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Abstract 

The role of insulin/IGF signaling (IIS) in regulating longevity and dauer 

formation in C. elegans is well defined. However, the role of IIS in stress responses such 

as L1 arrest is less studied and poorly understood. One of the regulators of longevity and 

lifespan in the worm is the homolog of the human tumour suppressor PTEN, called DAF-

18 in C. elegans. DAF-18 is known to act through the IIS pathway to regulate longevity, 

lifespan, dauer formation and also control germline proliferation during L1 arrest. I show 

that daf-18 mutants cannot properly L1 arrest and that the arrest phenotype is only 

partially rescued by IIS genes, indicating regulation of L1 arrest independent of the IIS 

pathway. Additionally, I identify a germline role for DAF-18/PTEN during L1 arrest. 

EMS mutagenesis screens were performed to find unbiased suppressors and worm 

homologs of candidate human cancer genes were tested for suppression of the L1 arrest 

phenotype. Finally, I show that in addition to controlling germline proliferation during 

arrest, DAF-18/PTEN controls divisions of some somatic tissues during L1 arrest, 

including in the muscle cell lineage and the mechanosensory neuron cell lineage.  
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Chapter 1 

Introduction 

To produce complex, diverse multicellular organisms development must be 

coordinated at the cellular, tissue and organismal level. This requires the precise genetic 

control of essential processes such as morphogenesis, cell growth and cellular 

differentiation. Recently many of the signaling pathways and genes controlling these 

processes during development have been identified and characterized. However, the 

molecular mechanisms and genetic interactions that regulate them at the cellular level 

during normal development are still not fully understood. Understanding the molecular 

controls that govern normal development will allow researchers to determine specific 

targets that are improperly regulated in abnormal development and disease states, such as 

cancer. 

It is difficult to study complex processes, such as morphogenesis, cell growth and 

differentiation in higher organisms. Redundant pathways may mask mutations governing 

normal development. In addition, in vitro experiments may not provide the cellular 

conditions necessary for proper gene function. However, model organisms with 

conserved genetic and molecular pathways, such as the nematode worm Caenorhabditis 

elegans, can be utilized to better understand complex signaling processes. C. elegans has 

many characteristics that make it ideal as a model system to study developmental biology 

including a fully sequenced genome, a completely mapped cell fate lineage  and neuronal 

‘connectome’, a fast life cycle that is easily synchronized and the availability of 

numerous genetic tools, including RNA interference (RNAi) (XU AND KIM 2011).  
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Additionally, the worm is transparent, which allows for microscopy of individual cells 

during development and easy use of fluorescent markers to track gene expression and 

visualize cellular structures. Many of the genes in C. elegans have human homologs and 

C. elegans signaling pathways are highly conserved across eukaryotes, including humans. 

This allows the elucidation of conserved interactions that are aberrantly regulated in 

many human diseases (LEUNG et al. 2008; SHAYE AND GREENWALD 2011).  Lastly, C. 

elegans can undergo up to four distinct ‘diapauses’ or periods of quiescence during their 

life cycle depending on environmental conditions. These periods of quiescence provide a 

unique opportunity to study the environmental and genetic regulation of developmental 

arrest in a simple model. Understanding the precise regulation of cell division during 

diapause helps to elucidate the genes and pathways involved during unregulated cellular 

divisions, such as cancer, in higher organisms.  

The objective of this thesis was to characterize the role of the daf-18 gene during 

developmental quiescence in C. elegans. In chapter 2, I provide background information 

on the C. elegans life cycle and the diverse quiescent periods that take place during C. 

elegans development. Links between these developmental states and the insulin/IGF 

(insulin-like growth factor) signaling (IIS) pathway in controlling lifespan, proliferation 

and quiescence are shown. The specific function of the IIS gene daf-18 in regulating 

quiescence, lifespan and dauer are examined and the function of its human homolog, the 

tumour suppressor PTEN, in normal development and cancer is profiled. Cell 

proliferation markers used to measure larval stage 1 (L1) quiescence and RNAi 

mechanisms in C. elegans are both discussed. In Chapter 3, I provide my experimental 

methods and strains used in this thesis.  In Chapter 4 and 5 I provide my results and 
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discussion, respectively. I have identified daf-18 roles during quiescence independent of 

the IIS pathway and a germline specific function during L1 arrest. New suppressors of 

the daf-18 L1 arrest defect are discussed and tissue specific roles of daf-18 controlling 

cell proliferation during developmental arrest are shown using proliferation markers. 

Evidence for the IIS independent role of daf-18 in L1 arrest survival and controlling 

cellular proliferation through redundant parallel pathways is discussed. Most 

interestingly, the tissue specific proliferation shown is linked to cancer using examples of 

tissue specific tumour suppressor loss. Further similarities between the cellular division 

and migration defects identified in daf-18 mutants and hallmarks of cancer are discussed. 

Because DAF-18 is the homolog of human PTEN, a highly mutated tumour suppressor in 

many different human cancers, identifying the role daf-18 plays in controlling quiescent 

states in a model system can provide valuable insights into how cellular proliferation is 

controlled in normal and disease states.  
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Chapter 2 

Literature Review 

2.1 C. elegans Life Cycle 

The life cycle and development of C. elegans is well defined, with many stage 

specific markers and detailed lineages available from the fully mapped developmental 

cell fate. Normal development in the nematode is temperature sensitive and C. elegans 

completes a full reproductive lifecycle in approximately three days at 20°C. Regular 

development and growth is dependent on the availability of an adequate food source and 

consists of an embryonic stage, followed by four distinct larval stages leading to adult 

nematodes capable of reproduction (Figure 1) (CASSADA AND RUSSELL 1975). Embryonic 

development includes a proliferation stage, during which the zygote is created and the 

first embryonic cells form, and the embryogenesis stage, where cells begin dividing and 

gastrulation takes place (SULSTON et al. 1983). During this time the basic body plan of C. 

elegans is created and remains relatively unchanged during larval development, except 

for the development of the gonads, despite an increase in size. Following hatching, post-

embryonic development is initiated by feeding and consists of four larval stages, larval 

stage 1 (L1) to larval stage 4 (L4). The end of each larval stage is marked by a molt, 

where a new cuticle forms and the old cuticle is shed. This is followed by a period of 

sleep-like lethargus where movement and feeding are decreased (COX et al. 1981; 

AMBROS 2000). The lifespan of adult hermaphrodites is two to three weeks and adults are 

capable of laying up to 300 eggs while reproductively active. Additionally, C. elegans 

have the ability to respond to adverse environmental conditions by altering their 
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Figure 1: C. elegans life cycle at 22°C.  

Indicates the time between developmental stages, average larval sizes and two of the 

alternative life stages, L1 arrest and dauer, highlighted in red boxes (adapted from 

WormAtlas.org).
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normal life cycle to form three alternative life stages that allow increased stress tolerance: 

L1 larval arrest, dauer (German for “permanent” or “enduring”) diapause and adult 

reproductive diapause (ARD).  

2.2 Quiescence and Diapause in C. elegans 

In response to harsh environmental conditions many animals induce stress 

responses, entering a quiescent state until conditions are favourable for growth, 

development and reproduction. In C. elegans there can be up to four distinct periods of 

quiescence during the life cycle: L1 arrest, molt lethargus, dauer diapause and adult 

reproductive diapause (ARD). These periods of quiescence are all marked by altered gene 

expression to significantly reduce metabolic activity and biosynthesis, but display 

remarkable morphological differences that are regulated by a variety of environmental 

and chemical signals (STUART AND BROWN 2006). Not all periods of quiescence are 

diapauses. Diapauses have unique features including initiation at a specific life stage, an 

entry and exit that is mediated by a specific environmental cue and alteration of 

metabolic activity prior to entry to prepare for unfavourable conditions (KOSTAL 2006). 

More interestingly, the inability to correctly enter quiescence in C. elegans often results 

in lethality, through starvation or uncontrolled cellular division.  

2.2.1 L1 Larval Arrest 

Post-embryonic development in C. elegans is initiated by the presence of a food 

source upon hatching. L1 larvae hatched in the absence of food are unable to initiate 

further development and instead go into a state of quiescence, known as L1 arrest. L1 

arrested larvae show increased stress resistance, including the ability to withstand 
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freezing, and can survive for up to three weeks in minimal salt media without 

significantly affecting adult lifespan. Higher population density or supplementing media 

with small amounts of cholesterol or ethanol can double L1 arrest survival. Population 

density increases survival through unknown chemical signaling independent of the 

ascaroside dauer pheromone, while cholesterol and ethanol may induce additional stress 

response pathways or act as a carbon energy source to extend lifespan during arrest 

(CASTRO et al. 2012; ARTYUKHIN et al. 2013). L1 arrested worms exhibit decreased 

metabolic activity by breaking down lipid stores, using AMP-dependent protein kinase 

(AMPK) as an energy sensor to increase catabolism and limit anabolism (LEE et al. 

2012). Initiation of L1 arrest is likely controlled by chemosensory neurons that sense 

environmental conditions (BAUGH 2013). Mutant worms that do not L1 arrest in the 

absence of food die much faster than L1 arrested worms. It is unknown if worms that are 

unable to L1 arrest correctly die due to an inability to correctly prevent cellular divisions, 

or if worms die through starvation.  

Despite increased stress resistance L1 arrested larvae are morphologically 

indistinguishable from L1 larvae hatched in the presence of food, maintaining a similar 

size (approximately 250 µm) and the distinctive alae specific to L1 larvae. Exit from L1 

arrest is initiated by a food source and larvae resume the normal developmental cycle. 

However, during post-arrest development, larvae display delayed growth (1-2 hours per 

day of starvation) and increased gonad damage, resulting in decreased adult brood size or 

sterility (LEE et al. 2012).  
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2.2.2 Dauer 

Late during the L1 larval stage, immediately prior to the L1/L2 molt, the decision 

to form the dauer larvae is made depending on three environmental factors: population 

density, temperature and food availability. High population density is the main factor 

driving dauer arrest and is determined by the increased presence of the dauer pheromone 

(HU 2007). An ascaroside dauer pheromone, heptonoic acid, is produced constitutively in 

C. elegans and is the main signal that induces dauer formation. However, the mechanisms 

of in vivo production and release of the pheromone remain unknown (GOLDEN AND 

RIDDLE 1982; JEONG et al. 2005). Increased temperature further promotes dauer 

formation in the presence of the dauer pheromone and many C. elegans mutant strains 

constitutively form dauers at high temperatures. Lastly, food availability deters dauer 

formation, counteracting the dauer pheromone and promoting normal development 

(GOLDEN AND RIDDLE 1984).  

Unlike during L1 arrest there are significant morphological changes during dauer 

formation (Figure 2). Before entering dauer, larvae molt to form the L2d pre-dauer stage, 

where development is delayed and lipid storage takes place. Normally, larvae begin using 

aerobic respiration instead of stored lipids during the L2 stage, however, dauer larvae 

continue to use stored lipids to help conserve energy and lower metabolic rate 

(WADSWORTH AND RIDDLE 1989). Morphological changes are complete after 

approximately 12 hours and L2ds form dauers with radially constricted bodies and a 

thickened cuticle that maintains the alae seen in L1 larvae (CASSADA AND RUSSELL 

1975). The thickened cuticle, a closed oral orifice and lack of pharyngeal pumping helps 

dauers survive numerous environmental stressors, including treatment with the detergent 

sodium dodecyl sulfate (SDS), heavy metals, heat shock, ultra-violet radiation and 
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oxidative stress (CASSADA AND RUSSELL 1975; RIDDLE et al. 1981; VOWELS AND 

THOMAS 1992; LITHGOW 2000). Dauers achieve a metabolic rate fifty percent lower than 

developing larvae by limiting transcription, using lipids stored during the L2d stage as an 

energy source and upregulating mRNAs encoding heat shock proteins (Hsps), 

antioxidants and catalases to limit cellular damage (ANDERSON 1978; VANFLETEREN AND 

DE VREESE 1995). These physiological and morphological changes allow dauers to 

survive for up to six months in unfavourable conditions. Exit from dauer is signaled by a 

food source and larvae undergo a molt, entering the L4 larvae stage before continuing 

normal development (GOLDEN AND RIDDLE 1982).  
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Figure 2: Morphological differences between the C. elegans larval stages.  

L1 arrest is initiated when worms hatch in the absence of food, but larval morphology is 

not altered. The dauer larval stage requires feeding before undergoing an alternative 

development pathway in response to crowding, temperature or lack of food just before 

the L1/L2 molt that results in significant morphological changes. Adapted from (BAUGH 

2013). 

 

2.2.3 Molt Lethargus  

At the end of each larval stage C. elegans undergo a molt consisting of three 

distinct phases: the secretion of a new exoskeleton, separation from the old exoskeleton 

(apolysis) and escape from the old exoskeleton (ecdysis) (SINGH AND SULSTON 1978). 

Prior to beginning apolysis pharyngeal pumping falls from 150-250 strokes per minute to 

1 stroke per minute. Following the decrease in pharyngeal pumping the worm enters a 2-

3 hour period of lethargus where locomotion is greatly decreased (CASSADA AND 
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RUSSELL 1975). During lethargus the cuticle is loosened and the worm flips onto is 

longitudinal axis to prepare for ecdysis. Molting lethargus shows many properties of a 

‘sleep-like state’ including a lack of complex movements in response to plate tap 

stimulation and increased latency in response to chemical stimulation. Additionally, 

‘sleep-like lethargus’ exhibits homeostatic sleep-like behaviour that is reversible with 

strong mechanical stimulation. egl-4 (egg laying defective), a cGMP-dependent protein 

kinase (PKG), regulates ‘sleep-like’ behavior in the sensory neurons during molting 

lethargus (RAIZEN et al. 2008). DAF-16/FoxO is also required during molt lethargus, and 

deprivation of quiescence during molting results in increased dauer formation and nuclear 

localization of DAF-16/FoxO (DRIVER et al. 2013). However, DAF-18/PTEN has not 

been linked to the regulation of molting lethargus. Following lethargus quiescence the 

worm exits the old cuticle through the head and resumes feeding.  

2.2.4 Adult Reproductive Diapause 

Late in development larvae can respond to environmental stress by entering adult 

reproductive diapause (ARD) to increase lifespan and maintain reproductive ability. ARD 

is induced by removal of food during the L4 larval stage. Under these conditions one-

third of worms arrest as L4 larvae, one-third die from ‘bagging’ (hatching of embryos 

inside the adult worm) and one-third arrest as adults with no more than one embryo per 

gonad arm. Increased population density promotes a higher percentage of ARD, 

suggesting chemical signaling may help induce the diapause. Worms entering ARD can 

survive starvation for up to 30 days without significantly affecting post-diapause lifespan. 

Following extended starvation recovered worms are able to produce viable oocytes, but 

brood size is reduced 90% compared to normal reproduction, likely due to limited sperm 



 12 

production. It is unclear if embryos fail to hatch due to embryonic diapause, which has 

been documented in response to hypoxia, or if development is simply delayed (MILLER 

AND ROTH 2009). Production of additional embryos is limited by a reduction of germ 

cells in the gonad through ced-3/caspase mediated apoptosis. Return to a food source 

signals the exit from ARD and induces germ line regeneration, suggesting the germ cells 

maintained during ARD contain functional germline stem cells. ARD formation is 

dependent on NHR-49, the homolog of human hepatocyte nuclear factor-4a (HNF-4a), 

which mediates cellular respiration and metabolism in response to starvation. Only 1% of 

nhr-49 mutants properly form ARD and mutants are unable to properly arrest embryonic 

development or recover from starvation to produce progeny (ANGELO AND VAN GILST 

2009). 

2.3 PTEN is a Human Tumour Suppressor With Roles in Many Cellular Processes 

Phosphatase and tensin homolog deleted on chromosome 10 (PTEN), also known 

as mutated in multiple advanced cancers (MMAC1), is a tumour suppressor that is highly 

mutated in many human cancers (LI et al. 1997; STECK et al. 1997). Mutation or loss of 

PTEN expression is frequently seen in glioblastomas, prostate cancer, breast cancer, 

endometrial cancer and melanomas, with most mutations appearing in advanced cancers 

(CANTLEY AND NEEL 1999). Statistically, it is the second most mutated tumour 

suppressor gene in human cancers, behind only p53 (YIN AND SHEN 2008). Additionally, 

germline mutations of PTEN produce three autosomal dominant inherited cancer 

syndromes (Cowden disease, Lhermitte–Duclos disease, and Bannayan–Zonana 

syndrome) that greatly increase risk of hamartoma formation and cause a range of 

developmental disabilities (ARCH et al. 1997; LIAW et al. 1997; MARSH et al. 1997). The 
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extensive range of disease phenotypes exhibited by PTEN loss or mutation highlights the 

need to understand its molecular mechanisms and its importance as a tumour suppressor.  

 PTEN is an inhibitor of the insulin signaling pathway and is a dual-specificity 

phosphatase, maintaining both protein-phosphatase and lipid-phosphatase activity. PTEN 

primarily acts as a lipid-phosphatase that dephosphorylates the secondary messenger 

phosphatidylinositol 3,4,5-triphosphate (PIP3), converting it to phosphatidylinositol 4,5-

bisphosphate (PIP2) in the insulin signaling pathway (MAEHAMA 1998). Loss of PTEN 

causes increased levels of PIP3, resulting in its accumulation and the recruitment of 

PDK1 to the plasma membrane. PDK1 phosphorylates Akt, activating the signaling 

pathway to stimulate cell growth and cell division and inhibit apoptosis (STAMBOLIC et 

al. 1998; SULIS 2003).  

PTEN lipid-phosphatase activity affects cell behavior through a PIP3 mediated 

signaling cascade to inhibit cell proliferation, induce apoptosis and arrest the cell cycle 

through PI3K/Akt signaling. Elevated Akt phosphorylation caused by loss of PTEN lipid-

phosphatase activity increases embryonic cell proliferation and decreases response to 

apoptotic cues in neural and somatic tissues, causing premature embryonic death in mice 

(STAMBOLIC et al. 1998; BACKMAN et al. 2001). PTEN signaling also governs the cell 

cycle transition from the G1 to S phase through down regulation of the cell cycle kinase 

inhibitor p27
KIP1

, a downstream target of Akt signaling responsible for G1 cell cycle 

arrest (LI AND SUN 1998; SUN et al. 1999). 

Mutants lacking PTEN lipid-phosphatase can maintain protein-phosphatase 

activity to control cell behavior. PTEN protein-phosphatase activity regulates cell 

migration and focal adhesion to extracellular matrix proteins to inhibit cell surface 
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interactions and decrease cell migration (TAMURA et al. 1998). Loss of PTEN protein-

phosphatase activity also increases cell motility indirectly through the mitogen-activated 

protein kinase (MAPK) pathway (MYERS et al. 1997). PTEN also interacts with insulin 

receptor substrate 1 (IRS-1) and members of the Ras pathway upstream of the MAPK 

pathway to inhibit cell mobility (GU et al. 1998; WENG et al. 2001). Additionally, PTEN 

inhibits axon growth independently of the insulin/IGF pathway through mTOR signaling 

in mice (KWON et al. 2003). 

Inactivation of the Pten gene in mice results in embryonic lethality, indicating that 

Pten is required during embryonic development. Pten heterozygotes show increased rates 

of tumourgenesis, suggesting Pten is haploinsufficient (DI CRISTOFANO et al. 1998; 

SUZUKI et al. 1998). Additionally, many cancers contain functional copies of the Pten 

gene, but PTEN expression is deregulated due to post-transcriptional and post-

translational modifications. For example, DNA methylation can silence PTEN expression 

and the tumour suppressor p53 transcriptionally upregulates PTEN expression 

(STAMBOLIC et al. 2001; MIRMOHAMMADSADEGH et al. 2006). PTEN is nuclearly 

localized in neurons to promote cell differentiation, but is cytosolically localized in many 

cancers, suggesting a nuclear role in normal development (PLANCHON et al. 2008). Taken 

together these results suggest that a loss of PTEN alone cannot drive tumourgenesis, but 

may activate signaling pathways that make tumour development more likely (WANG AND 

JIANG 2008). 
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2.4 DAF-18 is the C. elegans Homolog of Human PTEN and is Part of the 

Insulin/IGF Signaling Pathway  

 The PTEN ortholog in C. elegans is called DAF-18 (abnormal dauer formation), 

and is a part of the insulin/IGF signaling (IIS) pathway (OGG AND RUVKUN 1998; 

MIHAYLOVA et al. 1999; ROUAULT et al. 1999). Like its human counterpart, DAF-18 is a 

negative regulator of the IIS pathway, dephosphorylating PIP3 to PIP2. C. elegans IIS 

controls aging, longevity and stress response through the transcription factor DAF-

16/FoxO and downstream effectors including PI3K/Akt, Ras/MAPK and mTOR (OGG 

AND RUVKUN 1998; MURPHY AND HU 2013). The IIS pathway is highly conserved, as 

human PTEN rescues DAF-18 loss in C. elegans, suggesting similar gene and protein 

function across organisms (SOLARI et al. 2005). Unlike mammalian models, where Pten 

loss causes embryonic lethality, daf-18 mutants develop normally and are superficially 

wildtype under favourable conditions, but do have reduced life span. This provides an 

excellent model to study the role of daf-18 on lifespan, aging, stress response and 

quiescence in the IIS pathway. 

2.4.1 IIS is an Important Regulator of Longevity and Dauer Formation 

DAF-2/IR/IGF1-R (insulin receptor/insulin growth factor 1 receptor) is the 

predicted receptor for insulin-like peptides in C. elegans and regulates cellular behavior 

through its terminal signaling target, DAF-16/FoxO (Figure 3) (OGG et al. 1997). The IIS 

pathway was first characterized by the identification of dauer formation and longevity 

mutants (Table 1) (RIDDLE et al. 1981; FRIEDMAN AND JOHNSON 1988; KENYON et al. 

1993; MALONE et al. 1996; PARADIS AND RUVKUN 1998; PARADIS et al. 1999; LI et al. 

2003). Dauer constitutive (Daf-c) and increased longevity phenotypes in the IIS pathway 



 16 

 

Figure 3: Comparison of insulin/IGF signaling in C. elegans and humans. 

C. elegans genes are shown in black (on the left) and human homologs are indicated in red (on the right). Interacting signaling 

pathways and the cellular behaviours they are known to influence are also shown. Modified from (CHRISTENSEN et al. 2006).
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mutants are dependent on DAF-16 and DAF-18, as loss of DAF-16/FoxO or DAF-

18/PTEN suppresses the Daf-c and long lived phenotypes. Inhibition of the IIS pathway 

promotes dauer formation and increased lifespan, with DAF-2/IR/IGF1-R and AGE-

1/PI3K acting antagonistically to DAF-16 and DAF-18 to regulate dauer and longevity 

(KENYON et al. 1993; LITHGOW 2000; HU 2007). 

 

Table 1: Dauer formation and longevity phenotypes for IIS pathway genes a 

C. elegans 
Gene 

Human Gene 
Homolog 

Dauer Phenotype Longevity Phenotype 

daf-28 Insulin Constitutive Long Lived 
daf-2 IGF1R/IR Constitutive Long Lived 
age-1 PI3K Constitutive  Long Lived 
daf-18 PTEN Defective Short Lived 
pdk-1 PDK1 Constitutive Long Lived# 

akt-1/2* AKT Constitutive Long Lived# 
daf-16 FOXO Defective Short Lived 

aPhenotypes shown are for null mutations. 

* akt-1/2 represents the akt-1; akt-2 double mutant. 

# pdk-1 and akt-1/2 mutants are not as long lived as daf-2 or age-1 mutants
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Although longevity and dauer phenotypes are linked in the IIS pathway, each 

phenotype is influenced by tissue specific expression of DAF-16/FoxO. Expression in 

nervous system tissue influences dauer arrest and intestinal expression regulates lifespan, 

indicating that localized signaling may direct each phenotype (LIBINA et al. 2003). Many 

additional pathways interact with IIS to control dauer formation and longevity. Most 

notably, TGF-β and guanylyl cyclase pathways regulate lifespan and dauer formation in  

parallel to IIS (HU 2007) and are induced by G-protein signaling through cGMPs (HAHM 

et al. 2009). 

2.4.2 IIS is an Important Regulator of Developmental Arrest 

The role of IIS in dauer formation and longevity has been well studied, but 

insulin/IGF signaling also plays an important role in starvation induced developmental 

arrest. DAF-2/IGFR/IR loss of function mutations constitutively arrest as L1 larvae and 

show increased L1 arrest survival, dependent on DAF-16/FoxO (GEMS et al. 1998). daf-

16 mutants display shortened L1 arrest lifespan and are unable to arrest postembryonic 

development in somatic cells, although cellular divisions are delayed compared to normal 

development (BAUGH AND STERNBERG 2006). Similar to the longevity and dauer 

regulation, DAF-16/FoxO localization is also required to regulate L1 arrest. Localization 

of the DAF-16 protein to the nucleus is required to regulate gene expression during L1 

arrest (WEINKOVE et al. 2006). 

Many of the outside pathways and genes that interact with, or are activated by, IIS 

also influence L1 arrest. For instance, DAF-16 is required to upregulate the cyclin-

dependent kinase inhibitor cki-1/CIP/KIP/p27 to induce cell cycle arrest (HONG et al. 
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1998; BAUGH AND STERNBERG 2006). microRNAs (miRNA) involved in regulation of 

developmental timing are upregulated during L1 arrest in daf-16 mutants and miRNAs 

required for maintenance of L1 arrest signal through AGE-1/PI3K (BAUGH AND 

STERNBERG 2006). Secretion of insulin-like peptides is regulated by ASNA-1 and UNC-

31 and regulates L1 arrest by activating DAF-2/IGFR and the IIS pathway (AILION et al. 

1999; KAO et al. 2007). Pharyngeal pumping and pharynx autophagy are required for 

maintenance and recovery from L1 arrest and are controlled by MAPK activity, which is 

upregulated when DAF-18 is lost (KANG et al. 2007). Lastly, the AMPK subunit genes 

aak-1 and aak-2 are required for arrest in both germline and somatic tissues during L1 

arrest, independent of the IIS pathway (FUKUYAMA et al. 2012). 

2.4.3 DAF-18 Regulates Development and Has Roles in Germline Quiescence 

DAF-18/PTEN activity is required to regulate dauer formation, longevity and L1 

arrest through IIS-dependent and independent pathways. daf-18 mutants are dauer 

defective (Daf-d) and short lived compared to wildtype worms (OGG AND RUVKUN 1998; 

SOLARI et al. 2005). Additionally, daf-18 mutants also show a severe L1 arrest phenotype 

in response to starvation and DAF-18 is needed for germ cell quiescence during L1 arrest 

(FUKUYAMA et al. 2006). Lastly, DAF-18/PTEN has been shown to promote neuronal 

growth and development through the IIS pathway (CHRISTENSEN et al. 2011). 

Interestingly, DAF-18/PTEN had been primarily implicated in starvation survival, while 

its other roles during quiescence remain to be fully determined.  

 Germline expression of DAF-18/PTEN is seen in all life stages and has a well-

defined role in ovulation, oocyte formation and germline quiescence induced by 

developmental arrest (FUKUYAMA et al. 2006; SUZUKI AND HAN 2006; BRISBIN et al. 
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2009). Germline expression of DAF-18 promotes oocyte maturation and contraction 

during ovulation. DAF-18 control of oocyte maturation is through activation of MAPK 

signaling, and is independent of the IIS pathway (SUZUKI AND HAN 2006; BRISBIN et al. 

2009). 

During development the germline proliferates from two germ cell precursors, Z2 

and Z3, approximately 6 hours into the L1 larval stage (KIMBLE AND HIRSH 1979). In 

response to starvation during L1 arrest germ cell precursor divisions are halted. However, 

daf-18 mutants fail to arrest germ cell precursors properly, with increased Z2/Z3 

proliferation. Germline proliferation is not seen in arrested daf-16 mutants and is partially 

rescued by age-1 and akt-1 (FUKUYAMA et al. 2006). This suggests DAF-18 regulates 

germline proliferation through redundant pathways parallel to the PI3K axis in the IIS. 

Additionally, AMPK signaling is required in parallel to DAF-18 during germline arrest 

(FUKUYAMA et al. 2012). In addition to functioning during L1 arrest, DAF-18 controls 

proliferation in germline stem cells during later larval stages as well. DAF-18 promotes 

germline quiescence during dauer arrest through activation of AMPK signaling 

(NARBONNE AND ROY 2006). These collectively suggest that DAF-18 functions in 

parallel to the canonical PI3K axis to regulate L1 arrest and germline quiescence.  

2.5 Cell Proliferation Markers During L1 Arrest 

In response to hatching without a food source present C. elegans prevent cell 

division and growth by inducing L1 arrest until conditions are favourable for 

development. The IIS pathway plays an important role in regulating L1 arrest (see section 

2.4.2). DAF-18/PTEN has been shown to play an important role in maintaining starvation 

induced germline quiescence. However, the role of DAF-18/PTEN in other 
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developmental processes has not been widely examined and its role in regulating cell 

division and proliferation outside the germline is poorly understood. In order to study 

this, I aim to look for the cells that divide at the end of the L1 stage. If DAF-18 regulates 

developmental arrest then L1 stage specific markers that undergo divisions may further 

elucidate the role that DAF-18/PTEN plays in L1 arrest outside of the germline. 

2.5.1 Q Cell Lineage and Mechanosensory Neurons 

In C. elegans the Q cell lineage produces six neurons that function in different 

sensory responses. Q neuroblasts are born embryonically one hour before hatching. After 

hatching, the two Q cells, QR (Q cell right) and QL (Q cell left), are positioned on 

opposite sides of the worm on the same anterior/posterior axis. Both Q cells undergo 

identical asymmetrical post-embryonic cell divisions during the L1 stage (Figure 4) 

(SULSTON AND HORVITZ 1977). However, prior to each division QL and QR undergo 

different cell migrations during L1. QL migrates posteriorly and QR migrates anteriorly. 

The descendants of each of these cells continue to migrate in the same directions to reach 

their appropriate positions by the end of the L1 stage (SULSTON AND HORVITZ 1977). 

Recent developments in fluorescent microscopy show that Q cell descendants migrate 

variable distances at different speeds, with QR descendants migrating farther and faster 

than QL descendants (OU AND VALE 2009). The variable cell migrations of the Q lineage 

during the L1 stage provide an opportunity to study deregulated cell movements during 

developmental arrest. 
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Figure 4: Q Cell Lineage During L1 Development. 

Post-embryonic Q cell divisions during the L1 stage, with post-hatch timing of divisions 

indicated. Four apoptotic cells are also produced during the L1 stage and are indicated by 

black squares with a red X in the lineage. The 6 neurons produced by Q Cell divisions are 

highlighted in orange. Cell bodies migrate to their proper positions. Adapted from (OU 

AND VALE 2009).  

 

2.5.2 Mechanosensory Neurons  

Two of the Q cell lineage descendants are the mechanosensory neurons AVM 

(anterior ventral microtubule) and PVM (posterior ventral microtubule). Together with 

the ALMs (anterior lateral microtubule) and PLMs (posterior lateral microtubule) the 

AVM and PVM neurons regulate a well-studied response to gentle mechanical stimuli in 

C. elegans. Additionally, the positions of AVM and PVM cell bodies and axonal 

projections have been well defined. AVM/PVM cell bodies are both located on the lateral 

side of the animal with axons extending ventrally and then anteriorly along the ventral 

nerve cord (CHALFIE AND SULSTON 1981). Unlike the PLMs and ALMs, which are 

present at hatching, AVM and PVM are born approximately 9 hours post-embryonically 

(Figure 5) (SULSTON 1983). Interestingly, the IIS pathway has been implicated in the 
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regulation of axon guidance in the mechanosensory neurons and DAF-18/PTEN is 

expressed in a number of neuronal tissues (MOHAMED AND CHIN-SANG 2006; BRISBIN et 

al. 2009; CHRISTENSEN et al. 2011; LIU et al. 2013). These characteristics make the AVM 

and PVM neurons an excellent marker to examine the role of DAF-18/PTEN in L1 arrest.  

Figure 5: Mechanosensory Neurons of C. elegans. 

Mechanosensory neurons in wildtype L1 arrested and early L2 stage worms. (A) In L1 

arrest the PLMs (left and right) terminate at the midbody, near the ALM (left and right) 

cell bodies. AVM/PVM are not born yet. (B) In early L2 stage worms PLM termination 

is unchanged, but AVM and PVM are present. (Anterior/posterior (A/P) and 

dorsal/ventral (D/V) are indicated. Modified from (MOHAMED AND CHIN-SANG 2006).
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2.5.3 M Cell Lineage 

During embryogenesis, mesodermal cells produce body wall muscles required for 

movement and intestinal muscles required for feeding in digestion. In addition to these 

embryonically derived muscle cells, C. elegans have a number of mesodermal cells that 

are produced post-embryonically. All post-embryonic mesodermal cells derive from a 

single mesoblast, M, that is present at hatching and first divides approximately 8 hours 

into the L1 stage (SULSTON AND HORVITZ 1977). During L1 the M mesoblast divides 

dorso-ventrally four times to produce 16 mesodermal cells. Two ventral cells undergo an 

additional division to produce a total of 18 mesodermal cells prior to the L1/L2 molt. 

Fourteen of the cells develop into body wall muscles required in locomotion and two 

become coelomocytes. The two cells produced by the final ventral division late in L1 

become sex myoblasts, which migrate to the gonad and produce vulval wall muscles in 

later larval stages (SULSTON AND HORVITZ 1977).  

Since M cell divisions begin relatively late in L1 development and continue until 

the L1/l2 molt the M mesoblast provides an excellent marker to determine how far 

development has progressed in L1 arrested worms. In wildtype worms only one M cell is 

present during L1 arrest. daf-16 mutants show a small percentage of worms (20% after 

two weeks starvation) with multiple M cells. The number of M cells present did not 

increase during longer periods of starvation, indicating there may be a limit on how far 

development can proceed during L1 arrest before causing death (BAUGH AND STERNBERG 

2006). The low penetrance of M cell divisions may be due to premature death of the 

nematode, or may be influenced by other redundant pathways. Inappropriate divisions of 
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the M cell lineage has already been linked to the IIS pathway through daf-16 and 

provides a somatic tissue marker that can be used to also examine DAF-18/PTEN’s role 

in developmental arrest.  

2.5.4 GABAergic Motor Neurons 

GABA (gamma-Aminobutyric acid) is an important neurotransmitter in vertebrate 

and invertebrate systems. In C. elegans adults there are 26 GABAergic neurons with 

roles in locomotion, foraging and intestinal contractions (MCINTIRE et al. 1993). Of these 

26 neurons, 19 are D class neurons that function to control locomotion. 6 DD neurons 

and 13 VD neurons innervate the body wall to inhibit muscle contractions on one side of 

the body to produce the sinusoidal locomotion of C. elegans (WHITE et al. 1978; 

MCINTIRE et al. 1993). DD motoneurons are born embryonically and are present at 

hatching, while VD motoneurons are born post-embryonically during L1 (HALLAM AND 

JIN 1998).  

 GABAergic neurons undergo two distinct developmental changes during the L1 

stage. First, 13 VD motoneurons are born during the late L1 stage, between the end of P 

cell divisions and the L1/L2 molt (approximately 13 hours post-hatching). VD 

motoneurons innervate the ventral body wall muscles to inhibit contractions (WHITE et al. 

1986). Additionally, after the VD motoneurons are born the 6 DD motoneurons undergo 

extensive synaptic remodeling. In newly hatched L1 larvae DD motoneurons innervate 

ventral body wall muscles to inhibit contractions. Between 13-18 hours after hatching 

DD neuron synapses undergo remodeling, innervating the dorsal body wall muscles to 

inhibit contractions. Remodeling of DD synapses is completed before the end of the 

L1/L2 molt and remains unchanged during later post-L1 stage development (WHITE et al. 
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1978; HALLAM AND JIN 1998). The birth of new neurons and synaptic remodeling during 

the late L1 stage provides two processes to examine the role of DAF-18/PTEN in 

controlling development of neuronal tissues during L1 arrest.   

2.5.5 V Cell Lineage 

The epidermis plays a vital role in creating the body plan, acting as a cellular 

substrate and producing cells needed for post-embryonic growth during C. elegans 

development. One of the three major epidermal cell types responsible for these processes 

are the seam cells. Seam cells primarily contribute to growth by producing epidermal and 

neural cells in each larval stage. They consist of two rows of bilateral cells derived from 

the V and H cell lineages during embryogenesis (SULSTON et al. 1983). At hatching 10 

bilateral seam cells stretch from anterior to posterior in the animal. All seam cells, except 

for H0, undergo stem cell-like divisions in each larval stage, producing one differentiated 

daughter cell and one stem cell-like seam cell that further divides (Figure 6) (SULSTON 

AND HORVITZ 1977). Seam cells undergo their final division after the L3/L4 molt, 

producing 16 seam cells that ultimately fuse to form the adult cuticle during late L4 

(PODBILEWICZ AND WHITE 1994). Seam cells synthesize collagen proteins to produce the 

cuticle for each larval stage and produce alae, specialized raised ridges running 

longitudinally over the seam cells, which are only found during L1, dauer and adult 

stages (SINGH AND SULSTON 1978). Seam cells also play important organizational roles 

during embryogenesis and control dauer larvae body formation by shrinking in volume to 

produce the radially constricted body and alae (SULSTON AND HORVITZ 1977; SINGH AND 

SULSTON 1978).  
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Seam cells undergo their first division early in L1, approximately 5 hours after hatching 

(SULSTON et al. 1983). During L1 arrest seam cell divisions are paused. However, daf-16 

mutants are unable to correctly arrest seam cell divisions, with 96% showing some 

differentiation and close to 80% showing division in all 6 V cells. Additionally, 100% of 

aak-2 mutants (deficient in AMPK signaling), showed at least one seam cell division 

(BAUGH AND STERNBERG 2006). Although, DAF-16/FoxO has only been implicated in 

developmental arrest of somatic tissues, AMPK signaling has roles in both somatic and 

germline arrest independent of daf-16 (FUKUYAMA et al. 2012). The similar function of 

AMPK and DAF-18/PTEN makes the V cell lineage another excellent target to study 

DAF-18/PTEN’s role in developmental arrest outside of the germline. 
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Figure 6: Seam Cell Development in C. elegans.  

Representation of left side seam cells in L1 larval stage to L4 larval stage worms. (A) 

There are 10 connected seam cells in L1 stage worms  (B) Developmental timing of V 

lineage seam cell divisions from L1-L4. Seam cells first divide ~5 hours into the L1 

larval stage. Time is given in hours on the left hand side. H = hypodermal cell, S = seam 

cell, X = cell death, .a =anterior, .p=posterior. (C) Seam cell number has increased to 16 

through post-embryonic divisions in L4 worms. Adapted from (GORREPATI et al. 2013).
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2.6 RNAi in C. elegans 

Classic forward genetic screens introduce mutations that cause a discernable 

phenotype. Mutants are then mapped and cloned to determine the gene function and the 

signaling pathways controlling the developmental process. However, generating and 

identifying new mutations using this method is time consuming and often produces a 

complete knockout of the gene, which may not isolate essential ‘lethal’ genes that are 

required in developmental processes. Alternatively, sequence specific double-stranded 

RNA (dsRNA) can be used to knockdown gene expression through RNA interference 

(RNAi). C. elegans fully sequenced genome allows targeting of most genes and the 

identification of corresponding phenotypes without altering the organism’s DNA (FIRE et 

al. 1998). Two RNAi libraries, one from the Ahringer Lab consisting of 16,575 gene 

specific clones and one from the Vidal Lab consisting of 11,511 gene specific clones, are 

available and provide coverage of 94% of C. elegans genes (TIMMONS et al. 2001; 

KAMATH et al. 2003).  

dsRNA downregulates gene expression by degrading targeted messenger RNA 

(mRNA). Upon introduction, Dicer, an RNase III family ribonuclease, recognizes and 

cleaves dsRNA to form small interfering RNA (siRNA) (MEISTER AND TUSCHL 2004). 

siRNAs are bound by the RNA induced silencing complex (RISC), which recognizes, 

binds and degrades complementary mRNA. A small amount of dsRNA is sufficient to 

produce significant gene knockdown, as siRNAs use endogenous mRNA as a template to 

produce additional dsRNA. Additionally, RNAi produces a systemic effect in C. elegans, 

allowing for a heritable knockdown through germline expression. Systemic RNAi 
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knockdown is most effective by introduction in the intestine and heritability is limited to 

the F1 generation, except when germline genes are targeted (FIRE et al. 1998; GRISHOK 

2005). Despite its systemic capability, tissue specific RNAi can be achieved through 

targeted removal of rde-1, a PAZ/PIWI family protein required by the Dicer complex to 

cleave dsRNA. Alternatively, rrf-1, a RNA-dependent-RNA polymerase (RDRP) 

required in the soma to accumulate siRNA, or ppw-1, a PAZ/PIWI protein required for 

efficient RNAi in the germline, can be removed to target specific tissues (TIJSTERMAN et 

al. 2002). However, recent studies suggest that rrf-1 mutants may still maintain some 

function in somatic tissues as well as the germline (KUMSTA AND HANSEN 2012).  

Gene knockdown using RNAi can be induced by the introduction of dsRNA to 

the nematode through three methods: injection, soaking and feeding. Originally, dsRNA 

was introduced through injection into the gonad or body cavity of early adult worms and 

progeny were examined. Although injection produced strong knockdown, experimental 

number and life stage was limited by physical injection (FIRE et al. 1998). Soaking 

worms in a high concentration of dsRNA and feeding bacteria containing dsRNA both 

allow for higher throughput knockdown and application to earlier life stages (TABARA et 

al. 1998; TIMMONS AND FIRE 1998). For instance, soaking worms in media containing 

RNAi or feeding worms RNAi bacteria during L1 allows for scoring of embryonic lethal 

genes during L4 of adult stage. These delivery methods provide a powerful approach to 

test the effect of gene knockdown on processes of interest in a stage specific manner. 
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Chapter 3 

Materials and Methods 

3.1 Experimental Strains 

 All strains were maintained and manipulated at 20°C as first described by 

Brenner, unless otherwise noted (BRENNER 1974). N2 Bristol was used as the wildtype 

strain in these studies. The following strains were used or created for this project:  

LG I: CF1038 - daf-16(mu86), GS2447 – hop-1(ar179), LS292 – dys-1(cx18), MT2773 – 

sup-17(n1260), RB818 – hum-1(ok634), VC454 – fer-1(ok580)/hT2[bli-4(e973)let-

?(q782)qIs48], VC656 - asna-1(ok938)/hT2  

LG II: RB2322 – K05F1.6(ok3156) 

LG III: CB251 – unc-36(e251), CB1370 daf-2(e1370), CB4037 – glp-1(e2141), MT1329 

– lin-12(n302);him-5(e1467), RDV55 - rdvIs1[egl-17p::Myri-mCherry::pie-1 

3'UTR+egl-17p::mig-10::YFP::unc-54 3'UTR+egl-17p::mCherry-TEV-S::his-24+rol-

6(su1006)], SD420 – mpk-1(ga119)/dpy-17(e164) unc-79(e1068)!
LG IV: CB1375 – daf-18(e1375), FS116 – daf-18(mg198), RB712 – daf-18(ok480) 

LG V: RB902 jamp-1(ok765) 

LG X: CZ2744 adm-4(ok265), PD4666 – ayIs6[hlh-8::GFP], RB2304 – arg-1(ok3127) 

Unmapped Integrated Strains: BC13248 – dpy-

5(e907)I;sIs12963[rCesF09D12.15::GFP+pCeh361] 

IC Strains: IC83 – zdIs5[mec-4::GFP]I, IC97 – age-1(m333)/mIn1mIs14 II, IC220 – 

juIs73[unc-25::GFP]III, IC537 – age-1(m333)/mIn1mIs14 II;daf-18(ok480)IV, IC817 –  

quIs18[genomic daf-18];daf-18(ok480) IV, IC864 – daf-18(ok480)IV;ayIs6 X, IC1016 – 

hum-1(ok634)I;daf-18(ok480)IV, IC1028 – zdIs5/fer-1(ok580)I;daf-18(ok480);him-

5(e1490), IC1029 – dys-1(cx18)I;daf-18(ok480)IV;him-5(e1490)V, IC1127 – zdIs5 I;daf-

2(e1370)III;daf-18(ok480)IV, IC1135 – daf-2(e1370) III;daf-18(ok480) IV;him-5(e1490) 

V, IC1369 - zdIs5 I;daf-16(mu86)I, IC1370 – daf-16(mu86)I;daf-2(e1370)III,  
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IC1555 - daf-18(ok480)IV;jamp-1(ok765)V, IC1556 – asna-1(ok938)III/hT2;daf-

18(ok480)IV, IC1557 daf-18 (ok480)IV;adm-4(ok265)X, IC1559 – hop-1(ar179) I;daf-

18(ok480)IV, IC1569 – daf-16(mu86)III;daf-18(ok480)IV, IC1560 – glp-1(e2141)III;daf-

18(ok480)IV, IC1561 – unc-36(e251)III;daf-18(ok480)IV, IC1562 – lin-12(n302)III;daf-

18(ok480)IV, IC1563 – arg-1(ok3127)X;daf-18(ok480)IV, IC1564 – mpk-1(ga119)/dpy-

17(e164)III;daf-18(ok480) IV, IC1565 – rdvIs1III;daf-18(ok480)IV, IC1566 – 

sIs12963[rCesF09D12.1::GFP=pCeh361];daf-18(ok480) IV 

qu alleles: IC1098-IC1107  – qu22 – qu31 [suppressor;daf-18(ok480)] 

 

Strains used in this study were obtained from the C. elegans Genetic Centre (CGC), 

unless otherwise noted. daf-18(mg198) was a gift from the Solari Lab and zdIs5[mec-

4::GFP] was a gift from the Clark Lab. 

3.2 L1 Arrest Assays & Lifespan Extension 

For L1 arrest assays the desired strains were first synchronized by egg 

preparations as follows: multiple plates of the study strain were grown to produce adults 

containing eggs in the gonad arms. Plates containing gravid adults were washed into 1.5 

ml centrifuge tubes with 1 ml of Chin-Sang Lab M9 buffer (see Appendix A) and 

centrifuged at 3000 revolutions per minute (RPM) for 1 minute using a Fisher Scientific 

accuspin Micro 17. M9 was then aspirated, leaving a pellet of adult worms. Worms were 

treated with 1ml of bleach solution (10% store bought No Name brand bleach in 1M 

NaOH solution) for 1.5 minutes, centrifuged at 6000 RPM, aspirated and treated a second 

time with bleach solution until the worm bodies disappeared (leaving only eggs). Tubes 

were centrifuged at 6000 RPM again, aspirated and washed a minimum of three times 

with M9 to dilute any residual bleach remaining. Tubes containing eggs were 

resuspended in 1 ml of M9 and placed on a Barnstead Thermolyne Labquake Shaker at 
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20°C to hatch, unless otherwise stated. For ethanol extension experiments worms were 

incubated in a M9 solution containing 17 mM, 34 mM or 69 mM ethanol depending on 

treatment. Ethanol solutions were generated through serial dilution of a pure ethanol 

stock using M9. 

 Following embryo synchronization, worms were allowed to hatch overnight in 

M9 minimal media without a food source. An aliquot of worm sample was removed the 

following morning to determine the initial survival rate. Each day an aliquot containing a 

minimum of 100 worms was removed. Aliquots were plated on nematode growth media 

(NGM) agar plates (see Appendix A) seeded with OP50 bacteria and the OP50 was 

allowed to dry to create a bacteria lawn to act as a food source. Survival was scored using 

a Zeiss compound microscope 2-3 hours after plating based on movement of L1 larvae. 

Worms that were not moving were stimulated with a light touch from the end of a worm 

pick to determine viability. When survival rate was scored as zero (no L1 worms alive) 

for two consecutive days the remaining culture was plated on the third day to check for 

any survivors. For all reported genotypes a minimum of three independent experiments 

were performed. Survival curves were calculated as percent survival at each time point 

using the initial survival rate from the first day as 100 percent surival. Each time point in 

the survival curve represented the average survival rate calculated from the multiple 

independent experiments. Standard error of mean (SEM) was calculated for each data 

point and statistical significance was determined using a student’s t-test. Any higher 

survival rates after increased number of days in M9 minimal media were attributed to 

underestimation of survival at earlier data points, pipetting errors or counting errors and 

only affected early data points. 
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3.3 RNAi Knockdown Protocol 

RNAi knockdowns were performed using candidate genes that have been mutated 

in human cancers (SJOBLOM et al. 2006; WOOD et al. 2007; JONES et al. 2008; PARSONS 

et al. 2008). From previous screens a number of these genes were identified as possible 

interactors and chosen for further examination using the L1 arrest phenotype.  

All RNAi constructs used were obtained from the Ahringer RNAi Library 

(KAMATH et al. 2003). RNAi bacterial cultures were grown in 2XTY (see Appendix A) 

containing 100 mg/mL of ampicillin. Culture tubes containing 2XTY were inoculated and 

grown overnight at 37°C. RNAi plates (see Appendix A) were seeded with 150 µl of the 

inoculated 2XTY and left overnight to allow the RNAi bacteria to grow and dsRNA 

synthesis to take place. Plates were stored at 4°C for no longer than one month before 

use. Egg preparations were performed on daf-18(ok480) mutants and worms were 

hatched overnight in M9 to synchronize to the L1 stage. Worms were synchronized to 

ensure all embryos were exposed to RNAi throughout their development Approximately 

100 daf-18(ok480) L1 larvae were added to the RNAi bacterial plate. Worms were 

allowed to grow at 20°C until gravid adults were present (approximately 4-6 days) and 

then washed with M9 and egg preparations performed as outlined above (see section 3.2). 

Aliquots were removed daily and scored for survival following the L1 arrest assay 

protocol.  

3.4 EMS Mutagenesis 

To identify novel suppressors of the daf-18(ok480) L1 arrest phenotype, an 

unbiased ethyl methanesulfonate (EMS) mutagenesis screen was performed. EMS usually 

introduces G/C to A/T point mutations at a frequency of ∼7 X 10-6 per mutagenized G/C 
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base pair, approximately 1 mutation per 2000 copies of a gene screened (ANDERSON 

1995; JORGENSEN AND MANGO 2002). daf-18(ok480) worms were bleached and 

synchronized to the L4 stage, to target the developing germline and increase odds that 

mutations would be heritable. Plates of L4 worms were washed with M9, centrifuged at 

3000 RPM and resuspended in 4 ml of M9 solution containing 20 µl of EMS (~47mM). 

Worms were incubated at room temperature for 4 hours with gentle agitation using an 

ISE GelSurfer Rocker. Worms were washed repeatedly using M9 buffer and plated on 

NGM agar plates seeded with OP50 E. coli to recover. Ten parental generation (P0) 

worms were picked to individual plates (100 parental plates) and allowed to lay eggs 

before being removed. F1 progeny were allowed to develop and gravid F1s were 

bleached and left to hatch in M9 at 20°C. Following bleaching, the F2 generation was 

starved in M9 buffer at 20°C for 4 days and then plated to look for surviving worms. 

Candidate worms were picked to fresh plates to produce stable lines and tested using the 

L1 arrest protocol above (section 3.2). Only one suppressor was taken from each parental 

generation plate. Suppressor lines were outcrossed to daf-18(ok480) twice and non-

complementation tests were performed using age-1 (an identified suppressor of daf-

18(ok480) dauer and L1 arrest phenotypes) to determine if the mutation was on LGII.  

3.5 Cell Proliferation Analysis 

Cell proliferation during L1 arrest was analyzed using cell specific GFP and RFP 

reporters. Mechanosensory neurons were visualized using the GFP reporter zdIs5(mec-

4::gfp) strain (CLARK AND CHIU 2003) and were scored for the presence of either AVM 

or PVM during L1 arrest. Q Cells were visualized using the RFP reporter rdvIs1(Pegl-

17::mCherry::his-24+Pegl-17::myristoylated mCherry + Pegl-17::mig-10::yfp+pRF4) 
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and scored for divisions and migration of the Q Cells (OU et al. 2010). M Cells were 

visualized using the GFP reporter ayIs6 (hlh-8::GFP) and scored for divisions during L1 

arrest (KNIAZEVA et al. 2008). DD motor neurons were visualized using the GFP reporter 

juIs73 (unc-25::gfp) and scored for DD rewiring and divisions (HALLAM et al. 2000). 

Seam cells were visualized using the GFP reporter 

sIs12963[rCesF09D12.1::GFP+pCeh361] and scored for divisions of the V lineage 

during L1 arrest (MCKAY et al. 2003). All strains were crossed to daf-18(ok480) using 

standard protocols and the daf-18(ok480) deletion was confirmed by phenotype and PCR 

(using forward/reverse primers oIC 641/642 – 

5’AACTTACCACTGGCAACGAATGAATAC/ 

5’AATCGTGGAGATAAGGCTGCTAAATC) giving a WT band of ~ 1500 bp and a 

mutant daf-18(ok480) band of  ~750 bp. 

For all cell proliferation assays worms were synchronized to the L1 larval stage 

using the same protocol as the L1 arrest assays (see section 3.2). Following 

synchronization L1 larvae were starved in M9 at 20°C on a rotator. For these experiments 

68 mM ethanol was added to the M9 to increase L1 arrest longevity. During each day of 

L1 arrest an aliquot containing at least 100 worms was removed and mounted on a slide 

for analysis. Worms were mounted on 3% agar pads and anaesthetized using 5-10 µl of 

10% sodium azide in M9 buffer. Sodium azide was preferred to 0.2% tricaine and 0.02% 

tetramisole to prevent curling of the worm that was previously noted during L1 analysis 

in the Chin-Sang Lab. All phenotypic analysis was performed using a Zeiss Axioplan 2 

fluorescent microscope, Axiocam and Axiovision software. All worms were examined 

using 10/20/40X objective lenses and all images were taken of live worms at 400X 
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magnification, unless otherwise noted. For each strain a minimum of 100 worms were 

examined each day and a minimum of three independent experiments were run for each 

strain. Data represents average number of worms showing cellular proliferation at each 

point and SEM was calculated for the average proliferation rate at each data point. 
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Chapter 4 

Results 

4.1 DAF-18/PTEN Role in L1 Arrest 

To investigate the role of the IIS pathway during quiescence the phenotypes of IIS 

genes during L1 arrest were examined. Genes with dauer constitutive, long-lived 

phenotypes all showed increased survival during L1 arrest, while dauer defective genes 

showed decreased L1 arrest survival compared to wildtype worms (Figure 7). daf-18 

mutants showed the most severe survival decrease during L1 arrest, with a maximal 

survival of only 4 days, compared to 24 days for wildtype worms. daf-18 worms that did 

survive past two days often appeared abnormal, displaying limited movement and 

degradation of the cuticle. daf-16 worms also show decreased L1 arrest survival of only 

13 days, a less severe phenotype than daf-18 worms. Conversely, age-1 and daf-2 worms 

both showed increased L1 survival, with daf-2 worms surviving 7 days longer than 

wildtype worms. Due to the opposing phenotypes of the genes in the IIS pathway and the 

known role of DAF-18/PTEN in regulating PI3K, I decided to test if genes in the IIS 

pathway could rescue the severe decrease in L1 arrest survival in daf-18 worms. 
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Figure 7: IIS Pathway Phenotypes During L1 Arrest 

daf-18 strains die early during L1 arrest compared to WT and other IIS mutants. Curves 

represent the average of three independent trials and error bars represent SEM. N>300 for 

each data point. 

 

4.1.1 Genes in the IIS Pathway Partially Suppress DAF-18/PTEN L1 Arrest 

To determine if daf-18 functions in the IIS pathway during L1 arrest we tested 

double mutants to see if they could rescue the daf-18 L1 arrest phenotype. Double mutant 

analysis showed that IIS genes are only able to partially rescue the daf-18 L1 arrest 

phenotype (Figure 8). Although DAF-16/FoxO is the terminal gene in the IIS pathway 

and daf-16 mutants survive longer than DAF-18/PTEN during L1 arrest, daf-16;daf-18 

double mutants only survive for 4 days during L1 arrest, the same L1 arrest phenotype as 

daf-18 single mutants (Figure 8A). daf-2/IGFR/IR mutants are able to increase survival 

of DAF-16/FoxO mutants by 9 days to near wildtype levels, but daf-2;daf-18 double  
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Figure 8: IIS Gene Double Mutants During L1 Arrest 

 (A) daf-16(mu86);daf-18(ok480) double mutants only live 4 days in minimal media, 

similar to daf-18(ok480) (B) daf-2(e1370) partially rescues the premature death of daf-

16(mu86) mutants during L1 arrest close to WT levels, but only increases daf-18(ok480) 

survival moderately (C) The long-lived mutant age-1(m333) increases L1 arrest survival 

of daf-18(ok480) mutants the most of all the IIS genes, but rescue does not approach 

wildtype levels. Curves represent the average of three independent trials and error bars 

represent SEM. N>300 for each data point. 

 

 

mutants only survive 3 days longer than daf-18 mutants. AGE-1/PI3K mutants increase 

DAF-18/PTEN L1 arrest survival the most of the IIS pathway genes, with age-1;daf-18 

double mutant survival doubling to 8 days. Taken together these results suggest that 

although DAF-18/PTEN interacts with genes in the IIS pathway it also has roles 

independent of the IIS pathway in controlling L1 arrest survival. 

4.2 DAF-18/PTEN has Germline Function in L1 Arrest 

DAF-18/PTEN is known to function to maintain quiescence in the germline 

during L1 arrest so I tested whether DAF-18 may be required in the germline during L1 

arrest. Tissue specific RNAi knockdown of DAF-18/PTEN shows that loss of DAF-

18/PTEN in the germline is able to produce early L1 arrest (Figure 9A). rrf-1 mutants 

that are resistant to RNAi in the soma show the same L1 arrest phenotype as wildtype 

worms on daf-18  RNAi, suggesting that DAF-18 in the germline is alone sufficient to 

induce L1 arrest. ppw-1 worms that are resistant to RNAi in the germline also show L1 

arrest survival defects, but live longer than rrf-1 and wildtype worms. An integrated array 

containing the wildtype daf-18 genomic transgene was also tested for rescue of the daf-18 



 

 

 

42 

L1 arrest phenotype. The daf-18;quIs18 [genomic wt daf-18] line was able to partially 

rescue the L1 arrest phenotype of daf-18 mutants, increasing survival to 7 days (Figure 

9B). The transgenic line was able to rescue the dauer defective phenotype daf-18(ok480)  

worms, but L1 arrest rescue did not approach wildtype levels.    
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Figure 9: Tissue Specific RNAi Knockdown of DAF-18/PTEN  

(A) rrf-1 mutants (RNAi functions only in germline) on daf-18 RNAi have the same L1 

arrest phenotype as wildtype worms on daf-18 RNAi, while ppw-1 mutants (RNAi 

functions only in soma) survive L1 arrest longer (B) An integrated daf-18 rescuing array 

is only able to partially rescue the daf-18 mutant L1 arrest phenotype, increasing survival 

to 7 days. Curves represent the average of three independent trials and error bars 

represent SEM. N>300 for each data point. 

 

4.3 RNAi Knockdown For Suppressors of DAF-18/PTEN L1 Arrest 

 Previously, the Chin-Sang lab carried out an RNAi candidate gene approach to 

identify suppressors of the daf-18 L1 arrest defect. RNAi knockdown of candidate genes 

identified several suppressors of the daf-18 L1 arrest phenotype. I retested those genes by 

RNAi and they showed weak suppression of the premature L1 arrest death phenotype, 

with survival increased by 1-2 days (Table 2). A number of genes identified have roles in 

larval development and in the germline in C. elegans and were given high priority 

(Appendix B, Table AB1). To test if incomplete rescue of the phenotype was due to 

remaining gene function due to the RNAi knockdown, double mutants were constructed 

with daf-18(ok480) to test for suppression. Surprisingly, double mutants did not suppress 

the daf-18 L1 arrest phenotype, with strains dying after 4 days of survival in L1 arrest. 

sup-17 was the only gene tested that showed suppression of the L1 arrest phenotype in 

double mutant analysis (Table 2, Figure 10). Similar to other suppressors of daf-18 L1 

arrest, the sup-17 mutant only partially rescued the daf-18 mutant phenotype, increasing 

survival by 3 days, to a maximum of 7, well below wildtype levels. Additionally, sup-17 

also rescued the dauer defective phenotype of DAF-18/PTEN worms. sup-17 encodes an 

ADAM metaloprotease and is part of the Notch signaling pathway (WEN et al. 1997).  I 
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tested additional LIN-12/Notch pathway genes in double mutant analysis that were not 

included in the original RNAi screen. Additional genes tested were unable to extend the 

daf-18 L1 arrest phenotype. 

 

Table 2: Candidate RNAi Suppressors of DAF-18/PTEN L1 Arrest a,b 

Gene RNAi Knockdown 
Survival (Days) 

Allele For Double Knockout 
with daf-18(ok480) 

Double Mutant 
Survival (Days) 

adm-4 N/A ok265 4 
arg-1 N/A ok3127 4 
asna-1 6 ok938 4 
dys-1 6 cx18 4 
fer-1  6 ok580 4 
glp-1 6 e2141 4 
hop-1 N/A ar179 4 
hum-1 6 ok634 4 
jamp-1 6 ok765 4 

K05F1.6 6 ok3156 4 
lin-12 N/A n302 4 
mpk-1  6 ga119 4 
sup-17 5 n1260 7 
unc-36 6 e251 4 

a Suppressors that do not have RNAi data are part of the LIN-12/Notch pathway and were 

tested as double mutants. 
bThe double mutant suppressors sup-17 is highlighted in bold in the table. 
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Figure 10: sup-17 Partially Suppresses the L1 Arrest Phenotype of DAF-18/PTEN 

sup-17(n1260) suppresses the L1 arrest phenotype of daf-18(ok480) extending survival 

by 3 days, but does not approach wildtype levels. Curves represent the average of three 

independent trials and error bars represent SEM. N>300 for each data point. 

 

 

4.4 EMS Mutagenesis Suppressors of DAF-18/PTEN L1 Arrest 

In addition to the candidate gene approach for suppressors of the daf-18 L1 arrest 

defect, unbiased EMS mutagenesis screens were performed to identify suppressors. Ten 

suppressors were identified from the EMS screens with L1 arrest survival ranging from 

5-7 days (Table 3). All of the suppressors identified also suppressed the dauer defective 

phenotype of daf-18 worms and none of the suppressors showed any visible phenotype 

that could help characterize the suppressors. The strongest suppressors (qu23, qu26 and  
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qu27) only increased L1 arrest survival by 3 days and none of the suppressors from the  

screens restored wildtype levels of L1 arrest survival. Additional screens to identify 

‘super suppressors’ that lived for at least 10 days during L1 arrest were performed, but no 

suppressors were identified from these screens. 

Table 3: EMS Mutagenesis Suppressors of the DAF-18/PTEN L1 Arrest Phenotype 

Allele L1 Arrest 
Survival 

Dauer 
Suppression 

age-1 like 
phenotype 

Chromosome Notes 

qu22 5 days Yes No Not on II No visible phenotype 
qu23 7 days Yes No Not on II No visible phenotype 
qu24 5 days Yes No Not on II No visible phenotype 
qu25 6 days Yes No Not on II No visible phenotype 
qu26 7 days Yes No Not on II No visible phenotype 
qu27 7 days Yes No Not on II No visible phenotype 
qu28 6 days Yes No Not on II No visible phenotype 
qu29 6 days Yes No Not on II No visible phenotype 
qu30 > 3 days Yes Yes Likely on II Likely age-1 
qu31 > 3 days Yes Yes Likely on II Likely age-1 

 

4.5 DAF-18/PTEN Role in Cellular Proliferation 

A role for DAF-18/PTEN in controlling germline quiescence during L1 arrest has 

already been well established, but there is limited evidence for DAF-18/PTEN’s role in 

maintaining quiescence in other tissues. However, DAF-16/FoxO plays a role in 

starvation-induced quiescence in a number of tissues outside the germline during L1 

arrest, including in muscle and epidermal cells. In light of the role that other IIS genes 

play in cellular quiescence I tested if DAF-18/PTEN also affects cellular quiescence in 

tissues other than the germline. Testing for cellular divisions during L1 arrest in DAF-

18/PTEN worms was limited by the early L1 arrest death phenotype, with surviving 

worms often poorly displaying markers and increased GFP auto fluorescence due to  
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sickness. To extend the lifespan of the worm to test for inappropriate cellular divisions 

during L1 arrest worms were treated with small amounts of ethanol. mM amounts of 

ethanol are able to more than double L1 arrest survival in daf-18 and wildtype worms, but 

other carbon sources (H2O2 and DMSO) were not sufficient to extend lifespan (Figure 

11). Treatment with ethanol allows more time for cellular divisions to take place in 

worms with severe L1 arrest phenotypes. 

 

 

Figure 11: Treatment With Ethanol Extends Survival During L1 Arrest 

L1 arrest survival of WT and daf-18(ok480) worms is significantly increased after 

treatment with mM amounts of ethanol, doubling lifespan. Treatment with other carbon 

sources, such as H2O2 and DMSO, does not significantly increase lifespan. Error bars 

represent SEM. Student’s t-test was run between treatments and controls: N.S. = not 

significant **P<0.01 
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4.5.1 M Cells Divide During DAF-18/PTEN L1 Arrest 

In daf-16 mutants, the M cell lineage divides during L1 arrest in 11% of worms 

after 3 days and 60% of worms after 7 days (BAUGH AND STERNBERG 2006). I tested if 

mesoblasts also divide during L1 arrest in daf-18 mutants using a GFP M cell marker. 

Wildtype worms never showed M cell divisions and daf-18(ok480) mutants did not 

undergo significantly more M cell divisions during L1 arrest than wildtype worms 

(Figure 12). Approximately 1.5% of daf-18(ok480) worms underwent at least one M cell  

division during L1 arrest, notably lower than in daf-16 mutants. The percent of daf-18 

worms with M cell divisions did not increase with increased L1 arrest starvation. Most 

worms underwent a single M cell division to produce two daughter cells, although some 

worms underwent an additional division to produce 4 cells. The likelihood of worms 

undergoing multiple M cell divisions was not correlated with increased time spent in L1 

arrest and none of the worms scored underwent more than two M cell divisions. Although 

daf-18 worms showed a low percentage of M cell divisions, they did show a significant 

increase in GFP expression around the rectum compared to wildtype worms (Figure 12). 

The percent of worms with rectal GFP expression was positively correlated with 

increased time spent in L1 arrest, with 12% of worms showing rectal GFP after one day 

of L1 arrest and 45% of worms showing rectal GFP expression after 5 days in L1 arrest. 

Rectal GFP expression was never seen in wildtype worms.  
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Figure 12: M Cell Divisions During L1 Arrest  

(A-E) M cells in L1 larvae during arrest. M cells were visualized using ayIs6[hlh-8::gfp]. 

Posterior is on the right and M cells are highlighted in red boxes in all images. (A-B) In 

wildtype ayIs6 worms only one, undivided M cell is present during L1 arrest (C-E) In 

ayIs6;daf-18(ok480) worms M cells divide to produce two or four M cells and show 

rectal GFP, highlighted by white triangles (F) ayIs6;daf-18(ok480) worms show multiple 

M cells, but the proportion with multiple M cells does not increase during L1 arrest (G) 

ayIs6;daf-18(ok480) show significantly increased rectal GFP during L1 arrest. N>500 for 

each data point. Error bars represent SEM. daf-18 worms were compared to wildtype 

controls using student’s t-test n.s.=not significant *P<0.05 **P<0.01. 
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4.5.2 DD Motor Neurons and V Cell Lineage Do Not Divide During L1 Arrest 

 Two additional cell markers were also examined for cellular divisions during L1 

arrest. DD motor neurons undergo divisions and synaptic remodeling late in the L1 stage 

to produce VD motoneurons and the V cell lineage undergoes divisions to increase the 

number of epithelial cells present throughout the L1 stage. DD neurons and the V cell 

lineage were both visualized using a GFP marker to score cellular divisions during L1 

arrest. daf-18 mutant DD motor neurons did not show any cellular divisions during L1 

arrest, with only 6 DD motor neurons present in L1 arrest worms even after 5 days of 

arrest (Figure 13). Similarly, the V cell lineage did not show any additional cellular 

divisions during L1 arrest, with only ten seam cells present in daf-18 L1 arrested worms 

(data not shown). 
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Figure 13: D Motor Neurons During L1 Arrest 

(A-D) DD motor neurons in L1 larvae during arrest. DD motoneurons were visualized 

using juis73[unc-25::gfp]. Posterior is on the right and the 6 DD neurons are marked 

with white triangles in all images. (A-B) Only 6 DD motoneurons are present in WT unc-

25::gfp worms during L1 arrest (C-D) Only 6 DD motoneurons are present in unc-

25::gfp;daf-18(ok480) during L1 arrest. DD motoneurons do not divide during increased 

number of days in L1 arrest.
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4.5.3 Q Cell Lineage Divides and Migrates in L1 Arrested daf-18 Mutants 

The Q cell lineage undergoes divisions and migrations during the L1 stage to 

produce 6 neurons located throughout the worm. To test if the Q cells divide and migrate 

during L1 arrest in DAF-18/PTEN worms I used an RFP reporter to score divisions. In 

both wildtype and daf-18 worms the Q cells undergo the first division during L1 arrest to 

produce four daughter cells (Figure 14). In daf-18 worms (80%) Q cells showed 

migration of the daughter cells from the posterior end of the worm to the anterior by the 

end of day 5 of L1 arrest. This migration was not present in wildtype worms. QR.a, the 

precursor to the AQR and AVM neurons, can be seen migrating anteriorly towards the 

position where it will again divide in daf-18 mutants. daf-18 worms showed some 

additional divisions of the Q cell lineage, however, the RFP reporter was difficult to 

distinguish from background markers in many cases and neuron bodies were not clearly 

defined.  
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Figure 14: Q Cells Divide and Migrate in L1 Arrested daf-18 Worms  

(A-D) Q cell lineage of L1 arrested worms. Q cells were visualized using rdvis1[Pegl-

17::mCherry::his-24+Pegl-17::myristoylated mCherry + Pegl-17::mig-10::yfp+pRF4]. 

Posterior is on the right and anterior is on the left for all photos. QR is located ventrally 

to QL. (A) QL and QR do not divide in wildtype worms on day 1 of L1 arrest. QR and 

QL are highlighted by the white box (B) In wildtype worms QR divides to produce QR.a 

and QR.p, highlighted by the white box, during L1 arrest, but the daughter cells do not 

migrate anteriorly (C) On day 1 of L1 arrest QL and QR do not divide in most daf-

18(ok480) worms, but begin to move apart (QR anteriorly, QL posteriorly). QR and QL 

are highlighted by the white box (D) By day 5 of L1 arrest daf-18(ok480) worms have Q 

cells that begin to migrate towards their specified positions. The migrating cell QR.a, a 

descendent of QR, is marked by a white triangle and QR.p, QL.a and QL.p are 

highlighted by the white box (E) Q cells migrate significantly more during L1 arrest in 

daf-18(ok480) mutants. A cell was considered to have migrated if it had gone more than 

20 µm. N>100 at each data point. Error bars represent SEM. Student’s t-test was 

performed comparing daf-18 to wildtype worms **P<0.01 ***P<0.001 
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4.5.4 Mechanosensory Neurons AVM and PVM are Born in daf-18 L1 Arrested 

Worms 

Two of the neurons produced by the Q Cell lineage are the touch neurons AVM 

and PVM, which are not born until after hatching in the L1 stage. Worms with a GFP 

touch neuron reporter were scored for the presence of AVM and PVM neurons during L1 

arrest. During L1 arrest AVM and PVM are present in daf-18 worms with 95% of worms 

showing either AVM or PVM on day 5 of L1 arrest (Figure 15). In contrast, wild type 

animals never show AVM or PVM during its extended L1 arrest. daf-18 worms begin to 

show AVM and PVM neurons after two days of L1 arrest and the percentage of worms 

with AVM or PVM is positively correlated with increased time in L1 arrest. Although 

AVM and PVM are born at the same time during the L1 stage, AVM was scored more 

often than PVM after 2 or 3 days of L1 arrest and the PVM neuron often appeared faint. 

However, by day 4 of L1 arrest over 90% of daf-18 mutants show both AVM and PVM 

neurons, although PVM was still not as pronounced as the AVM neuron in many worms 

(Appendix C, Figure AC1). Interestingly, when I tested whether daf-16 animals showed 

inappropriate AVM and PVM cell divisions during L1 arrest I found that daf-16 mutants 

behaved like wildtype animals and never showed AVM or PVM neurons regardless of 

the length of the L1 arrest. Additionally, daf-2(e1370);daf-18(ok480) double mutants 

were not able to suppress the AVM/PVM proliferation phenotype of daf-18 worms (data 

not shown).  In summary I have identified a novel cell division phenotype (AVM and 

PVM neurons) in daf-18 mutants. Since daf-16, the terminal regulator in the IIS pathway 

does not display this phenotype, it suggests that the role of DAF-18 in suppressing the 
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cell divisions for producing AVM and PVM are independent of the canonical insulin 

signaling pathway.  
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Figure 15: AVM and PVM are Born in DAF-18/PTEN Arrested Worms 

(A-F) The mechanosensory neurons of L1 arrested worms. The mechanosensory neurons 

were visualized using the zdis5 [Pmec-4::gfp] reporter. Posterior is on the right and 

anterior on the left in all photos. (A-B) No AVM or PVM is ever present during L1 arrest 

in zdis5 or daf-16(mu86) worms (C) No AVM or PVM is present in daf-18(ok480) 

worms on day 1 of L1 arrest (D) PVM neurons (marked by a white star) are born in daf-

18(ok480) worms during L1 arrest (E-F) AVM neurons (marked by white triangle) are 

born in daf-18(ok480) worms during L1 arrest  (G) Touch neurons are born in a high 

percentage of daf-18(ok480) worms, but never in zdis5 or daf-16(mu86). N>500 for each 

data point. Error bars represent the SEM. Student’s t-test compared daf-18 to control and 

daf-16. ***P<0.001 
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Chapter 5 

Discussion  

The IIS pathway and DAF-18/PTEN have been shown to play important roles in 

maintaining survival and quiescence during L1 arrest. daf-18 worms show severe 

premature lethality during L1 arrest compared to other IIS genes. Double mutant analysis 

shows that in addition to regulating the IIS pathway DAF-18/PTEN functions 

independently of the IIS pathway to control L1 arrest survival. Tissue specific RNAi 

shows that during L1 arrest daf-18 is required in the germline to maintain L1 arrest. Only 

weak suppression of the L1 arrest phenotype has been achieved, with the IIS gene age-1 

and the LIN-12/Notch gene sup-17 both modestly increasing arrest survival. Lastly, in 

addition to previous reports of a germline role for maintaining quiescence during L1 

arrest daf-18 also functions to control migration and division of cells in previously 

unreported somatic tissues, specifically neurons and muscle cells.   

5.1 DAF-18/PTEN Functions Independently of the IIS Pathway in L1 Arrest 

In addition to altered lifespan and dauer formation phenotypes members of the IIS 

pathway also show L1 arrest phenotypes. Dauer defective genes are short lived during L1 

arrest and dauer constitutive genes show increased survival during L1 arrest. daf-18  

mutants have the most severe L1 arrest, living for only four days. Interestingly, this 

phenotype is more severe than that of DAF-16/FoxO mutants, the terminal gene in the IIS 

pathway. Double mutant analysis with daf-16 and daf-18 showed the same L1 arrest 

phenotype as daf-18 single mutants, surviving only for four days. This suggests that  
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DAF-18/PTEN has roles in L1 arrest survival outside of IIS pathway, as DAF-16/FoxO is 

the terminal gene in the pathway and a daf-16 L1 arrest phenotype would be expected if 

signaling was only through IIS. Additionally, IIS mutants with increased L1 arrest 

survival (daf-2 and age-1 mutants) are only able to partially rescue the DAF-18/PTEN 

phenotype, further evidence that daf-18 mutants exert influence outside of the IIS 

pathway. Much like L1 arrest, the control of germline proliferation and oocyte maturation 

has been shown to be independent of DAF-16/FoxO, with IIS signaling mutants only 

partially rescuing oocyte and germline phenotypes (FUKUYAMA et al. 2006; BRISBIN et 

al. 2009). Similarly, DAF-18/PTEN likely controls L1 arrest through redundant signaling 

pathways that act in parallel to IIS to control proliferation and starvation response.  

5.2 Germline Role of DAF-18/PTEN During L1 Arrest 

In addition to DAF-18/PTEN functioning independently of IIS during L1 arrest it 

is likely that DAF-18/PTEN is required in the germline during L1 arrest. Previous 

research established the role of DAF-18/PTEN in controlling germline quiescence during 

L1 arrest and previous tissue specific DAF-18/PTEN rescue experiments were unable to 

restore wildtype survival levels (FUKUYAMA et al. 2006; FUKUYAMA et al. 2012). An 

integrated DAF-18/PTEN transgenic rescuing line was unable to restore wildtype levels 

of L1 arrest survival, only increasing survival from 4 to 7 days, well short of the 24 days 

seen in wildtype worms. Interestingly, high copy number transgenes are silenced in the 

germline in a process known as ‘transgene silencing’ and cosuppression of germline 

expressed genes with similar sequences to introduced DNA may also take place (ROBERT 

et al. 2005). This transgene silencing suggests that DAF18/PTEN may be required in the  



 

 

 

62 

germline to properly L1 arrest. Using tissue specific RNAi knockdown of DAF-18/PTEN 

I showed that loss of DAF-18/PTEN in the germline alone is sufficient to cause the 

premature L1 arrest phenotype. However, recent studies suggest that rrf-1, the gene used 

for germline specific RNAi knockdown, may maintain some function in somatic tissues 

as well as the germline (KUMSTA AND HANSEN 2012). This raises the possibility L1 arrest 

survival during DAF-18/PTEN knockdown may be due to the ability of rrf-1 mutants to 

maintain RNAi function in both germline and somatic tissues (similar to wildtype 

worms). To test the germline function of DAF-18/PTEN during L1 arrest current work in 

the Chin-Sang lab is using a pie-1 promoter, a gene that is expressed in the germline 

blastomeres during early development, to drive a single copy daf-18 only in the germline 

to test for rescue of the L1 arrest phenotype (MELLO et al. 1996). Incomplete rescue by 

germline expressed DAF-18/PTEN may indicate that DAF-18/PTEN does maintain some 

function in somatic tissues during L1 arrest survival.   

5.3 Suppressors of DAF-18/PTEN L1 Arrest 

A number of candidate genes were identified as suppressors of the daf-18 L1 

arrest phenotype using RNAi knockdown. However, when these were tested in double 

mutant analysis, all the genes, except for sup-17, failed to suppress the L1 arrest 

phenotype. The lack of double mutant suppression could be due to two main reasons: the 

RNAi library or genetic redundancy. Treatment with RNAi could be knocking out 

multiple genes, as RNAi with a single trigger molecule is capable of targeting multiple 

gene family members (COLOMBO et al. 2003). Alternatively, there could be problems 

with the RNAi library and some gene targets may be incorrect. Additionally, allelic  
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redundancy may result in the maintenance of partial function in some of the genes tested. 

 sup-17 was the only double mutant tested that partially suppressed the DAF-

18/PTEN phenotype. sup-17 is the homolog of human ADAM10, a metalloprotease that 

functions to cleave ephrin (WEN et al. 1997). sup-17 is also a member of the LIN-

12/Notch signaling pathway, which plays an important role in cell-cell interactions during 

embryonic development and disregulation of Notch signaling has been implicated in 

tumour development and metastasis (ALLENSPACH et al. 2002). DAF-18/PTEN may 

function with sup-17 to control L1 arrest through the LIN-12/Notch pathway. However, 

the partial suppression and lack of suppression by other Notch signaling pathway genes 

suggests that other pathways are likely involved as well. Suppression of the dauer 

phenotype by sup-17 may be explained by cross talk between Notch and two pathways 

that are important regulators of dauer formation, IIS and TGFβ pathways. Notch 

signaling has been shown to have bidirectional crosstalk with Akt, a member of the IIS 

pathway and with SMAD transcription factors, required in the TGFβ pathway (KLUPPEL 

AND WRANA 2005; GUDE et al. 2008). Inhibition of Notch signaling may change the 

regulation of these pathways, resulting in dauer suppression. 

EMS mutagenesis screens identified a number of suppressors of the daf-18 L1 

arrest, but none of the suppressors approached wildtype levels. Additionally, all of the 

identified suppressors also rescued the dauer defective phenotype of daf-18 worms. Since 

I did not identify multiple age-1 alleles, the strongest identified suppressor of daf-18, 

indicates that the screen is not yet fully saturated. Despite this, the inability to identify 

suppressors of more than 3 days (7 days total survival) is surprising and the lack of ‘super  
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suppressors’ may be explained by a number of reasons. First, alleles identified may have 

been weak, hypomorphic alleles. If some gene function was maintained this could result 

in only partial rescue of the DAF-18/PTEN phenotype. Secondly, with genes involved in 

development and early larval stages it is possible that some of the genes targeted may be 

recessive lethal and mutagenized nematodes were not viable. Thirdly, rare dominant gain 

of function mutations may be required for complete suppression. Lastly, DAF-18/PTEN 

may function in multiple redundant pathways during L1 arrest, requiring changes to 

multiple gene targets to L1 arrest lifespan.  

5.4 Cell Proliferation During DAF-18/PTEN L1 Arrest 

The IIS pathway has been shown to have important roles in controlling cellular 

divisions during L1 arrest. DAF-16/FoxO mutants have roles in controlling divisions in 

the M, P and V lineages during L1 arrest (BAUGH AND STERNBERG 2006). Conversely, 

DAF-18/PTEN has only been implicated in the control of the germline precursor cells 

Z2/Z3 during L1 arrest (FUKUYAMA et al. 2006). The lack of a current defined role for 

DAF-18/PTEN outside of the germline during L1 arrest may be attributed to the current 

evidence showing that DAF-18/PTEN is likely functioning through the IIS pathway. 

However, given the identified independent roles of DAF-18/PTEN in L1 arrest survival, 

germline proliferation and oocyte maturation, daf-18 is likely to also have independent 

roles in controlling proliferation in tissues outside the germline. 

 Of the tissues studied two of the four lineages showed divisions during L1 arrest: 

the Q lineage (gives rise to neurons) and the M lineage (gives rise to muscle). M cell 

divisions had previously been described in DAF-16/FoxO mutants and were only  
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apparent in daf-18 mutants at a very low percentage. Similar to daf-16 mutants, the  

likelihood of multiple M cell divisions did not increase during longer L1 arrest. The 

occurrence of M cell divisions did not increase with longer L1 arrest starvation in daf-18 

mutants and no daf-18 mutants showed more than two M cell divisions (four cells 

present). The lower incidence of M cell divisions in daf-18 worms compared to daf-16 

worms may be attributed to their severe L1 arrest phenotype, with worms dying before 

more divisions can take place. Alternatively, DAF-18/PTEN worms may influence M cell 

divisions in an IIS pathway dependent manner, with signaling controlled through DAF-

16/FoxO. 

Additionally, when scoring for M cell divisions increased rectal GFP was documented in 

daf-18 worms during L1 arrest. This suggests that DAF-18/PTEN may influence 

migration of muscle cells or gene expression in other muscle tissues. Although the 

cellular localization of the increased GFP is unidentified, it may be a body wall muscle 

(BWM) if it is derived from the M cell lineage. The M lineage produces three cell types: 

body wall muscles, nonmuscle coelomocytes and sex myoblasts (SMs) (SULSTON AND 

HORVITZ 1977). After birth, SMs migrate anteriorly to the gonad to give rise to uterine 

and vulval muscles, ruling them out as a potential target (SULSTON AND HORVITZ 1977; 

SULSTON AND WHITE 1980). Similarly, the two M cell derived coelomocytes are located 

anteriorly of the gonad, near the midbody (SULSTON AND HORVITZ 1977). However, the 

BWMs intercalate with existing muscle cells throughout the nematode following their 

birth during the first larval stage. M derived BWMs are known to intercalate near the V6 

seam cell in the posterior of the worm near the anus (SULSTON AND HORVITZ 1977; 

HEDGECOCK et al. 1987). If the M lineage is unable to divide and migrate properly, this 
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may explain the increased GFP near the rectum. Future work will resolve what this 

ectopic GFP expression is in daf-18 mutants.   

Using fluorescent cell markers I have identified inappropriate neuronal cell 

migrations and divisions as a new phenotype for daf-18 worms. As DAF-18 is the C. 

elegans homolog of human PTEN, a highly mutated tumour suppressor, this provides a 

link to human cancer phenotypes. Two of the major hallmarks of cancer are sustained 

proliferative signaling to allow continual proliferation and activation of local cell 

invasion and metastasis (HANAHAN AND WEINBERG 2011). With loss of the tumour 

suppressor DAF-18/PTEN in C. elegans, inappropriate cellular divisions and disregulated 

migrations are seen, suggesting DAF-18/PTEN plays an important role in maintaining 

cellular quiescence in specific tissues. 

The Q cell lineage showed the most cellular proliferation during L1 arrest of the 

markers studied. In daf-18 worms Q cells divided and began migrating during L1 arrest. 

However, the greatest level of cellular proliferation was seen in the AVM and PVM 

mechanosensory neurons, two neurons produced by the Q lineage. In over 90% of daf-18 

worms AVM and PVM were present after extended L1 arrest. Wildtype and daf-16 

mutants never produced AVM/PVM during L1 arrest, suggesting that DAF-18/PTEN 

controls AVM/PVM proliferation independent of the IIS pathway. Interestingly, the 

AVM neuron is more pronounced than the PVM during L1 arrest and appears more often 

than PVM after 1-2 days of L1 arrest, despite being born at the same time. This may be 

due to localized signaling pathways that interact with DAF-18/PTEN to influence 

proliferation in specific areas of the worm, or the expression pattern of the GFP marker 

during L1 arrest.  
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 Unlike the M and Q lineages the DD motorneurons and V cell lineage did not 

show proliferation during L1 arrest. DD motoneurons undergo remodeling and additional 

motor neurons are born during the L1 stage and previous work showed that adult daf-18 

mutants have migration defects in the DD neurons. However, during L1 arrest DD 

neurons did not show synaptic remodeling or birth of additional VD neurons in daf-18 

mutants. Similar to DD neurons, the V lineage undergoes divisions during the L1 stage, 

beginning approximately 5 hours into development. daf-16 mutants show V cell divisions 

during L1 arrest, however, daf-18 mutants did not show abnormal V cell divisions. 

 There are two factors that can explain differences in cellular proliferation in daf-

18 and daf-16 mutant worms: time of division during development and tissue specific 

control of proliferation. Due to the premature death of DAF-18/PTEN worms during L1 

arrest divisions that take place during late L1 development may not be able to proceed 

due to death of the animal before reaching that stage. Of the lineages studied the Q cell 

lineage begins to divide 4 hours after hatching, the M cell lineage begins divisions 8 

hours post-embryonically and the mechanosensory neurons AVM/PVM are born 9 hours 

post-embryonically (SULSTON AND HORVITZ 1977; SULSTON 1983). DD motorneurons do 

not undergo divisions or synaptic remodeling until the late L1 stage (approximately 13 

hours post hatching), just prior to the L1/L2 molt (WHITE et al. 1986; HALLAM AND JIN 

1998). The lack of DD neuron divisions may be attributed to their later division, with daf-

18 mutant worms not able to develop to the late L1 stage during arrest before dying. This 

is further reinforced by the lack of additional M cell divisions (no more than 4 M cells 

present) in daf-18 worms. With the first M cell division taking place at 8 hours post- 
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embryonically subsequent divisions would take place late in L1. The higher occurrence 

of M cell divisions in daf-16 worms and increased number of M cells may be attributed to 

the increased L1 arrest survival of daf-16 worms compared to daf-18 worms. However, 

despite the early division of the V cell lineage (5 hours post hatching), no divisions were 

seen in daf-18 worms. 

 The lack of division in some cell lineages may be due to tissue specific control of 

cellular proliferation during L1 arrest. Tissue specific resistance to cancer development 

has been identified in the mammary glands, liver and peripheral nervous system of rats 

(WOOD et al. 2002) and has also been identified in humans. The loss of the tumour 

suppressor pRb (retinoblastoma protein, encoded by the RB1 (retinoblastoma 1) gene) 

causes retinoblastomas in humans, but tumourgenesis is suppressed by pRb tumour 

suppressor homologs in other tissues (DANNENBERG et al. 2004). In the case of the seam 

cells, DAF-18/PTEN may not act on the V lineage, which gives rise to hypodermal cells, 

or redundant pathways may signal to control divisions in the V cell lineage when daf-18 

is lost. Interestingly, daf-16 mutants show V cell divisions, suggesting that V cell 

divisions are at least partially controlled through the IIS pathway. The presence of the 

terminal IIS pathway signaling molecule, DAF-16/FoxO, may be sufficient to block 

proliferation in the V lineage during L1 arrest until daf-18 mutants die. 

 Together these results show that daf-18 mutant worms are unable to correctly stop 

cellular proliferation during L1 arrest. During L1 arrest DAF-18/PTEN functions  

independently of the IIS pathway to maintain cellular quiescence in specific tissues other 

than the germline, including neurons and muscle cells. However, it is yet unclear if this 
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inability to maintain quiescence and the resulting cellular divisions are responsible for the 

premature death of daf-18 mutants during L1 arrest.   

5.5 Conclusions and Future Directions 

DAF-18/PTEN plays an important role during L1 arrest, both independent of and 

through the IIS pathway. DAF-18/PTEN has been shown to control cellular proliferation 

outside of the germline in an IIS independent manner and control L1 arrest survival 

through germline expression and independent pathways acting in parallel to IIS (Figure 

16). However, the genes interacting with DAF-18/PTEN outside of the IIS pathway are 

yet unidentified. sup-17 partially rescues daf-18 mutant L1 arrest phenotypes (implicating 

LIN-12/Notch signaling in L1 arrest survival), but no identified suppressors approach 

wildtype levels. This suggests that DAF-18 may be an important upstream regulator that 

functions through multiple pathways outside of the IIS pathway during L1 arrest.  
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Figure 16: The Role of DAF-18 in the IIS Pathway 

Highlights newly identified roles for DAF-18 in the context of the IIS pathway. DAF-18 

has roles independent of the AGE-1/PI3K canonical signaling axis in controlling L1 

arrest and cellular proliferation during larval arrest. Red arrows represent regulation 

independent of IIS pathway. 

 

 

 The high penetrance of the AVM/PVM proliferation phenotype may provide a 

good model to test interactions with DAF-18/PTEN in future studies. Future work could 

use this model to examine if suppressors of the daf-18 L1 arrest phenotype, such as sup-

17 and the EMS mutagenesis suppressors, are able to suppress AVM/PVM proliferation. 

Characterization of the increased rectal GFP expression could provide a specific role for 

cellular proliferation in muscle cells. Additional cells that also divide late during L1 

development, such as AQR, PQR and PDE neurons, may provide further evidence of 

tissue specific daf-18 roles and shed light on how far development progresses during L1 

arrest in daf-18 mutant worms. 
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Appendix A  

Worm Media Recipes 

Chin-Sang Lab M9 (1L) 
1. Mix following ingredients in a beaker: 

- 5.8 g Na2HPO4 
- 3.0 g KH2PO4 
- 0.5 g NaCl 
- ddH2O up to 1 L 

 
2. Aliquot to 125 ml bottles 
3. Autoclave on liquid cycle not longer than 30 minutes 

 
 
Nematode Growth Media (NGM) Plates (3L) 

1. Mix the following ingredients in a beaker: 
- NaCl 9g 
- Bacto-Agar 60g 
- Bacto-Peptone 7.5g 
- ddH2O up to 3L 

 
2. Autoclave on liquid cycle for 50 minutes. 
3. Let media cool to below 70°C 
4. After cooling add and mix together: 

- 75 ml KPO4 
- 3 ml 1MgSO4 
- 3 ml CaCl2 
- 3 ml 5 mg/ml cholesterol in 95% EtOH 

 
5. Pour into small worm plates. 
6. Let dry at room temperature. 

 
 
2XTY (1L) 

1. Mix the following ingredients in a beaker: 
- Tryptone 16g 
- Yeast Extract 10g 
- NaCl 5g 
- ddH2O up to 1L 

 
2. Aliquot to 125 ml bottles 
3. Autoclave on liquid cycle for 40 minutes. 
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Minimal Lactose Media RNAi Plates (2L) 
4. Mix following ingredients together in a flask: 

- 40 g Agar 
- 6 g NaCl 
- 5 g Bacto-Peptone 
- up to 1 L 

 
5. Autoclave on liquid cycle for 40 minutes 
6. Let media cool to 55°C 
7. After cooling add and mix together: 

- 50 ml KPO4 
- 2 ml 1MgSO4 
- 2 ml CaCl2 
- 2 ml 5 mg/ml cholesterol in 95% EtOH 
- 2 ml of 100 mg/ml of ampicillin 
- 20 ml of 20% β-lactose in ddH2O 

8. Pour into small worm plates 
9. Store at 4°C 
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Appendix B 

RNAi Double Mutant Gene Function and Human Homologs 

Table AB 1: Double mutant analysis gene summary a 

Gene Strain 
Name 

Strain Genotype Function Human 
Ortholog 

adm-4 IC1557 adm-4(ok265);daf-
18(ok480) 

Encodes a member of the 
ADAM (disintegrin plus 
metalloprotease) family 

 

arg-1 IC1563 arg-1(ok3127); daf-
18(ok480) 

Encodes a 
Delta/Serrate/LAG-2 

family of transmembrane 
signaling ligands 

A DSL Ligand 

asna-1 IC1556 asna-1(ok938)/hT2; 
daf-18(ok480) 

Encodes a putative 
membrane transporter 
that is required for L1 

larvae to proceed through 
development 

ASNA1 
ortholog 

stimulates 
insulin secretion 

in pancreatic 
beta cells 

dys-1 IC1029 dys-1(cx180; daf-
18(ok480);him-

5(e1490) 

Ortholog of human 
DMD, mutation causes 

Duchenne muscular 
dystrophy 

Human DMD 

fer-1  IC1028 zdIs5/fer-1(ok580); 
daf-18(ok480);him-

5(e1490) 

C2-domain containing 
protein required during 

spermatogenesis 

Membrane-
anchored 

cytosolic human 
protein 

dysferlin 
glp-1 

 
 

IC1560 glp-1(e2141); daf-
18(ok480) 

Encodes an N-
glycosylated 

transmembrane protein 
that comprises part of the 
LIN-12/Notch receptors  

Neurogenic 
locus notch 

homolog 
protein 1 
precursor 

hop-1 IC1559 hop-1(ar179); daf-
18(ok480) 

Encodes one of three C. 
elegans presenilins 

Human PS1 and 
PS2 presenilins 

hum-1 IC1016 hum-1(ok634); daf-
18(ok480) 

Encodes a class I 
unconventional myosin 

heavy chain 

FLJ00395 
protein – a 
Myosin IF 

jamp-1 IC1555 jamp-1(ok765);daf-
18(ok480) 

Encodes the ortholog of 
the endoplasmic 

reticulum (ER) stress-

Isoform 4 of 
JNK1/MAPK8-

associated 



 

 

 

84 

inducible JNK-associated 
membrane protein 

membrane 
protein 

K05F1.
6 

IC996 K05F1.6(ok3156); 
daf-18(ok480) 

Synaptic vesicle 
transporter SVOP and 

related transporters 

 

lin-12 IC1562 lin-12(n302); daf-
18(ok480) 

Encodes a member of the 
Notch/LIN-12/glp-1 

transmembrane receptor 
family that affects cell 

fate specification events 
during development 

LIN-12/Notch 

mpk-1  IC1564 mpk-1(ga119)/dpy-
17(e164);daf-

18(ok480) 

Encodes a mitogen-
activated protein (MAP) 

kinase that acts in the 
vulval precursor cells 

Mitogen-
activated 

protein kinase 1 

sup-17   Encodes an ADAM 
protein, an integral 

membrane disintegrin 
and zinc-activated 
metalloproteinase 

ADAM10 
proteins are 
vertebrate 
ortholog 

unc-36 IC1561 unc-36(e251);daf-
18(ok480) 

Encodes an alpha2/delta 
subunit of a voltage-

gated calcium channel 

Isoform 2 of 
voltage-

dependent 
calcium channel 
subunit alpha-

2/delta-1 
aAll information is from Wormbase   
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Appendix C 

Mechanosensory Neurons During L1 Arrest 

 
Figure AC 1: Mechanosensory neuron birth during L1 arrest in zdIs5;daf-18 worms 

Breakdown of the birth of AVM and PVM mechanosensory neurons during L1 arrest. 

AVM is more prominent early during L1 arrest, with very few PVMs being born on their 

own. With increased L1 arrest almost 95% of worms show both AVM and PVM neurons. 

Error bars represent SEM. N> 500 for each data point.  

 
 
 

 

0!
10!
20!
30!
40!
50!
60!
70!
80!
90!
100!

Da
y!1
!

Da
y!2
!

Da
y!3
!

Da
y!4
!

Da
y!5
!!

Da
y!1
!

Da
y!2
!

Da
y!3
!

Da
y!4
!

Da
y!5
!!

Da
y!1
!

Da
y!2
!

Da
y!3
!

Da
y!4
!

Da
y!5
!!

Da
y!1
!

Da
y!2
!

Da
y!3
!

Da
y!4
!

Da
y!5
!!

No!AVM/PVM! Only!AVM! Only!PVM! AVM!&!PVM!

Pe
rc
en
t'W

it
h'
To
uc
h'
N
eu
ro
ns
'B
or
n'
(%

)'

Days'in'L1'Arrest'

zdis5;ok480!


