, I was able to perform a redundant rescue assay using the extrachromosomal
somatic rescue array quEx638 instead of the integrated allele quIs18. Worms
homozygous for the germline specific rescue allele quIs24 and the daf-18(ok480) deletion
were injected with the soma specific rescue array quEx638 and subjected to a L1 arrest
assay. These worms (IC1617) lived to day 19, well beyond the longevity of either tissue
specific rescue allele on its own but 5 days shy of full wildtype longevity (Supplementary
Figure S1).
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Figure 10: L1 Arrest Longevity of daf-18(ok480) carrying tissue specific rescue
alleles. Germline specific rescue allele quIs24 and somatic rescue allele quIs18
moderately extend the L1 arrest longevity of daf-18(ok480) mutants but do not approach
wildtype longevity.
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Table 1: Integrated tissue specific daf-18 expression alleles work synergistically to
fully rescue daf-18(ok480) mutant L1 arrest longevity.
Genotype	
  	
  

Tissues	
  

Alive	
  	
  

Alive	
  	
  

Alive	
  

Alive	
  

Alive	
  

Alive	
  	
  

	
  

expressing	
   day	
  4	
  

day	
  5	
  

day	
  6	
  

day	
  7	
  

day	
  8	
  

day	
  24	
  

daf-18	
  
daf-18(ok480)	
  IV	
  

None	
  

Yes	
  

No	
  

No	
  

No	
  

No	
  

No	
  

daf-18(ok480)	
  IV;	
  

Germline	
  	
  

Yes	
  

Yes	
  

No	
  

No	
  

No	
  

No	
  

Soma	
  	
  

Yes	
  

Yes	
  

Yes	
  

Yes	
  

No	
  

No	
  

daf-18(ok480)	
  IV;	
  

Germline	
  	
  	
  

Yes	
  

Yes	
  

Yes	
  

Yes	
  

Yes	
  

Yes	
  

quIs24/quIs18	
  II	
  

Soma	
  

N2	
  

Germline	
  	
  

Yes	
  

Yes	
  

Yes	
  

Yes	
  

Yes	
  

Yes	
  

quIs24	
  II	
  
daf-18(ok480)	
  IV;	
  
quIs18	
  II	
  

Soma	
  

Table 1: Somatic expressing (quIs18 II) and germline expressing (quIs24 II) rescue
alleles only show moderate rescue of daf-18(ok480) L1 arrest longevity phenotype while
heterozygotes containing both integrations have wildtype L1 arrest longevity.
Because heterozygotes could not be phenotypically distinguished from homozygotes for
quIs18 and quIs24 it was not possible to determine the genotype of dead worms to plot a
survival curve.
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Figure 11: Integrated tissue specific daf-18 expression alleles work synergistically to
fully rescue daf-18(ok480) L1 arrest germ cell proliferation. Left panel: L1 arrested
IC1675 [quIs18 quIs24 II; daf-18 (ok480) IV] worm after three days only has 2 germ
cells (elliptical bright green structures). Right panel: systemic expression of DAF-18, via
germline and soma rescue alleles, maintains germ cell quiescence consistent with
wildtype (no more than 2 PGC). The germline cells were detected using a monoclonal
antibody to PGL-1 a marker for germline cells.

4.1.4 Inhibition of germ cell proliferation (via let-363 RNAi) mildly extends L1
arrest lifespan if coupled with extra chromosomal daf-18
The mTOR complex 1 is composed of subunits LET-363/mTOR and DAF15/RAPTOR. Knockdown of mTOR activity via let-363 RNAi has previously been
demonstrated to restore germline quiescence in daf-18(ok480) L1 arrested worms but
does not affect longevity (Fukuyama et al., 2012). If germline daf-18 in L1 arrest is to
maintain cellular quiescence then inhibition of mTOR should fully rescue daf55

18(ok480);quIs18 worms as they already express somatic daf-18. To test this I fed daf18(ok480);quIs18 worms bacteria expressing let-363 RNAi vector and assayed the F1
generation for L1 arrest longevity. Inhibition of mTOR via let-363 RNAi moderately
extended (3 days) the L1 arrest longevity of daf-18(ok480) mutants carrying the somatic
daf-18 rescue allele quIs18, though longevity did not approach wildtype levels (Figure
12).

100	
  

%	
  Survival	
  

80	
  
60	
  

daf-‐18(ok480);quIs18	
  
on	
  L4440	
  	
  

40	
  

daf-‐18(ok480);quIs18	
  
on	
  let-‐363	
  RNAi	
  
N2	
  

20	
  
daf-‐18(ok480)	
  
0	
  
5	
  

7	
  

9	
  

11	
  

13	
  

days	
  arrested	
  at	
  L1	
  

Figure 12: Knockdown of mTOR subunit let-363 coupled with somatic daf-18
expression extends L1 arrest longevity of daf-18(ok480) mutants by 3 days. mTOR
inhibition via let-363 RNAi in daf-18(ok480) mutants carrying the somatic expressing
daf-18 rescue allele quIs18 further extends L1 arrest longevity but is not sufficient for full
rescue.
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4.1.5 Maternal contribution of daf-18 can partially rescue L1 arrest longevity of daf18(ok480) mutants
Maternal rescue of a mutant phenotype is not uncommon in C. elegans. During
embryogenesis, gene product from a heterozygous mother can persist in homozygous
mutant offspring and either dampen or abolish altogether the mutant phenotype. In order
to determine whether this maternal effect plays a role in the L1 arrest longevity of daf18(ok480) mutants, I created heterozygous daf-18(ok480)/+ worms by crossing daf18(ok480) hermaphrodites with the chromosome IV marker strain mIs11; mIs11 contains
a green fluorescent protein sequence driven by the pharyngeal promoter myo-2 enabling
us to visually detect the presence of a wildtype copy of chromosome IV. Offspring from
daf-18(ok480)/mIs11 hermaphrodites were subjected to an L1 arrest assay for 6 or 12
days. True bred daf-18(ok480) mutants do not survive past the 4th day of L1 arrest. Nongfp expressing (indicating a homozygous daf-18(ok480) genotype) survivors were
detected on both day 6 and 12 of L1 arrest. However, because in mIs11 the Pmyo-2::gfp
loci is ~30 map units from daf-18’s loci, I had to further verify the surviving non-gfp
worms’ genotypes to avoid false positives resulting from recombination events. Upon
genotyping through PCR verification, I confirmed that homozygous daf-18(ok480)
worms were alive on day 6 of L1 arrest but not day 12. These results represent a
minimum of a 2 day extension in daf-18(ok480) L1 arrest longevity by virtue of maternal
rescue (Table 2).
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Table 2: Maternal Effect Extends L1 Arrest Longevity of daf-18(ok480) Mutants
Genotype	
  

Parental	
  

Alive	
  day	
  4	
  

Alive	
  day	
  5	
  

Alive	
  day	
  6	
  

Alive	
  day	
  12	
  

Yes	
  	
  

Yes	
  

Yes	
  

No	
  

Yes	
  

No	
  

No	
  

No	
  

Genotype	
  
daf-18(ok480)	
  

daf-18(ok480)/	
  
mIs11	
  

daf-18(ok480)	
  

daf-18(ok480)	
  

Table 2: Homozygous daf-18(ok480) worms born from a heterozygous daf18(ok480)/mIs11 parent have extended L1 arrest longevity compared to those with
identical genotype but born from daf-18(ok480) parents. The allele mIs11 is a marker for
chromosome IV. It contains the full-length wildtype daf-18 as well as a GFP under the
myo-2 pharyngeal promoter.

4.1.6 Maternal crowding affects offspring L1 arrest longevity
Recent studies from our lab suggest activated insulin receptor DAF-2 can directly
inhibit DAF-18 (Liu et al., 2013). One environmental queue for downregulating insulin
signaling (thereby upregulating DAF-18 levels) is the concentration of dauer pheromone,
which increases as a result of crowding. Having established that the presence of maternal
DAF-18 could influence F1 longevity during L1 arrest, my next step was to test if factors
that affect maternal DAF-18 levels, such as crowding, would also impact L1 arrest
longevity of the F1 generation. While previous studies have established crowding during
L1 arrest could extend L1 arrest longevity (Artyukhin et al., 2013), I sought to test if
maternal crowding had any effect on F1 longevity. To this end, gravid worms from a very
crowded plate (~13200 worms/plate) and a non-crowded plate (~660 worms/plate) were
isolated. Because more eggs were harvested from the crowded plates, a portion of
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embryos from these samples were discarded and the tubes were further diluted in M9 to
achieve similar concentrations of L1 worms/µl in both sample groups (average
concentration of “N2” group =11 worms/µl, of “N2 Post-crowded” group =10 worms/ul).
This assured that only the effects of maternal crowding and not F1 crowding would be
captured by this assay. I observed extended L1 arrest longevity as a result of maternal
crowding. L1s derived from parents who experienced high levels of crowding lived three
days longer than controls (Figure 13).

4.1.7 Maternal life history (Post-dauer vs. continual development) affects L1 arrest
longevity
Worms who experienced starvation and passed through the dauer lifestage before
reaching reproductive maturity carry epigenetic markers of their life histories (Hall et al.,
2010; Hall et al., 2013). I wanted to test if these epigenetic changes might be passed onto
the F1 generation and if they imparted any advantages during starvation, particularly,
extended longevity during L1 arrest. I allowed several plates of wildtype and our somatic
daf-18 rescue line daf-18(ok480);quIs18 (data not shown) to crowd and form dauers. I
then selected for only dauers using a 1% SDS treatment, and transferred them onto food
to resume reproductive development. Once gravid, post-dauer hermaphrodites were egg
prepped and their progeny assayed for L1 arrest longevity (Figure 13). Post-dauer
hemaphrodites produces shorter-lived offspring during L1 arrest compared to controls.
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Figure 13: Post-dauer life history and maternal crowding impact L1 arrest longevity
of F1 generation. The post-dauer life history resulted in shorter L1 arrest longevity in
F1s by four days. The effects of maternal crowding extended L1 arrest longevity of
offspring by three days.

4.2 Post-transcriptional Regulation of DAF-18
Recent work in the Chin-Sang lab uncovered a new layer of post-transcriptional
regulation of DAF-18/PTEN in C. elegans and the human. DAF-18 is both indirectly
antagonized by DAF-2 through AGE-1 activity, and directly inhibited by DAF-2 through
a phosphorylation event (Liu et al., 2013).Our lab hypothesized that this phosphorylation
event results in a conformational change in DAF-18’s structure that targets it for
polyubiquitination and subsequently, proteasomal-degradation. In order to test this
hypothesis, we needed to demonstrate that the proteasome is responsible for DAF-18
degradation. Since proteasomal genes are essential for viability, I used RNAi of different
genes coding for proteasomal subunits along with a DAF-18::GFP-expressing worm
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strain to see whether increased DAF-18 levels could be detected as a result of decreased
proteasomal activity. I individually knocked down six genes coding for proteasomal
subunits: pas-3, pbs-4, rpt-5, rpt-6, pbs-6, pbs-4. All six RNAi treatments resulted in
slow growth, decreased longevity and elevated levels of embryonic lethality. Only pas-3
and pbs-4 knockdown resulted in detectable GFP expression in dead/dying embryos
(Figure 14).
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DAF-‐18::GFP

A

B

Figure 14: Knockdown of proteasomal subunits pas-3 and pbs-4 results in increased
DAF-18::GFP levels during embryonic development. Top row: In the absence of
RNAi, DAF-18::GFP expression is detectable during the late stages of vulval
development in the tissues surrounding the vulva (arrow). Middle row: DIC images of
embryos during embryogenesis. Bottom row: FITC images if embryos during
embryogenesis in various RNAi backgrounds; No DAF-18::GFP is detectable during
embryogenesis in the empty vector RNAi background (left), however in both a pas-3
(middle) and pbs-4 (right) RNAi backgrounds DAF-18::GFP expression can be seen in
dead/dying embryos.
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Chapter 5 Discussion

Food scarcity during L1 is a crucial decision making time for C. elegans, as there
are different options available for surviving the stressful conditions ahead. While the
mechanisms and regulation underlying the process of adopting the dauer morphology are
well understood, those involved in L1 arrest are less clear. Previous studies identified
germline quiescence as a hallmark of proper L1 arrest and that this effect is mediated by
the insulin-signalling pathway, requiring the action of the insulin-signalling antagonist
daf-18 (Fukuyama et al., 2006). This finding, coupled with the observation that daf-18 is
expressed at visibly higher levels in the primordial germ cells Z2 and Z3 during L1
(Brisbin et al., 2009), led us to hypothesize that germline expression of daf-18 might be
of particular importance to proper L1 arrest. Upon further investigation, using tissuespecific RNAi mutants rrf-1 and ppw-1 to knock down daf-18, a more severe reduction of
L1 arrest longevity was observed in the germline knockdown, compared to the somatic
knockdown (Zanetti, Masters Thesis 2014). The germline-specific RNAi knockdown was
equivalent to a systemic daf-18 knockdown in its reduction of L1 arrest longevity
(Zanetti, Masters Thesis 2014), giving rise to the hypothesis tested in this study; daf-18
functions cell autonomously in the germline to maintain proper L1 arrest longevity. The
dual purpose of this thesis was, to firstly test the latter hypothesis and secondly, to gain
further insight into the upstream regulation of daf-18 during normal development.

63

5.1 DAF-18/PTEN required in both soma and germline for full L1 arrest Longevity
I originally hypothesized that daf-18 functions cell autonomously in the germline
to prevent germline proliferation and thereby provide full L1 arrest longevity (Zanetti,
Masters Thesis 2014). Germline development during L1 involves rapid cell proliferation
that would require a relatively large sum of metabolites, which may otherwise be stored
to survive starvation. To address my hypothesis, I created a worm strain that expressed
DAF-18 only in the germline cells and scored for rescue of daf-18 mutant phenotypes. I
used MosSCI to integrate a daf-18 cDNA rescue construct driven by germline specific
promoter pie-1 onto chromosome II (quIs24). However, this integrated construct failed to
rescue germline quiescence or extend longevity, thus rejecting my hypothesis. This
forced me to revisit previous experiments, which had contributed to the postulation of my
original hypothesis. A study demonstrating rrf-1 mutants maintained RNAi efficiency in
both the soma and germline (Kumsta and Hansen, 2012) put into question one of the
principal findings supporting our first hypothesis. Another study demonstrated that L1
arrest longevity was not uniquely dependent on germline proliferation (Fukuyama et al.,
2012). Thus, I had to develop a new hypothesis in light of these results.
Having failed to achieve full rescue of Daf-18 through soma-specific and
germline-specific integrations, I was left with only one remaining hypothesis: daf-18 is
required in both the soma and the germline in order to achieve full L1 arrest longevity.
Indeed, I observed a full restoration of L1 arrest longevity and germ cell quiescence upon
combining daf-18(ok480) mutants with the soma-specific and germline-specific rescue
integrations. When the germline specific integration was coupled with the soma specific
extrachromosomal array I did not see the same full rescue as with the integration version,
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however I still observed an extension to day 19. The difference between these two
rescues could simply be attributed to differences in expression of quIs18 versus quEx638.
The synergistic effect of these two rescue alleles suggests L1 arrest longevity requires a
systemic reduction of metabolic rate and developmental quiescence. This is supported by
research on the newly discovered L3 and L4 arrest (Schindler et al., 2014), whereby
proper arrest depends on a systemic and coordinated metabolic downregulation and cell
quiescence, in multiple tissues. Similarly to L1 arrest, the L3 and L4 developmental
arrests were found to be largely regulated by the insulin signalling pathway (Schindler et
al., 2014). These similarities suggest the mechanisms governing L1 arrest may closely
resemble those of these later developmental arrests if they are not the same entirely.
I hypothesize that the failure of one tissue type to arrest results in the funnelling
of resources from the arrested tissue to the developing one, thereby thwarting any
consolidated attempt to survive starvation. Such a hypothesis draws parallels to the role
of daf-18’s human homolog PTEN, which inhibits tumour cell formation. I propose the
proliferating germline during L1 arrest behaves in some respects like a human tumour.
Unlike normal cells, cancer cells draw metabolites from surrounding cells to fuel their
disproportionally increased metabolic rates (Vander Heiden et al., 2009). If this were the
same case in the L1 arrested worm, I would predict the arrested status of the soma or
germline would not significantly increase longevity so long as the opposing tissue
remained metabolically active. In C. elegans, developing embryos in starved adults have
been shown to draw metabolites from the parent’s oogenic germline and are believed to
also draw from somatic reproductive tissues, a clear example of a proliferating tissue
developing at the expense of the surrounding arrested tissues (Seidel and Kimble, 2011).
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However, in contrast to human cancers, the sacrifice of somatic metabolites in starving C.
elegans adults to their offspring is evolutionarily advantageous as it has the potential to
increase their reproductive fitness. The same argument cannot be made of L1 arrest, as
investments to the germline precursors in no way benefits the reproductive success of the
worm. So, in this instance, the behaviour of the germ cells more closely resembles that of
a human cancer cell.

5.2 Germline role of DAF-18/PTEN extends beyond maintenance of germ cell
quiescence
In literature, the role of daf-18 in the germline is primarily described as being to
maintain germline quiescence. The latter despite there being several other important roles
of daf-18 reported in the soma (promoting autophagy, lipolysis and metabolic reduction)
that should likely also occur in the germline. I originally proposed that the sole purpose
of daf-18 in the germline was to maintain germline quiescence and therefore, according
to my first model, prevent costly germline development from becoming a nutrient sink
that thwarts survival efforts. If that was indeed the case, by inhibiting germ cell
quiescence via mutations in genes involved in TOR complex 1, I might see a full rescue
of L1 arrest longevity when coupled with somatic daf-18 rescue. Fukuyama showed let363 RNAi could prevent germ cell proliferation but did not extend longevity (Fukuyama
et al., 2012). I believed that their failure to observe longevity extension might have been
because the uninhibited somatic tissues remained metabolically active, attempting to
prepare for an eventual moult to L2. Therefore the soma would have simply used up any
metabolites saved by maintaining germ cell quiescence. I hypothesized that let-363 RNAi
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coupled with my soma-specific daf-18 rescue line (quIs18) would address the latter issue
and be sufficient to achieve full L1 arrest longevity. However, only a mild extension of
L1 arrest longevity was observed when I administered let-363 RNAi to my soma-specific
rescue lines. It is possible that the L1 arrest lifespan extension was limited by the inherent
leakiness of RNAi, which also does not fully knock out gene function. Future
experiments could include using mutants in the TOR pathway such as rheb-1, raga-1 or
ragc-1 as unlike let-363 these are not lethal making it possible to study double mutants
with daf-18. My results abolished the hypothesis that the only role of daf-18 in the
germline is to maintain cell quiescence. While cell quiescence is certainly an important
role of daf-18 in the germline during L1 arrest, it does not directly translate into
significantly greater L1 arrest longevity, as I believed it would. DAF-18 likely also
functions in the germline to maintain a reduced metabolic rate, as well as elevated levels
of autophagy and lipolysis as seen in the soma.
In summary, DAF-18 is required to maintain germ cell cycle arrest at the G2
phase by inhibiting TOR (Fukuyama et al., 2006). However, even in daf-18 mutants
where TOR is inhibited by let-363 RNAi, daf-18 germline expression may still be
required to fulfil other roles. Cell cycle arrest alone may not prevent cell growth in the
otherwise metabolically upregulated tissue. It is well known that cells continue to grow
during the G2 phase between DNA synthesis and mitosis. I propose here that a cell cycle
arrest at G2, without appropriate downregulation of metabolism, could simply lead to an
abnormally long period of cell growth without division. My results indicate that the
action of germline-expressed daf-18 serves the dual purpose of promoting cell cycle
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arrest as well as metabolic quiescence; the latter acting independently of TOR and
contributing directly to L1 arrest longevity.

5.3 Maternal daf-18 status/expression levels influence L1 arrest longevity of
offspring
Because daf-18 expresses strongly in the germline (Brisbin et al., 2009) and has
some germline-specific roles (Fukuyama et al., 2006; Fukuyama et al., 2012), I wanted to
investigate if daf-18 mutants could be maternally rescued. Additionally, daf-18’s
antagonist age-1 was known to be capable of maternal rescue (Paradis et al., 1999).
Therefore, it stood to reason the same effect might be seen in daf-18 mutants derived
from a heterozygous parent. I hypothesized that daf-18 mutants derived from a
heterozygous parent would survive longer than daf-18 mutants produced by homozygous
daf-18 mutant parents. My results matched my prediction with maternally rescued daf-18
mutants surviving two days past their non-rescued counterparts. This mild rescue
suggests one of two scenarios. Either maternally derived DAF-18 protein present in the
oocyte persists long enough to mildly effect L1 arrest longevity, or there is continuous
DAF-18 protein (or mRNA) contribution from the soma flowing towards the developing
oocyte which persists long enough after laying to effect L1 arrest. While I am unsure of
the mechanism by which DAF-18 protein was maternally contributed to the offspring, I
believe it is the same mode of action that allows age-1 to be maternally rescued. In
contrast to age-1 however, the maternal rescue of daf-18 is incomplete with only a mild
extension of L1 arrest longevity. It is difficult to draw conclusions from the differences
between age-1 and daf-18 maternal rescues since different phenotypes are being studied
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(dauer vs. L1 arrest). However, one explanation could be that that DAF-18 protein is
degraded relatively quickly as a result of active insulin signalling (Liu et al., 2013).
Parental worms are well fed, in order to promote reproduction, before they’re sacrificed
to harvest eggs. Embryos would therefore have experienced high levels of insulin
signalling while developing in utero. Thus, offspring likely receive less maternal DAF-18
than necessary for long-term maintenance of L1 arrest and require zygotic production of
DAF-18.
Having established that maternal DAF-18 contribution may play roles in offspring
L1 arrest longevity, I wanted to test if maternal crowding or starvation (which affect
maternal daf-18 levels) would have impacts on the F1 generation. These conditions
favour increased maternal DAF-18 production and thereby have the potential to increase
DAF-18 contribution to offspring. Because starvation might limit the nutrient availability
for reproduction, I chose crowding as my environmental cue, while continuously
maintaining the crowded plates well fed. I found that in wildtype worms, after controlling
for L1 density, those derived from parents who experienced crowded conditions with
abundant food survived three days longer than controls. Though the extension is mild, it
may be an indication of increased maternal DAF-18 product as a result of crowding or
perhaps a deliberate increased investment to offspring in order to facilitate a to moult to
dauer as soon as possible. The latter hypothesis supports the notion that bagging in
starved adults is deliberate and is used as a strategy to ensure that offspring have
sufficient nutrients to moult to dauer (Chen and Caswell-Chen, 2003; Chen and CaswellChen, 2004).
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In light of my two previous findings, I decided to investigate if the post-dauer life
history might lead to increased maternal contribution to offspring or some epigenetic
effect, as seen with post L1 starved worms. Recent studies demonstrated that worms that
experienced L1 arrest passed on small RNAs, which increased the lifespan of up to the F3
offspring (Rechavi et al., 2014). Increased epigenetic markers following exit from dauer
have yet to have their functions elucidated (Hall et al., 2010; Hall et al., 2013), further
prompting me to test if these might result in increased starvation resistance for progeny
undergoing L1 arrest. My results however did not support such a hypothesis, instead
demonstrating that wildtype post-dauer adults produced comparatively shorter-lived
offspring during L1 arrest. This may be partly due to the increased brood size observed in
post-dauer animals (Hall et al., 2013), as producing more offspring may decrease the
maternal contribution given to individual embryos. In the wild, exiting from dauer would
signify a novel food source has been located and the first generation of worms would be
unlikely to experience starvation. It is therefore contextually unsurprising that post-dauer
worms don’t beget offspring with increased starvation resistance, despite there being
some evidence to the contrary regarding post L1 arrested worms in literature.
In summary, while maternal rescue has been shown to extend L1 arrest longevity
in daf-18 worms, its effects are minor. Maternal life history and crowding status also at
least mildly affect F1 L1 arrest longevity. However, it appears that longevity during L1
arrest is predominantly dependent on the daf-18 production of the zygote and only very
slightly affected by the parent.
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5.4 DAF-18/PTEN levels are regulated by the proteasome
Our lab had previously formulated a model for the post-translational regulation of
DAF-18 by DAF-2 (Liu et al., 2013). In this model, DAF-2 phosphorylates DAF-18,
resulting in a conformational change that targets it for VHL-1 mediated
polyubiquitination and subsequent proteasomal degradation (Chin-Sang et al., submitted).
If my hypothesis is correct, I would predict that knocking down genes involved in the
proteosome would result in increased DAF-18 levels. To test this I fed RNAi for six
candidate proteasomal subunit genes pbs-4, pas-3, rpt-5, rpn-9, pbs-6 and rpt-6 to worms
expressing the daf-18 translational GFP reporter. Of the six candidates tested, only
knockdown of the alpha type-4 proteasome subunit pas-3, and the B-type subunit of the
26S proteasome’s 20S protease core particle pbs-4 resulted in an observable increase in
DAF-18::GFP levels. Mortality and sterility rates varied among knockdowns, with pas-3
and pbs-4 being among the lowest. The toxicity associated with proteasome knockdown
made it difficult to fully ascertain if DAF-18 levels had increased in the other four
candidates. Further studies are required before these candidates can be ruled out
completely. My results do however add support to my standing hypothesis that daf-18 is
regulated at the post-translational level and requires the action of the proteasome.

5.5 Conclusions and future directions
In this study, I demonstrated daf-18 does not function cell autonomously to
maintain germ cell quiescence, and is needed in all tissues for full longevity during L1
arrest. A study demonstrating rrf-1 mutants maintained RNAi efficiency in both the soma
and germline (Kumsta and Hansen, 2012) led me to re-evaluate my first hypothesis. A
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later study specifically investigating L1 arrest germ cell quiescence, uncoupled germ cell
proliferation from the reduction of L1 arrest longevity. L1 arrest germ cell quiescence
was maintained via let-363 RNAi with no benefit to longevity (Fukuyama et al., 2012).
However the using RNAi can be leaky and future studies should further verify the latter
finding by include using TOR mutants with ok480. In my study, I demonstrated that
neither somatic nor germline daf-18 expression are by themselves sufficient to achieve
full L1 arrest longevity or germline quiescence leading to my final hypothesis; daf-18 is
required in both the germline and soma in order to achieve a wildtype L1 arrest
phenotype. I then confirmed my hypothesis by fully rescuing daf-18(ok480) worms using
a combination of tissue specific rescue constructs. This is an interesting finding as it is
another point of contrast between dauer and L1 arrest, the former only requiring the
somatic functions of daf-18.
While this study finally puts to rest the question of tissue-specific rescue of daf18’s L1 arrest phenotypes, there is still work to be done. One of the most surprising
findings in this study was that germline-specific rescue was not sufficient to rescue germ
cell proliferation. One explanation is that germ cell quiescence may require some DAF18 contribution by the soma. Similarly, lack of somatic daf-18, and consequently active
somatic insulin signalling, might somehow downregulate or inhibit germline daf-18
expression or activity. There are examples in literature of somatic contributions to the
germline during times of reproductive development and starvation. Yolk production
occurs in the soma and requires the transfer of metabolites and gene products to oocytes
from the intestine (Kimble and Sharrock, 1983). Metabolite transfer from the oogenic
germline and possibly the soma to embryos during starvation has also been documented
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(Seidel and Kimble, 2011). Though both of the latter effects were observed in adult
worms, it remains possible that somatic contributions play a role in the germline during
L1 arrest. Similarly, if due to the lack of somatic daf-18, insulin signalling remains active
in the somatic cells surrounding the germline, it is possible for the signal be transferred to
the Z2/Z3 germline precursor cells resulting in downregulation of daf-18 or the
upregulation of age-1. A future study should include staining my germline specific daf18 rescue line (quIs24) and the combined tissue specific rescue line (quIs24 quIs18) with
DAF-18 antibodies. If I see a difference in the levels of germline DAF-18 in these two
lines, it would support the requirement of somatic daf-18 expression for proper germline
daf-18 expression. Another interesting experiment for future studies would include the
use of mutants that are unable to differentiate germ cells and are consequently composed
entirely of soma, for example glp-1 and potentially glp-4. My hypothesis would predict
that a double mutant between glp-1 and daf-18 could be fully rescued by somatic daf-18
expression alone (quIs18).
In summary, this thesis has rejected previous hypotheses regarding tissue-specific
rescue of daf-18’s L1 arrest phenotypes. I have demonstrated that full L1 arrest longevity
and germline quiescence can only be achieved through systemic expression of daf-18.
Future studies should aim to address the divide between germ cell quiescence and
longevity during L1, as well as the mechanism behind what appears to be a somatic
influence on germline daf-18 expression and/or activity.
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Appendix
2XTY
For 1 Litre mix
-Tryptone

16g

-Yeast Extract

10g

-NaCl

5g

-dH2O to 1 litre
(2XTY Amp add 100ul (75mg/ml Amp) for every 100ml 2XTY)
Aliquot to 125ml bottles
Autoclave on liquid cycle for 40 minutes
(Recipe from chin-sang.ca)
RNAi Plates
For 2 Litres mix
-Agar

40 g

-NaCl

6g

-Bacto-Peptone

5g

-dH2O to 1 litre
Autoclave on liquid cycle for 40 minutes
Let media cool to 55°C
After cooling add and mix together:
-KPO4

50 ml

-MgSO4

2 ml

- CaCl2

2 ml

- Cholesterol (5 mg/ml in 95% EtOH)

2ml

- Ampicillin (100 mg/ml)

2ml

- 20% β-lactose in ddH2O

20ml

Pour into small worm plates
Store at 4°C
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Supplementary Figure S1: Germline specific rescue integration combined with soma
specific rescue array synergistically extends daf-18(ok480) L1 arrest longevity. When
combined with the germline specific rescue allele quIs24, the soma specific rescue array
quEx368 extends mutant L1 arrest longevity to 19 days.
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