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Abstract

Caenorhabditis elegans can enter an alternative dormant state called “dauer” to
circumvent harsh environmental conditions. During this stage they cease their
reproductive developmental program and food intake, while remaining fully viable and
motile. During this stage increased levels of AMP-activated kinase (AMPK) blocks the
exhaustion of the cellular energy depot by directly inhibiting a critical triglyceride lipase
called ATGL-1. By performing a whole genome RNAI survey for genes that, when
compromised, enhance the survival of AMPK mutant dauers | revealed that catalase
genes were somehow involved in dauer survival in the mutants. | showed that increased
hydrogen peroxide, to an optimal level, can alter both the abundance and the nature of
the fatty acid content through HIF-1 transcription factor-dependent expression of several
fatty acid biosynthetic enzymes. In addition, | showed that the AMPK-dependent
phosphorylation of ATGL-1 not only signals its polyubiquitylation and subsequent
proteasome-dependent degradation, but also generates a 14-3-3 binding site, which is
recognized by PAR-5, the C. elegans 14-3-3 protein homologue. This association
sequesters ATGL-1 away from cellular lipid droplets thereby reducing its accessibility to
substrate. By studying the C. elegans CGI-58 protein, | provide evidence that in addition
to its previously characterised role as a co-activator of ATGL in mammals, it also
functions to maintain lipid droplet structure and prevents lipid exchange and fusion
events among the lipid droplets. In summary, my work characterizes several regulators
of the lipolysis pathway that can shed light on development of novel therapeutic
treatments for diseases associated with abnormal lipid storage, hydrolysis or general

homeostasis.



Résumeé

Les Caenorhabditis elegans ont la capacité d’entrer dans une phase de dormance
alternative appelée ‘dauer, afin d’échapper a des conditions environnementales
difficiles, pendant laquelle ils cessent de se développer et de se nourrir, tout en restant
mobile, et accroissent leur capacité de résistance au stress, si bien qu’ils sont capables
de vivre quatre fois plus longtemps que les animaux adultes normaux. Les animaux
dont la signalisation des insuline est en danger entrent dans une phase ‘dauer’ a une
température restrictive, ou la proteine AMPK agit comme un interrupteur qui limite la
délivrance du dépd6t d’énergie en ralentissant directement 'ATGL, I'enzyme restraignant
le taux de tout le processus de lipolyse. En uitlisant des RNA interférants pour realiser
une étude du génome, a la recherche de génes, qui, lorsqu’ils sont compromis,
améliorent la survie des AMPK mutantes dormantes, je révele que le péroxyde
d’hydrogéne, lorsqu’il est augmenté a un niveau optimal, peut modifier a la fois
'abondance et la nature de la teneur en acide gras, a travers I'expression de facteur de
transcription HIF-1 dépendant de plusieurs enzymes clés impliguées dans la
biosynthése des acides gras. De plus, je démontre que la phosphorylation catalysée par
'AMPK de PATGL-1 signale non seulement sa poly-ubiquitination, suivie de sa
dégradation liée aux protéasomes, mais génére également un site de liaison 14-3-3. Ce
dernier est reconnu par PAR-5, la protéine homologue de 14-3-3 des C. elegans, qui
éloigne 'ATGL-1 des goutelettes lipidiques cellulaires, et donc décroit sa possibilité de
former un substrat. En étudiant la protéine CGI-58 des C. elegans, japporte la preuve
qgu'en plus de son réle de co-activateur de la protéine ATGL, observé chez les
mammiféres, elle agit également pour maintenir une structure de gouttelettes lipidiques
normale et empécher tout échange de lipides et toute fusion entre les gouttelettes
lipidiques. En résumé, mon travail met en lumiere plusieurs régulateurs de I'action de
lypolyse qui peuvent avoir des conséquences sur le développement de traitements

thérapeutiques novateurs pour les maladies associées aux lipides.
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Chapter 1: Literature Review



Chapter 1.1 General Introduction

Organisms have exploited almost every possible niche on the surface of the planet,
ranging from lush tropical jungles and the main-land deserts to the depths of the oceans.
To adapt to these diverse environments, many of which are severe and/or constantly
changing, animals have had to evolve various means of ensuring that essential cellular
processes so that growth and reproduction can proceed unhindered. One way to better
understand how animals adjust these processes to adapt to environmental change is to
use genetic analysis to interrogate gene function and their role(s) in regulating pathways
required for any observed adaptation.

The genetic pathways that are involved in the various modes of adaptation to
environmental stress can be dissected by characterizing the genes that are affected in
mutants that arise in simple unicellular microorganisms such as yeast, to complex
multicellular organisms like mammals. It is the identification and characterization of
these gene activities that can provide a framework to better comprehend how genes
work together to mediate environmental adaptation at the molecular and genetic level.

Environmental Changes and Metabolic Adaptation

Most organisms have little to no control over the environments into which they are born.
Therefore they need to adjust their behaviour and physiology accordingly in response to
the challenges posed by their surroundings. When vital environmental parameters like
food, water and oxygen availability, sunlight exposure, population density and
temperature range are altered to the extreme, failure of adaptation can result in species
extinction. To avoid being eliminated, organisms have evolved changes in behaviour

and physiology adjusted to compensate for these extremes.

Many animals have evolved an extended dormant state such as hibernation
characterized by both behavioral and metabolic changes that provide a means to
circumvent periods of dramatic temperature fluctuation. To prepare for this period of
dormancy, they stimulate their feeding behaviour to consume a large amount of food,

which is subsequently converted to the form of fat deposits via a series of metabolic
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reactions. During hibernation, animals reduce their movements and metabolic activities
to a minimum level, accompanied by a number of energy-conserving physiological
responses including blood vessel constriction, reduced respiratory rate and core body
temperature cooling. It is worth mentioning that the hibernation period is not employed
by all animals to accommodate to environmental temperature fluctuations, possibly due
to more evolved adaptative strategies that leave animals less vulnerable to temperature

variations and predation (Geiser, 2013).

In the desert, food and water sources are only available occasionally. To overcome
such long-term nutrient scarcity, desert animals like camels have evolved both
behavioural and anatomical adaptations to be able to consume large amounts of food
and water at one time. In addition, they metabolically convert the extra nutrients into
triglyceride molecules that are subsequently packed into reservoir fatty tissues to

provide them with a long-term energy supply.

In some species of nematodes, dramatic increases in population density after hatching
can cause the animals to liberate a pheromone that induces them to enter a
hibernation-like dormant state called the dauer larvae to preserve their energy for long-
term usage. To escape from certain predators some species of the Cicada family have
developed an extended 17-year life cycle, most of which is spent in the form of
underground nymph diapauses only to emerge after this cycle to reproduce and die
shortly thereafter.

Most metabolic readjustments that occur in response to food/nutrient deprivation are
associated with an increase of fat/lipid stores, while the evolution of adipose tissue was
probably provided a selective advantage to organisms that experience these types of
environmental challenges on a cycle basis. Therefore, lipids and the enzymes that
regulate biosynthesis and storage have evolved as key molecules that provide animals
with some metabolic flexibility, allowing animals to respond to an environmental
challenge such as nutrient deprivation by mobilizing these stores of energy in an
attempt to adjust to the environmental stress. Their regulation has become the primary

targets of several studies to better understand metabolic adaptation through our



analysis of how these energy storage molecules can be stockpiled and mobilized and,

of particular importance, how they are controlled.

C. elegans as a Model Organism for Metabolic Adaptation to Environmental

Changes

Caenorhabditis elegans is a free-living and transparent multicellular eukaryotic
organism that can be easily and economically cultured and frozen for long term storage
under laboratory conditions. C. elegans possesses a transparent cuticle which facilitates
the visualization of various cellular processes and cellular structures both with and
without chemical and/or antibody staining (Horvitz and Sulston, 1980; Sulston et al.,
1983). In addition, the relatively short generation time and easily amenable genome
make it an excellent model organism for unbiased large-scale screening and genetic
analysis. Genetic mapping has identified a number of key regulatory genes involved in
various cellular processes, including numerous signal transduction pathways, the RNAI
and mRNA pathways and even the neurobiological basis of certain behaviours and
aging (Greenwald, 1998; Khavaria and Rinn, 2007). Moreover, gene function can be
disrupted using RNA interference (RNAI) providing an efficient means of performing
reverse genetic analyses (Fire et al., 1998). Finally, the use of various fluorescent tags
enables the labelling of specific proteins, cellular organelles or cell types to facilitate cell

biological and biochemical analysis of various cellular processes (Chalfie et al., 1994).

C. elegans has been used efficiently to study lipid metabolism and it offers a number of
advantages that complement the studies performed with other model organisms in
several important ways. There is growing evidence that demonstrates that many
signaling pathways that are important in regulating lipid metabolism in mammals are
also critical in C. elegans, particularly the insulin signaling pathway which controls
numerous physiological processes in both mammals and C. elegans (Kimura et al.,
1997). In addition, many of the proteins that are involved in the process of lipogenesis,
lipolysis and lipid transport are conserved among all eukaryotes from C. elegans to

mammals. C. elegans use the same set of lipases to initiate the breakdown of



triglyceride molecules trapped in lipid droplets, which are the major storage form and
site for surplus energy (Wang et al., 2008; Narbonne and Roy, 2009). Regulation of lipid
storage and usage is also dependent on conserved pathways and key proteins,
including regulation by the AMP-activated kinase (AMPK), target of rapamycin (TOR)
kinase, sterol response element binding protein (SREBP) and CCAAT/enhancer binding
protein (C/EBP) transcription factors (Long et al., 2002; McKay et al., 2003; Apfeld et al.,
2004; Jia et al., 2004; Yang et al., 2006). Despite a much simpler body structure, C.
elegans possesses its own lipid transport machinery. One well-characterized example
of this machinery is the low-density lipoprotein (LDL) family receptor responsible for lipid
shuffling between intestinal cells and oocytes (Grant and Hirsh, 1999). Other behaviors
like feeding rate, progeny production rate and locomotion are all altered in response to
food availability. These could be used as standard phenotypes to investigate gene
functions that mediate feeding behavior (Tecott et al., 1995; Sawin et al., 2000). In
addition, the relatively simple nervous system of C. elegans with only 302 neurons
allows researchers to functionally dissect the neural circuits that are responsible for the
maintenance of energy homeostasis. The roles of serotonin and TGF- signals on the
neuronal regulation of fat storage, fat metabolism and feeding rates have been
extensively studied in C. elegans to complement their known functions in mammals and
to establish a broader understanding of energy homeostasis (Greer et al., 2008;

Srinivasan et al., 2008).

Methods for examining fat storage and metabolism have evolved rapidly in the last
decade. Sudan Black, a lipophilic dye, was among the first stains used to label
intracellular fat, initially in bacteria (Burdon et al., 1942). It was employed in C. elegans
studies to aid visual assessment of body fat in fixed animals expressing a defective
insulin receptor ortholog DAF-2 (Kimura et al., 1997). Sudan Black staining was mainly
localized to the intestine and hypodermis, indicating the major fat storage organs in C.
elegans. One major drawback of Sudan Black staining is that the requirement of the
fixation step makes it unsuitable for high-throughput screening of novel genes (Kimura
et al., 1997; Ogg et al., 1997; Jia et al., 2004). Some attempts to stain fat stores with
fluorescent dyes like LipidTOX were subject to the similar limitations due to the

obligatory fixation process. To assess fat storage in live intact animals, dyes like Nile
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Red and fatty acid-conjugated BODIPY were introduced as alternatives (Ashrafi et al.,
2003). Nile Red and BODIPY were initially used in mammalian cells to label intracellular
lipid droplets and monitor fatty acid intake respectively (Greenspan et al.,, 1985;
Schaffer and Lodish, 1994). In C. elegans, both dyes can be incorporated in the E. coli
diet and ingested by the animals while feeding. The dyes are eventually absorbed
through the intestinal epithelium and accumulate in intestinal cells. Nile Red was initially
used in a genome-wide RNAI screen for genes involved in regulation of fat storage in C.
elegans (Ashrafi et al., 2003). A recent study revealed that Nile Red also stained
acidified cellular compartments or lysosome-related organelles (LROs), which are
distinct from the major fat storage compartments in C. elegans (O’Rourke et al., 2009).
Since then, Oil Red O staining has become the method of choice to assess major fat
stores using biochemical assays (O’Rourke et al., 2009). BODIPY-conjugated fatty
acids have also been shown to share a similar staining pattern as Nile Red in C.
elegans by the same group (O’Rourke et al., 2009), while a later study demonstrated
that BODIPY labelled both lipid droplets and LROs, where the former demonstrated a
weaker fluorescence intensity (Zhang et al., 2010). Development of label-free lipid
imaging techniques is also progressing to meet the continual demand for identification
of fat storage compartments in live animals. Coherent anti-Strokes Raman Scattering
(CARS) and Stimulated Raman Scattering (SRS) microscopy techniques were initially
developed in mammalian cells to detect lipid droplets based on C-H bond vibration in
lipids (Nan et al., 2003; Freudiger et al., 2008), and was subsequently used in C.
elegans to visualize fat storage compartments (Yen et al., 2010; Hellerer et al., 2007; Le
et al., 2010; Wang et al., 2011). With the aid of SRS microscopy, 9 new regulators of fat
content in C. elegans were identified in an RNAI survey (Wang et al., 2011). In addition,
CARS has also been used to detect the abundance of unsaturated fatty acids in C.
elegans by monitoring the vibrations of C=C double bonds (Le et al., 2010; Rinia et al.,
2008). Despite of all these practical applications of CARS and SRS, a verification step
with fluorescent markers is still necessary to confirm that the structures detected by

these label-free techniques are indeed lipid droplets in C. elegans.
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Metabolic Adaptation to Environmental Stress in C. elegans

Temperature: C. elegans belongs to the family of ectotherms, whose body temperature
is largely dependent on external heat sources to accomplish an optimal metabolic rate.
Within an acceptable physiological temperature range, their metabolic rate is
proportional to the environmental temperature, owing to increased enzyme activity that
leads to elevated reaction rates (Klass, 1977; Van Voorhies and Ward, 1999). This is
illustrated by the increased activity of lactate dehydrogenase and production of lactate,
when shifting the animals from 10°C to 20°C (Paul et al., 2000; Foll et al., 1999). More
complex processes such as embryonic development and feeding behaviours are
determined also affected by the environmental temperature. Clk mutants exhibit slowed
development and behaviour and fail to coordinate these processes with environmental
temperature variation, suggesting that deviation from the live biological clock phase,
developmental and behavioural processes might be maintained independent of external
temperature, possibly due to the existence of some compensating mechanisms (Wong
et al., 1995; Branicky et al., 2001). Temperature has also been shown to be a critical
environmental cue that influences dauer decision at L1 larva stage. Temperature-upshift
at the L1 molt enhanced the percentage of dauer larvae formation in response to
pheromone induction, possibly due to the elevated enzyme activity (Golden and Riddle,
1984a; Golden and Riddle, 1984b).

Food Restriction: Like in many organisms, dietary restriction can substantially increase
the life span of C. elegans by reducing metabolic rate and consequently decreasing the
generation of reactive oxygen species (ROS) (Sohal and Weindruch, 1996). At the
molecular level, the transcription factors PHA-4 and SKN-1 were shown to be
responsible for this lifespan-extension. PHA-4 stimulates the expression of several
superoxide dismutase genes that clear up the excessive ROS produced mainly by the
mitochondrial electron transport chain in a dietary restriction specific manner (Panowski
et al., 2007). Although the TOR signaling and autophagy pathways were shown to be
active downstream of PHA-4, the exact underlying mechanism is still largely unknown
(Vellai et al., 2003; Jia and Levine, 2007; Hansen et al., 2008). SKN-1 expressed in the

two ASI head neurons was shown to detect dietary restriction and propagate the signals
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to the peripheral tissues to increase metabolic rate in a cell non-autonomous fashion
(Bishop and Guarente, 2007). Food restriction can also affect the developmental
program of C. elegans larvae. When hatching in the absence or in limited food source,
C .elegans arrest at L1 larva stage and are able to survive for two weeks accompanied
with a lowered metabolism rate (Lee et al., 2012).

Oxygen Level: Unlike most organisms that expire during hyperoxic conditions, C.
elegans can tolerate up to a 100% oxygen level with minimal changes in metabolic rate
for at least 50 generations (Van Voorhies and Ward, 2000). Genes encoding complexes
in the mitochondrial electron transport chain were shown to affect the animals’
sensitivity to hyperoxic conditions (Senoo-Matsuda et al., 2001; Kondo et al., 2005).
Moreover, C. elegans can also develop increased tolerance to anoxic conditions. In the
absence of oxygen, 90% of C. elegans can survive by consuming most of their
carbohydrate stocks (Foll et al., 1999). The transcription factor hypoxia inducing factor-1
(HIF-1) was found to be critical for the survival of C. elegans at low oxygen conditions,
as hif-1 mutants failed to adapt to 0.5-1% oxygen level (Shen and Powell-Coffman,
2003). At normoxic condition, HIF-1 proteins are hydroxylated by HIF prolyl-
hydroxylases, ubiquitinated by the Von Hippel-Lindau (VHL) tumor suppressor protein
and targeted for rapid proteasomal degradation. When environmental oxygen is low,
HIF prolyl-hydroxylase activity is inhibited due to loss of its co-substrate, oxygen.
Without the hydroxylation, HIF-1 can accumulate and stimulate expression of several
genes required to enhance survival during low oxygen conditions, including glycolytic

enzymes and vascular endothelial growth factors (Shen and Powell-Coffman, 2003).

Osmotic Stress: The excretory system of C. elegans consists of pore cells, duct cells,
excretory cells and excretory gland cells. One major function of the system is to
maintain osmoregulation in the animal, more or less like a kidney (Nelson and Riddle,
1984). Normally, wild type animals can adapt up to 0.5M NaCl media by switching on
the glycerol 3-phosphate dehydrogenase gene to accumulate cellular glycerol level with
a yet unknown biochemical mechanism (Lamitina et al., 2004; Lamitina et al., 2006;
Lamitina and Strange, 2005). Genetic inhibition of genes involved in the insulin-like

signaling pathway, like daf-2, age-1 and daf-16, was shown to significantly improve the
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animals’ resistance to hypertonic solutions up to 400mM (Lamitina and Strange, 2005).
Similarly, the osmotic resistance in daf-2 mutant dauer larvae is further increased
compared to adults with the same genetic background (Narbonne and Roy, 2009). The
a2 subunit of AMPK was shown to have a unique role in maintaining osmoregulation of
older dauers by protecting their lipid storage from depletion (Narbonne and Roy, 2009).
In the absence of AMPK, rapid exhaustion of the triglyceride resources leads to failure
of the osmoregulatory organ functions reflected by lower survival rate at high molarity
solutions. Such failure is considered as the ultimate cause of the early expiration of
AMPK mutant dauer larvae.

Dauer Metabolism

The dauer stage of C. elegans was described in 1975 by Cassada and Russell,
describing an alternative developmental stage, in parallel to the third stage larva. The
dauer decision is triggered by crowding and potentiated by environmental stresses,
such as high heat and nutrient scarcity, where the larval development arrests before
sexual maturity (Cassada and Russell, 1975). These modified L3 stage larvae have a
number of distinct characters: they stop feeding; they are completely sealed both at the
mouth and the anus; their cuticle is thickened rendering them resistant to some harsh
chemicals; they are motionless most of the time, while the mechanosensory system is
still functional enabling rapid movement upon touching; and they are more resistant to
environmental stresses than normal L3 animals (Cassada and Russell, 1975; Riddle
and Albert, 1997). These distinct characteristics are associated with or responsible for
an extended dauer larvae lifespan of several months, compared to the normal adult
lifespan of 14 days. Since the animals stop feeding once they enter the dauer stage,
they rely solely on internal energy stores, mainly in the form of triglycerides, which
accumulate in their intestinal and hypodermal cells during the prolonged L2d stage
(Riddle and Albert, 1997). To limit energy expenditure, their metabolic and energy-
consuming activities are suppressed, which would explain why they remain motionless
most of the time. Experimental evidence demonstrated that dauer larvae consumed less

oxygen and produced less heat as a result of reduced activities of the enzymes involved
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in various metabolic processes (O'Riordan and Burnell, 1989; Vanfleteren and De
Vreese, 1996; Houthoofd et al., 2002). However, transcription of enzymes involved in
fatty acid B-oxidation, glycolysis and the glyoxylate cycle was shown to be enhanced in
dauer larvae indicating that these larvae have a more active conversion process of
triglyceride to glucose, which further establishes the role of triglyceride as the main
energy storage molecule in the dauer (Wang and Kim, 2003; McElwee et al., 2004;
McElwee et al., 2006; Jones et al., 2001; Holt and Riddle, 2003). Such a lipid to sugar
conversion process may also facilitate the transfer of energy from lipid-containing cells,
mainly the intestinal and hypodermal cells, into other tissues (Ogg et al., 1997). C.
elegans dauer larvae have a functional glyoxylate cycle, which is commonly present in
plants and bacteria, but not in animals. It provides an alternative anabolic pathway to
the citric acid cycle that utilizes similar enzymes as the citric acid cycle to convert the 2-
carbon acetyl-CoA derived from the fatty acid [B-oxidation process into 4-carbon
succinate and malate molecules for the biosynthesis of carbohydrates (Kondrashov et
al., 2006). Therefore, the net production of the glyoxylate cycle is from fatty acids to
glucose, which correlates well with the energy supply mechanism of the dauer larvae.
The level of the enzyme phosphoenolpyruvate-carboxykinase (PEPCK) that catalyzes
the rate-limiting step of the gluconeogenesis process was also found to be elevated in
dauers, indicating that the starved dauer larvae uses gluconeogenic like pathways to
obtain glucose from the non-carbohydrate carbon substrates, such as pyruvate and

glycerol, in addition to using lipid as the major source (O'Riordan and Burnell, 1989).

Serial analysis of gene expression (SAGE) and DNA microarray assays also showed
that expression of genes involved in several anaerobic processes were upregulated,
including malate dismutation and fermentation pathways (Jones et al., 2001; Holt and
Riddle, 2003; Wang and Kim, 2003). The malate dismutation process provides the
mitochondria with an anaerobic means of generating energy using a specialised
electron transport chain. It has been postulated that the access to available oxygen is
limited within the interior of the dauer intestine, very likely due to the sealed alimentary
canal and relatively impermeable cuticle (Holt and Riddle, 2003). To accommodate such
oxygen limitation, mitochondria of the inner intestine may switch from aerobic

metabolism to anaerobic metabolic processes such as malate dismutation, and
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transport the resulting products to the peripheral tissues for aerobic metabolism.
Although dauer larvae are more resistant to hypoxic stress than adults or any other
larva stages, they require a certain amount of absolute oxidative metabolism to
efficiently utilize the energy store as they were unable to survive for more than 24 hours
in the complete absence of oxygen (Burnell et al., 2005).

In dauer larvae, the enzymes that are involved in protecting the organism from reactive
oxygen species (ROS), like superoxide dismutases (SOD) and catalases, were found to
be elevated at both the transcriptional and protein activity levels (Vanfleteren and De
Vreese, 1996, Houthoofd et al., 2002, Jones et al., 2001, Wang and Kim, 2003). ROS
are produced from complexes | and IIl of the electron transport chain of aerobically
functioning mitochondria during ATP generation. It has been postulated that low aerobic
metabolism and increased SOD and catalase level are combined to protect the dauer

larvae from ROS damage and contribute to their long-term survival (Burnell et al., 2005).

Other C. elegans Diapauses

C. elegans larvae can undergo at least two other types of diapause to adjust to nutrient
deprivation. When hatched under conditions of starvation, instead of executing the
postembryonic development program, emergent L1 larvae arrest their development at
the L1 stage where they can survive for about 2 weeks in a quiescent state. Animals
exit this quiescent state and resume their regular developmental program as soon as an
appropriate food source becomes available. Nutrient ingestion activates an ATPase
called ASNA-1 to induce insulin secretion in insulin-producing intestinal cells which in
turn activates the insulin-like signaling pathway, resulting in suppression of the DAF-
16/FOXO transcription factor activity (Kao et al.,, 2007; Baugh and Sternberg, 2006).
When DAF-16 is in the nucleus, it activates the transcription of a cyclin-dependant
kinase inhibitor called cki-1 that leads to cell cycle arrest (Hong et al., 1998; Baugh and
Sternberg, 2006).

Another instance of diapause-like behaviour occurs when C. elegans are isolated from

their food source at the L4 larval stage. These animals will execute the adult
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reproductive diapause, where they halt their somatic and germline development, while
leaving the proliferative zone cells in complete arrest. Once placed onto food, the
animals are able to resume germ cell proliferation, meiotic development, oogenesis and

become fertile without obvious consequences (Pazdernik and Schedl, 2013).
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Chapter 1.2 Signaling Pathways that Regulate Dauer Arrest

Past studies on genes that regulate Dauer formation revealed two classes of mutations:
dauer-constitutive (Daf-c) and dauer-defective (Daf-d) genes. Characterization of these
genes have revealed three distinct and evolutionarily conserved pathways that regulate
this developmental decision. These include insulin/IGF-1 signaling (lIS), TGFB-like, and
guanylyl cyclase signaling pathways, all of which converge on a steroid hormone
pathway where the decision to execute dauer is made (Gerisch et al., 2001; Gottlieb
and Ruvkun, 1994, Jia et al., 2002; Riddle et al., 1981; Thomas et al., 1993; Vowels and
Thomas, 1992; Birnby et al., 2000; Kimura et al., 1997).

Insulin/IGF-1 Signaling Pathway

Influence of the IIS pathway on dauer formation was originally defined by the Daf-c
genes daf-2 and daf-23/age-1 and the Daf-d gene daf-16 (Gottlieb and Ruvkun, 1994,
Murphy et al., 2003). Unlike other Daf-c mutations, strong mutant alleles of daf-2 exhibit
irreversible non-conditional dauer arrest coupled with uncoordinated fat storage,
extended reproductive periods and reduced brood size (Ogg et al., 1997; Gems et al.,
1998; Morris et al., 1996). Under favorable conditions, a conserved IIS pathway that
prevent the animals from dauer entry was defined through activation of the DAF-
2/insulin receptor (InR) homolog by binding of the secreted insulin-like peptides that
leads to sequential activation of several kinases, including AGE-1/phosphoinositide 3-
kinase (PI3K), 3-phosphoinositide-dependent kinase 1 (PDK-1), AKT-1 and AKT-2
(Kimura et al., 1997; Morris et al., 1996; Paradis et al., 1999; Paradis and Ruvkun,
1998). The activated AKT-1 protein kinase inhibits the FOXO transcription factor DAF-
16 through direct phosphorylation, preventing it from entering the nucleus to activate the
transcription of certain genes that signal dauer entry (Hertweck et al., 2004; Lee et al.,
2001; Lin et al., 1997; Lin et al., 2001; Ogg et al., 1997). Such cytoplasmic retention of
DAF-16 was also regulated by the two 14-3-3 proteins PAR-5 and FTT-2 in C. elegans
to establish reproductive growth and a normal life span (Berdichevsky et al., 2006; Li et

al., 2007a). Conversely, under unfavorable conditions, the IIS pathway is not activated,
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leading to import of DAF-16 into the nucleus where it activates the transcription of
genes that affect stress resistance, dauer formation and longevity. In addition,
regulation of DAF-16 by the insulin-like pathway is affected by DAF-18, the C. elegans
ortholog of the phosphoinositide 3-phosphatase PTEN, by antagonizing AGE-1/PI3K
(Gil et al., 1999; Mihaylova et al., 1999; Ogg and Ruvkun, 1998; Rouault et al., 1999).
The DAF-16 proteins that remain in the cytoplasm are ubiquitinated by the E3 ubiquitin
ligase RLE-1 and targeted for proteasomal degradation (Li et al., 2007Db).

In addition to the 1IS pathway, other inputs may impinge upon DAF-16. These include c-
Jun N-terminal kinase (JNK) (Oh et al., 2005), mitogen-activated protein kinase (MAPK)
(Naniji et al., 2005; Troemel et al., 2006) and AMP-activated protein kinase (AMPK)
(Apfeld et al., 2004; Greer et al., 2007). These kinases exert their input on DAF-16 via
various mechanisms: JNK modulates DAF-16 nuclear translocation; MAPK does not act
on DAF-16 directly but mediates expression of secreted immune response genes to
promote immunity in parallel to the IIS pathway; AMPK regulates DAF-16 through direct
phosphorylation (Apfeld et al., 2004; Greer et al., 2007). Moreover, various nuclear
complexes were also shown to modulate distinct aspects of DAF-16 function, including
heat shock factor (HSF-1) (Hsu et al., 2003), p-catenin (BAR-1) (Essers et al., 2005),
the Sirtuin protein deacetylase (SIR-2.1) (Berdichevsky et al., 2006), SMK-1 nuclear co-
regulator (Wolff et al., 2006) and the DAF-12 nuclear receptor (Berman and Kenyon,
2006).

In addition to the Daf-c phenotype, the 1IS pathway is also well-known for its influence
on life span in C. elegans. Mutants of the insulin/IGF receptor homolog daf-2 live twice
as long as the wild type adults (Kenyon et al., 1993), accompanied with increased
resistance to all forms of stress (Lithgow and Walker 2002; Garsin et al., 2003). Life
span extension was also observed in Drosophila mutated for the insulin receptor
ortholog or its substrate protein (Clancy et al., 2001; Tatar et al., 2001) and in mice with
compromised IGF-1 receptor (Holzenberger et al., 2003), indicating that the impact of
IIS on life span is evolutionarily conserved. Both phenotypes were initially suggested to
be regulated primarily in the neuron by DAF-2 (Apfeld and Kenyon, 1998; Wolkow et al.,

2000). However, similar studies on the major target of the insulin-like pathway, DAF-16,
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suggested that the two phenotypes were differentially regulated in distinct tissues. In
neurons, DAF-16 is more involved in the regulation of the Daf-c phenotype (Apfeld and
Kenyon, 1998; Alcedo and Kenyon, 2004), while expression of DAF-16 in the intestine
could fully rescue the reduced longevity seen in daf-16(-) germline-efficient animals and
increase the life span of insulin-like pathway mutants (Libina et al., 2003). In addition to
the spatial specificity, the insulin-like signaling also exhibits temporal specificity as it
was shown to regulate dauer arrest with minimal impact on life span during larval

development, while it mainly regulates longevity during adulthood (Dillin et al., 2002).

Bioinformatic analysis predicted 37 insulin-like peptides (ILPs) in the C. elegans
genome (Pierce et al., 2001), although only a subset have been assigned for distinct
functional roles. Some act as receptor agonists, such as INS-7; while others act as
receptor antagonists, like INS-1. Despite the potential functional redundancy, there is
evidence showing that the ins genes are involved in regulating dauer arrest.
Overexpression of the gene that most resembles human insulin, ins-1, in either wild-
type or daf-2 mutant animals results in an enhancement of the dauer arrest phenotype,
indicating a potential antagonizing mechanism between ins-1 and daf-2 signaling.
Although the exact mechanism is still unclear, not all INS family members are involved
in regulating dauer arrest. Overexpression of ins-18 enhanced dauer arrest, but not ins-
9, ins-19, ins-22 or ins-31. This could be explained structurally as INS-1 and INS-18 are
the only INS family members that contain C-peptides that are derived from normal
insulin release from the B cells. Many of the INS family proteins are expressed in the
largest chemosensory organs, the amphid neurons, indicating that the external dauer
inducing factors could regulate the expression and/or secretion of insulins (Pierce et al.,
2001). Importantly, one of the antagonizing ILPs, DAF-28 was shown to be
transcriptionally inhibited by dauer pheromone and food deprivation, indicating
regulation by neuronal sensing of environmental cues (Li et al., 2003). In addition,
synaptic proteins such as UNC-64/syntaxin, UNC-31/CAPS and ASNA-1/ATPase were
also shown to be involved in modulating ILP release, which further impinges on
neuronal regulation on the IIS pathway (Ailion et al., 1999; Munoz and Riddle, 2003;
Kao et al., 2007).
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External stress was shown to induce nuclear translocation of DAF-16 in wild-type adults
to adapt to changing environmental conditions (Henderson and Johnson, 2001; Lee et
al.,, 2001; Lin et al.,, 2001). Microarray analysis of daf-2 and daf-2; daf-16 double
mutants revealed that DAF-16 promotes the expression of genes involved in a wide
range of physiological responses, including metabolism, energy generation and cellular
stress responses (McElwee et al., 2003). On the other hand, genes involved in growth
and reproduction, such as Target-of-rapamycin (TOR) serine/threonine protein kinase
pathway components, are repressed presumably to conserve energy (Jia et al., 2004).
TOR is also a downstream target of the insulin/DAF-2 signaling pathway, which has
been shown to be involved in promoting reproductive development in C. elegans by
regulating mRNA translation (Jia et al., 2004). let-363 and daf-15 encode TOR and its
binding partner Raptor respectively in C. elegans. Unlike mutants in components of the
insulin-like signaling pathway that arrest as complete dauers, let-363 and daf-15
mutants arrest as dauer-like larvae without complete dauer morphogenesis (Jia et al.,
2004). These phenotypes are epistatic to daf-16 loss-of-function Daf-d mutations,
indicating that let-363 and daf-15 most likely act downstream of daf-16 to regulate dauer

arrest.

There is genetic evidence that suggests that AGE-1/PI3K is not the only output of the
IS pathway. Gain-of-function mutations of akt-1 and pdk-1 and loss-of—function
mutations of daf-18 were shown to only suppress the dauer arrest phenotype in age-1
mutant, but not in daf-2 mutants (Inoue and Thomas, 2000a; Paradis et al., 1999;
Paradis and Ruvkun, 1998; Gil et al., 1999; Gottlieb and Ruvkun, 1994; Ogg and
Ruvkun, 1998; Vowels and Thomas, 1992). Moreover, nuclear localization of DAF-16 by
inactivation of either the upstream AKT-1 or the 14-3-3 protein homolog FTT-2 was not
sufficient to improve stress response or extend life span unless daf-2 was also
compromised (Berdichevsky et al., 2006; Hertweck et al., 2004, Lin et al., 2001). These
results suggest the existence of alternative outputs independent of the AKT pathway
from DAF-2 to DAF-16. For example, three enhancers of the akt-1 mutant (eak) genes
were identified in a genetic screen designed to identify mutants that enhance the dauer
arrest phenotype in an akt-1 null mutant background, which function in parallel to AKT-1
to inhibit DAF-16 action (Hu et al., 2006).
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TGF-B-like Signaling Pathway

The TGF-B-like pathway is one of the major paracrine pathways that regulate dauer
formation and is defined by the Daf-c genes daf-1, daf-4, daf-7, daf-8 and daf-14; and
the Daf-d genes daf-3 and daf-5 (Patterson and Padgett, 2000; Thomas et al., 1993).
These genes comprise the core components of the TGF- pathway: TGF-3 ligand/DAF-
7 binds and activates heteromeric type | and Il serine/threonine kinase TGF-
receptors/DAF-1 and DAF-4 at the cell surface, leading to the phosphorylation activation
of SMAD transcription factors/DAF-3, DAF-8 and DAF-14 that translocate into the
nucleus to regulate gene transcription (Ren et al., 1996; Georgi et al., 1990; Estevez et
al., 1993; Inoue and Thomas, 2000b; Patterson et al., 1997). daf-5 encodes a SNO/SKI
transcription factor that physically interacts with DAF-3/SMAD in the neuron to regulate
dauer development (Da Graca et al., 2004; Tewari et al., 2004). Similar to the role of
SMADs in mammal as downstream effectors of the TGF- pathway, DAF-8 and DAF-14
are required for DAF-7-mediated dauer arrest (Inoue and Thomas, 2000b). Conversely,
initial genetic analysis of the other SMAD family member, DAF-3 suggested an
antagonistic effect of DAF-3 on the TGF-B signaling pathway (Patterson et al., 1997).
DAF-3 activity is also affected by temperature as daf-3 loss-of-function mutants are
dauer defective at 25°C, while they enter dauer constitutively at 27°C (Thomas et al.,
1993; Ailion and Thomas, 2000). In addition, DAF-3 exerts differential regulation of Daf-
¢ genes: daf-3 mutation suppressed dauer arrest in daf-1, daf-4, daf-7, daf-8 and daf-14
mutants (Thomas et al., 1993), while it enhances the weak dauer arrest phenotype of
sdf-9 mutants (Ohkura et al., 2003). Therefore DAF-3 can either induce or block dauer
arrest depending on the environment and the genetic background, although the exact

mechanism through which it exerts these effects is still unclear.

A GFP reporter driven by the daf-7 promoter was expressed solely in the ASI
neurosensory cells (Ren et al., 1996), while the downstream TGF- receptors and
SMAD transcription factors are ubiquitously expressed (Patterson et al. 1997; Gunther
et al., 2000; Inoue and Thomas, 2000b; Da Graca et al., 2004), indicating a signal
cascade of the TGF-B pathway propagating from the ASI neuron to the entire animal.

Consistent with the expression pattern of DAF-7, genetic studies showed that DAF-7
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regulation of reproductive growth is dependent on external cues such as food
availability, temperature and dauer pheromone, indicating clear coupling between
neurons and environmental signals (Ren et al., 1996; Schackwitz et al., 1996). Data
from C. elegans and other systems are consistent with a model of DAF-7 expression
being controlled by distinct environmental cues that couple the signal from the ASI
neurons to alter metabolism and larval development (Da Graca et al.,, 2004). In
favorable conditions, high levels of DAF-7 are secreted from the ASI neuron to
peripheral tissues and activate DAF-1/4 receptor kinases to phosphorylate DAF-8/14
SMAD transcription factors, resulting in inhibition of DAF-3/SMAD and promote the
transcription of genes involved in energy utilization and reproductive growth. In
unfavorable conditions, less DAF-7 is produced in the ASI neuron; and the inhibition on
DAF-3/SMAD is relieved, leading to transcriptional activation of genes for energy
storage and dauer specification (Da Graca et al., 2004; reviewed by Fielenbach and
Antebi, 2008).

Microarray analysis of gene expression profiles of L2/L3 wild-type larvae and daf-7
mutants at similar developmental stages that were about to form dauer revealed that
many of the 1S pathway genes and ILPs exhibit altered levels of expression, indicating
a potential feedback mechanism of the TGF-B pathway on the IIS pathway (Liu et al.,
2004). In addition, transcription of many DAF-16-regulated genes was altered in daf-7
adult mutants, and a motif associated with DAF-16-regulated transcription was
commonly found to be present in the promoters of many TGF- regulated genes (Shaw
et al., 2007). Many of the TGF-B pathway Daf-c mutants also exhibited longer life span
in a DAF-16-dependent manner (Shaw et al., 2007). This evidence suggests that the
cross-talk between TGF-f and IIS pathways is not only limited to dauer formation, but
may also converge on regulating survival states in diverse developmental and

physiological contents.
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cGMP Signaling Pathway

The cGMP signaling pathway is defined by the Daf-c gene, daf-11, which encodes a
transmembrane guanylyl cyclase (GCY) that is expressed in a number of chemosensory
neurons to catalyze the conversion of GTP to cGMP in response to G-protein signaling
or external ligand binding (Birnby et al., 2000). The cGMP-gated ion channel proteins
TAX-2 and TAX-4 are potential downstream effectors of the cGMP pathway and have
been shown to be involved in sensory and neuronal development (Coburn and
Bargmann, 1996; Coburn et al., 1998; Komatsu et al., 1996). GFP fusion constructs of
DAF-11 and TAX-4 share an overlapping expression pattern, suggesting a potential
spatial functional cooperation between the two proteins (Komatsu et al., 1996; Birnby et
al., 2000). The order of interaction was further suspected by the fact that exogenous
cGMP was able to rescue the Daf-c phenotype of daf-11 mutant but not that of tax-4
mutants, since DAF-11 is responsible for producing cGMP that acts on TAX-4 (Birnby et
al., 2000). In contrast to the daf-11 mutant, tax-2 and tax-4 mutants exhibited weaker
Daf-c phenotypes (Coburn et al., 1998). Genetic analysis also revealed that functional
TAX-4 was not the only determinant of the strong Daf-c phenotype typical of daf-11
mutants. Other factors such as the sensory cilium structure genes and presence of a
functional ASJ neuron are also critical (Schackwitz et al., 1996, Vowels and Thomas,
1992; Coburn et al., 1998). Taken together, these data suggest that DAF-11 prevents
dauer formation partially by activating TAX-2 and TAX-4 via cGMP production, while

other downstream effectors also likely contribute to this decision.

Another important gene that seems to be involved in the cGMP pathway is daf-21,
which encodes a HSP90 homologue (Birnby et al., 2000). Animals with gain-of-function
mutations in daf-21 share the same defects in chemosensory responses as daf-11
mutants including dauer formation which can be rescued by exogenous
supplementation of cGMP analogue, indicating closely related functional roles of the two
genes in a similar chemosensory pathway. Nonetheless, null daf-21 mutants do not
arrest as dauer and are larval lethal, suggesting a more complicated role of daf-21 in

dauer formation.
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cGMP signaling seems to act upstream of the 1IS and TGF-B pathways according to
experimental evidence. Mutation of the downstream effectors of either the IIS pathway
(DAF-16/FOXO0) or the TGF-B pathway (DAF-5/SNO-SKI) can partially suppress the
Daf-c phenotype of daf-11 mutant (Vowels and Thomas, 1992; Thomas et al., 1993). In
addition, cilium structure mutants can only suppress dauer arrest in daf-11 mutants, but
not in daf-2/InR and daf-7/TGF-f mutants. Moreover, rescue of the Daf-c phenotype
with exogenous cGMP was only observed in daf-11 mutants, but not in mutants
deficient in the other two signaling pathways. Finally, expression of DAF-7 in the ASI
neuron and DAF-28/ILP in the ASI and ASJ neurons was shown to be controlled by
DAF-11 (Murakami et al., 2001).

Steroid Hormone Signaling Pathway

Genetic epistasis experiments revealed the Daf-c gene daf-9 and the Daf-d gene daf-12
function downstream of cGMP, IIS and TGF-B pathways with unique pleiotropies in
gonadal migration among all Daf mutants (Albert and Riddle, 1988; Gerisch et al., 2001,
Jia et al., 2002; Riddle et al., 1981; Thomas et al., 1993; Antebi et al., 1998). daf-12
encodes 1 of the 284 nuclear hormone receptors (NHR) identified in C. elegans, which
are transcription factors that often respond to lipid hormones (Robinson-Rechavi et al.,
2005). It has been shown to be involved in a number of cellular processes including
dauer formation, fat metabolism, developmental timing, gonadal maturation and
longevity (Antebi et al., 2000; Snow and Larsen, 2000). Structurally, DAF-12/NHR
contains a DNA-binding domain at the N-terminus similar to vertebrate pregnane X and
vitamin D receptors, null mutations of which result in a Daf-d phenotype; and a ligand-
binding domain at the C-terminus similar to vertebrate thyroid hormone receptor,
mutations in which give rise to Daf-c phenotypes (Antebi et al., 2000; Riddle et al., 1981;
Vowels and Thomas, 1992; Thomas et al., 1993). The latter indicates that loss of
hormone binding is critical for dauer arrest. daf-9 encodes a cytochrome P450 related
steroid hydroxylase. Null mutants of daf-9 form dauer larvae unconditionally and can

recover as sterile and long-lived adults (Gerisch et al., 2001; Jia et al., 2002). The Daf-c
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phenotype can be suppressed by null mutation of daf-12, suggesting that DAF-9 inhibits

DAF-12 in its regulation of dauer arrest.

Several lines of evidence suggest that DAF-9 and DAF-12 regulate dauer arrest
hormonally. Wild-type, daf-3/SMAD and daf-16/FOXO animals grown on cholesterol-
deficient media phenocopied the gonadal cell migration defect and Daf-c phenotypes
typical of daf-9 mutants, whereas daf-12 mutants cultured on similar media did not
produce the same phenotype (Gerisch et al., 2001). In addition, cholesterol deprivation
also enhanced the Daf-c phenotypes of daf-12 mutants. Two conclusions could be
made from the above experimental evidence: first, sterols could be a potential substrate
and ligand of DAF-9/CYP450 and DAF-12/NHR respectively; second, the cholesterol
sensitivity is consistent with the genetic position of daf-9 observed in the epistasis
experiments, which is downstream of daf-3 and daf-16 and upstream of daf-12 in the
dauer pathway. Furthermore, chemical identification of the endogenous ligands for
DAF-12/NHR revealed two bile acid-like steroids, named A-4 and A-7 dafachronic acid
(DA) that can activate DAF-12-mediated transcription in the nanomolar range (Motola et
al., 2006). Moreover, with the aid of various GFP-tagged DAF-9 protein constructs, Mak
and Ruvkun demonstrated that DAF-9 functions non-autonomously to suppress dauer

arrest, resembling a hormone-mediated mechanism (Mak and Ruvkun, 2004).

Conclusion

Taken together, a model of dauer formation from the initial detection of environmental
signals to an eventual hormone-based alteration in development and physiology is
established (Figure 1.1). During favorable conditions, environmental cues are sensed by
the G-protein coupled receptors (GPCRS) in the neuronal tissue, which in turn activates
the cGMP pathway resulting in membrane depolarization and release of DAF-28/ILPs
and DAF-7/ TGF-B to activate the downstream IIS and TGF-B pathways in the
endocrine cells. The final output of the two pathways converges on transcriptional
activation of the hormone biosynthetic genes, like DAF-9/CYP450 that catalyze the
production of DA molecules; the ligands for DAF-12/NHR. DAs are transported to target
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tissues and thereby activate DAF-12/NHR to instruct animals to execute the normal
reproductive program and inhibit dauer arrest. During unfavorable conditions, the cGMP
and downstream IS and TGF- pathways are not activated, consequently leading to a
shutdown of hormone synthesis. The unbound DAF-12/NHRs associate with certain co-
repressor proteins to specify dauer formation for long-term survival instead of

continuous energy-consuming processes typical of the reproductive program.

Figure 1.1. Regulatory Pathways for Dauer Arrest in C. elegans

Under favorable growth conditions, the amphid neurons in the head of the C. elegans
detect environmental cues to stimulate the production of cGMP molecules. These
signals open cGMP-gated ion channels resulting in membrane depolarization and
subsequent release of DAF-7/TGFB and DAF-28/insulin ligands. Binding of DAF-
7/TGFB to its cognate receptor(s) leads to activation of the TGF[ receptor signaling
proteins DAF-8 and DAF-14, which translocate from the cytoplasm into the nucleus to
inhibit the action of DAF-3 and DAF-5, and promote the transcription of hormone
biosynthetic enzymes like DAF-9. DAF-9 catalyzes the production of dafachronic acids
that activate the DAF-12 nuclear receptors in target tissue to promote the reproductive
program. Binding of the DAF-28/insulin to its receptors activates a series of protein
kinases including AGE-1/PI3K, PDK-1 and AKT1/2, which eventually antagonize the
translocation of DAF-16/FOXO transcription factors into the nucleus where they inhibit
the transcription of DAF-9. Under unfavorable growth conditions, the DAF-7 and DAF-
28 ligands are not released and the DAF-9 transcription is inhibited by DAF-16 leading

to inactivation of the DAF-12 nuclear receptors and promotion of dauer arrest.
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Chapter 1.3 AMP-activated Protein Kinase (AMPK)
Structure and Regulation

AMPK is a critical regulator of cellular energy homeostasis. The enzyme was initially
identified as a regulator of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase and acetyl coenzyme A (Acetyl Co-A) carboxylase in two independent studies
(Beg et al., 1973; Carlson and Kim, 1973). Later studies on the two enzymes found that
the kinase responsible for their phosphorylation and inactivation required AMP as a
cofactor for self activation and thus was named AMPK (Ferrer et al., 1985; Carling et al.,
1987).

AMPK exists universally as a hetero-trimeric complex composed of a catalytic (a)
subunit and two regulatory (B and y) subunits in all organisms. Each subunit has at least
two isoforms and appears to form functional complexes in random combination resulting
in differential tissue expression and its final subcellular localization (Cheung et al., 2000;
Salt et al.,, 1998). The catalytic subunit contains a Ser/Thr kinase domain at the N-
terminus and a binding domain for the 8 regulatory subunit at the C-terminus (Hardie et
al.,, 2012). The C-terminal region of the [ regulatory subunit comprises the core
component of the complex by binding the C-terminus of a subunit and the N-terminus of
y subunit. The B subunit also contains a carbohydrate-binding domain that was shown
to interact with oligosaccharide components of glycogen for inhibition of AMPK activity
(McBride et al.,, 2009). The y subunit contains four cystathionine-B-synthase (CBS)
domains in two tandem repeats, each of which is referred to as a Bateman domain
(Carling et al., 2012). Three out of the four CBS domains were revealed to be occupied
by adenine nucleotides in the crystal structure of the AMPK core, whereby one of them
was tightly bound by AMP while the other two bind AMP, ADP or ATP in a competitive

manner (Xiao et al., 2007).

Two conditions need to be met for AMPK activation: AMP and ADP act as activators of
the AMPK complex from yeast to human. Addition of AMP into purified recombinant
AMPK preparation in vitro resulted in as much as a ten-fold increase in AMPK kinase

activity assessed by high performance liquid chromatography (Suter et al., 2006).
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Binding of AMP or ADP to the Bateman domains led to a conformational change in the y
subunit exposing the activation loop centered by a conserved Thr residue, which was
named as Thrl72 according to its position in the original rat sequence (Hawley et al.,
1996). Such exposure makes the protein complex available for phosphorylation by
upstream activating kinases. On the other hand, binding of ATP competitively
antagonized the allosteric activation of AMPK and subsequent exposure of Thrl72 by
AMP and ADP (Carling et al., 2012; Hardie et al., 2012). It appears that different y
subunit isoforms possess different sensitivities to AMP, ADP and ATP molecules, which
may provide implications for tissue-specific AMPK regulation. As a result of such
allosteric regulation, AMPK can sense changes in cellular AMP/ATP and ADP/ATP

ratios and adjust metabolic conditions accordingly by phosphorylating key substrates.

The major upstream kinase of AMPK is Liver Kinase B1 (LKB1), which was originally
identified as a tumor suppressor protein (Ylikorkala et al., 1999; Shaw et al., 2004).
LKB1 is associated with two accessory proteins, Ste20-related adaptor protein-a
(STRADa) and mouse protein 25-a (MO25a), both of which were shown to activate its
kinase activity and affect its cytoplasmic localization (Baas et al., 2003; Boudeau et al.,
2003). The LKB-1- STRADa- MO25a complex phosphorylates AMPK at Thrl72 that is
exposed upon binding of AMP or ADP to the y subunit. Given that AMP, ADP and ATP
have similar binding affinity to the y subunits (Xiao et al., 2011) and ADP is normally
maintained at a higher level in cells compared to AMP, ADP may act as the major
activator to promote Thrl72 phosphorylation under moderate energy stress (Hardie et
al., 2012). However, as energy levels decrease, AMP levels will increase as more
phosphate groups are released from ATP and ADP molecules for energy production
and thus further amplify the activation signal on AMPK. Such a graded response of
AMPK activity allows organism to accommodate to a wide range of energy stress levels.
Another kinase that has been identified to phosphorylate AMPK at Thrl72 is the
Ca?*/calmodulin-dependent protein kinase kinase B (CaMKKP), which responds to
increased intracellular Ca®* level independent of AMP/ATP ratio (Hardie et al., 2012).
Increases in AMP and ADP levels in tumor cells that lack LKB1 failed to activate AMPK
due to low basal CaMKK activity, which could be reversed by increasing intracellular
Ca?* level (Hawley et al., 2003; Fogarty et al., 2010). AMP activation of AMPK is also
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dependent on myristylation of the N-terminus of the B subunit, given that loss of the
myristoyl group resulted in failure of AMPK to respond to AMP activation and reduced
extent of Thrl72 phosphorylation (Oakhill et al., 2010). Moreover, lysine residues of the
a subunit of AMPK were acetylated by p300 acetyltransferase and deacetylation of
these residues enhanced the physical interaction of AMPK with LKB1 and its
subsequent phosphorylation and activation (Lin et al., 2012). It is worth mentioning that
hydrogen peroxide (H,O,) was shown to activate AMPK in mammalian cells by
oxidatively modifying the cysteine residues of the a subunit, indicating that AMPK is not
only an indicator of the intracellular metabolic status, but is also able to respond to the

cellular redox status (Zmijewski et al., 2010).

Physiological Role

In general, AMPK is activated under energy-demanding conditions or in nutrient scarced
environments, where intracellular ATPs are rapidly converted to AMP for energy
production resulting in a steep increase of the AMP/ATP ratio (Figure 1.2). Physiological
stimuli that have been shown to activate AMPK include intense muscular exercise,
ischaemia, glucose deprivation, heat shock and hypoxia (Carling et al., 2012; Hardie et
al., 2012; Zhang et al., 2009). Activated AMPK in turn phosphorylates and modulates
activities of key proteins such as acetyl-CoA carboxylase 1 (ACCl), HMG-CoA
reductase and glycogen synthase kinase 3B (GSK-3B) which are involved in
carbohydrate and lipid metabolism. This results in suppression of the ATP-consuming
anabolic events like fatty acid (FA) synthesis, cholesterol synthesis and
gluconeogenesis. It also stimulates ATP-producing catabolic events such as FA
oxidation, and glucose transport into the muscle tissue. Despite of the general view of
AMPK as a catabolism promoter while inhibiting anabolism, it has been shown to
directly phosphorylate and inhibit a catabolism enzyme adipose triglyceride lipase
(ATGL), the enzyme that catalyzes the rate limiting step of lipolysis process during C.
elegans dauer larva stage, indicating a catabolism suppressing role of AMPK during
energy deprivation (Narbonne and Roy, 2009). The critical role of AMPK as a “master

switch” of body energy balance makes it an ideal drug target for treatment of metabolic
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disorders such as obesity, insulin resistance and Type 2 diabetes (Zhang et al., 2009).
Consistent with this, the widely used anti-diabetic drug metformin has been shown to
activate AMPK regardless of AMP/ATP ratio in muscle cells, although its beneficial

effects on diabetes are not mediated exclusively through AMPK (Fryer et al., 2002).

Several lines of evidence suggest that certain cellular stresses can activate AMPK
independent of AMP, ADP or Ca*" levels. In mammalian cell culture, H,O has been
shown to activate AMPK via multiple mechanisms. At high concentration, AMPK
activation seemed to be a result of increased ATP/AMP ratio owing to inhibition of
mitochondrial ATP synthesis by H,O, (Hawley et al., 2010). A more direct regulatory
mechanism of H,O, on AMPK involves oxidation of two conserved Cys residues in the
AMPK catalytic subunit (Zmijewski et al., 2010). Gene expression and structure analysis
demonstrated that AMPK regulated the expression of catalase genes via DAF-16/FOXO
to control cellular H,O, level, suggesting a potential two-way feedback regulation
mechanism between AMPK and H,O, (Murphy et al., 2003; Greer et al., 2007; Petriv
and Rachubinski, 2004). Another type of stress that could activate AMPK is genotoxicity.
lonizing radiation induced DNA damage triggered a robust phosphorylation and
activation of AMPK independent of LKB1, which was initially activated in the nucleus

and subsequently propagated into the cytoplasm (Sanli et al., 2010).

Carbohydrate Metabolism Regulation

One of the catabolic processes that AMPK mediates is glucose uptake in skeletal
muscle and adipose tissue. The type 4 glucose transporter (GLUT4) is one of the 13
carbohydrate transporter proteins in the human genome that is highly expressed in
muscle cells and adipocytes (Joost and Thorens, 2001; Wood and Trayhurn, 2003). It
catalyzes glucose transport from intracellular storage vesicles to the plasma membrane
via an ATP-independent, facilitative diffusion mechanism (Hruz and Mueckler, 2001).
The translocation process of GLUT4 involves intracellular sorting, vesicular transport to
the cell membrane followed by the eventual fusion of the GLUT4 storage vesicles with

the plasma membrane mediated by RAB G-protein family members (Huang and Czech,
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2007). Under basal conditions, RABs are maintained in an inactive GDP-bound state by
binding to the RAB-GTPase activating protein (RAB-GAP) family members such as
TBC1 domain family member 1 (TBC1D1) and AKT substrate of 160kDa (AS160, also
known as TBC1D4) that are associated with GLUT4 storage vesicles (Sakamoto and
Holman, 2008). During muscle contraction, AMPK phosphorylates TBC1D1, promoting
its interaction with 14-3-3 proteins to release RABs triggering the conversion of RABs to
an active GTP-bound state and thereby stimulating fusion of the GLUT4 carrying
vesicles with the plasma membrane in muscle cells (Chen et al., 2008; Pehmgiller et al.,
2009). AS160 is phosphorylated by protein kinase B (PKB/AKt), resulting in a similar
stimulation mechanism of GLUT4 trafficking (Sakamoto and Holman, 2008). In contrast,
AS160 appears to be the major regulator of GLUT4 transport in adipocytes since
TBC1D1 expression is extremely low in 3T3-L1 adipocytes and even undetectable in
the white adipose tissue (WAT) of the mouse (Chavez et al.,, 2008), indicating a
differential regulatory role of AMPK in the two tissues. Indeed, AMPK seems to have a
potential inhibiting role on AS160 in 3T3-L1 adipocytes through direct phosphorylation,
given that treatment with known AMPK activators did not promote phosphorylation of
AS160 at any of the insulin-stimulated phosphorylation sites or 14-3-3 binding sites
(Chen et al., 2008; Chen et al., 2009). Several possible mechanisms could underlie this
inhibitory role of AMPK in adipocytes. AMPK may prevent phosphorylation of AS160 by
PKB or activate certain phosphatases to dephosphorylate AS160. Alternatively,
phosphorylation of AS160 by AMPK may make it a less favorable substrate for PKB/AKt.

Loss of different AMPK catalytic subunit isoforms has been shown to result in varying
degrees of compromise in glucose uptake in skeletal muscle. Knockout of the major
catalytic subunit isoform AMPKa2 in mice failed to respond to AMPK activators upon
glucose uptake, while elimination of AMPKa1 did not affect glucose uptake whatsoever
(Jorgensen et al., 2004). Further evidence demonstrated that AMPK is indeed the
primary mediator of contraction-induced glucose uptake in muscle cells. Loss of LKB1
abolished the contraction-induced AMPK activation and subsequent glucose uptake in
mice (Sakamoto et al., 2005), indicating an underlying LKB1-dependent mechanism. In
addition, muscle contraction in mice with muscle-specific loss-of-function mutations of

AMPK was dramatically reduced when accompanied by impaired glucose uptake
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(O’Neill et al., 2011). It is worth mentioning that TBC1D1 may not be the only

downstream target of AMPK that mediates such an effect.

Multiple lines of evidence have also implicated certain long-term effects of AMPK
activation on glucose trafficking. AMPK activation induced by various AMPK activators
has been reported to stimulate GLUT4 expression in muscle cells (Holmes et al., 1999;
Ojuka et al., 2000; Barnes et al., 2005; McGee et al., 2008) and increase GLUT4 mRNA
levels in WAT of rainbow trout (Polakof et al., 2011). However, GLUT4 protein levels
were unaffected in human adipose tissues treated with AMPK activators (Boyle et al.,
2011). Therefore, more studies need to be conducted to fully understand the
mechanism underlying the effect of AMPK on glucose uptake, especially its differential

regulatory role in various organisms.

Lipolysis Regulation

Lipolysis describes the process of lipid breakdown involving stepwise hydrolysis of
triglyceride (TG) molecules. Energy that is not required for immediate expenditure is
mainly stored in the form of TG for long term usage. During nutrient scarcity or energy
demanding periods, TG molecules are hydrolysed to diglyceride (DG), monoglyceride
(MG) and glycerols in three sequential reactions catalyzed by adipose triglyceride lipase
(ATGL), hormone sensitive lipase (HSL) and monoglyceride lipase (MGL) respectively,

resulting in release of FAs at each step.

Studies on lipolysis revealed that AMPK can have either a stimulating role or
suppressing role in mammalian cells. In cultured 3T3-L1 preadipocytes, activation of
AMPK by cAMP is required for maximal activation of lipolysis (Yin et al., 2003). AMPK is
also necessary for adrenaline-induced lipolysis in isolated rat adipocytes (Koh et al.,
2007). On the other hand, some anti-lipolytic effects of AMPK were also observed in
isolated rat, visceral and subcutaneous adipocytes (Sullivan et al., 1994; Anthony et al.,
2009). There is also evidence showing that an increase in lipolysis caused by elevated
CAMP levels was able to activate AMPK, partially due to FA acylation (Gauthier et al.,

2008). Multiple studies have shown that AMPK directly phosphorylates HSL to suppress
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both its role in PKA-dependent activation and translocation to the lipid droplets (Garton
and Yeaman, 1990; Sullivan et al., 1994; Anthony et al.,, 2009). Conversely,
controversial evidence was also published showing that mutation of the potential AMPK
phosphorylation site on HSL prevented its localization to lipid droplets, however this
phosphorylation event was unaffected in AMPK-deficient adipose cells (Su et al., 2003;
Chakrabarti et al., 2011). In terms of ATGL, multiple lines of evidence have shown that
ATGL is a direct phosphorylation target of AMPK, although the outcome can be either
stimulating or repressing, depending on the context and/or the organism (Narbonne and
Roy, 2009; Pagnon et al., 2012; Ahmadian et al., 2011). Taken together, many studies
have suggested that both HSL and ATGL can be directly phosphorylated by AMPK,
resulting in diverse consequent regulation of lipid hydrolysis. This differential regulation
of lipolysis by AMPK likely reflects both the metabolic state of the animal as well as the

nature of the environmental cues involved.

Lipogenesis and FA Oxidation Regulation

Acetyl-CoA carboxylase (ACC), the enzyme that catalyzes the production of a key
substrate for FAs biosynthesis, malonyl-CoA, has been shown to be a direct
phosphorylation target of AMPK in rat adipocytes (Sullivan et al., 1994) and the
phosphorylation site was confirmed by combined treatment of dominant-negative AMPK
and its pharmacological activator (Daval et al., 2005). Further evidence showed that
AMPK activation during an energy-demanding period led to reduced production of
malonyl-CoA, consistent with inhibition of ACC by AMPK (Takekoshi et al., 2006; Peng
et al., 2012). In addition to the direct inhibition of ACC by AMPK, several studies also
revealed that long-term activation of AMPK with either hormonal or other
pharmacological treatments resulted in transcriptional repression of ACC gene
expression in both rat adipocytes and human adipose tissues, likely through direct
phosphorylation and inhibition of sterol-regulatory-element-binding protein-1c (SREBP-
1c) transcription factor (Gaidhu et al., 2009; Orci et al., 2004; Boyle et al., 2011; Li et al.,
2011). Specifically, the B1 subunit of AMPK appears to have a unique role in

suppressing lipogenesis, as loss of this particular subunit resulted in increased
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lipogenesis in mice adipose explants (Dzamko et al., 2010). Besides its role in FAs
biosynthesis, malonyl-CoA also regulates FA oxidation by inhibiting carnitine
palmitoyltransferase 1 (CPT1), a rate-limiting enzyme embedded in the outer membrane
of mitochondria that mediates the transport of FAs into the mitochondria where FA
oxidation takes place. Therefore, AMPK inhibition of ACC to reduce the production of
malonyl-CoA affects FA oxidation by relieving the inhibition of CPT1 and thereby

promoting the FA breakdown and energy production.

Role of AMPK on the C. elegans Dauer Larvae

The appropriate storage of lipid, osmoregulatory homeostasis and germline stem cell
are largely dependent on the action of AMPK during the dauer progression. In the
absence of AMPK, the germline stem cells exit quiescence and proliferate extensively to
give rise to a germline hyperplasia phenotype in dauer animals with compromised
insulin-like signaling (Narbonne and Roy, 2006). In addition, the same AMPK mutant
dauers also expire prematurely at early dauer stage due to rapid exhaustion of their lipid
reserves (Narbonne and Roy, 2009). Both of these AMPK actions are regulated by its
upstream regulator LKB1. Curiously, although hormone sensitive lipase (HSL) has been
shown to be a direct phosphorylation target of AMPK in muscle cells, loss of HSL does
not affect the rapid depletion of lipid stores observed in C. elegans dauer larvae
(Donsmark et al., 2004; Narbonne and Roy ,2009). Alternatively, another recently
identified lipase that catalyzes the initial step of the lipolysis process, the adipose
triglyceride lipase (ATGL) was found to be a direct phosphorylation target of AMPK at
multiple residues (Narbonne and Roy, 2009). In daf-2 mutant dauers, AMPK
phosphorylates and inhibits ATGL to limit lipolysis, allowing the establishment of a lipid
depot that provides the essential energy for the non-feeding nutrient-deprived dauer

larva.
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Figure 1.2: Physiological Role of AMPK.

Upon activation by upstream signals such as increased AMP/ATP ratio, intracellular
Ca?* and H,O, level, AMPK can activate various metabolic processes via different

downstream protein targets.

AMP/ATP  [Ca*'] H.0,
AMPK
TBC1D1/ ATGL HSL ACC
AS160 / \
Glucose Lipolysis FA Oxidation FA Synthesis
Transport

37



Chapter 1.4 Regulation of Lipolysis

Organisms store excess intake energy mainly in the form of triglyceride for long term
usage. Fat synthesis is initiated by adding carbon units to an intermediate metabolite of
carbohydrate metabolism, acetyl-CoA to form fatty acids (FAs) and subsequent
esterification with glycerol to construct the triglyceride product. The entire process is
referred to as lipogenesis and the final products are deposited in the cellular organelles,
called lipid droplets. During energy demanding period, stored triglycerides are
hydrolyzed into free FAs to provide energy substrates, the process of which is known as

lipolysis.

Lipolytic enzymes

Lipolysis is the process of sequential lipid break down, each step of which is catalyzed
by specific enzymes (Figure 1.3). The main function of adipose triglyceride lipase
(ATGL) is to catalyze the first step of lipolysis for the generation of diglyceride and FAs
by cleaving the ester bonds in triglyceride molecules. ATGL was identified
independently by three groups in 2004 for its ability to hydrolyze triglyceride molecules
(Zimmermann et al., 2004; Jenkins et al., 2004; Villena et al., 2004). ATGL is highly
specific towards triglyceride, as it has been shown to exhibit little or no activity when
exposed to other lipid intermediates such as diglyceride and monoglyceride
(Zimmermann et al., 2004). Gene expression analysis revealed that ATGL mRNA was
expressed in measurable amounts in all tissues, where the highest level was found in
adipose tissue (Zimmermann et al., 2004; Villena et al., 2004). Structurally, ATGL
contains a patatin-like phospholipase domain at the N-terminus that confers its
enzymatic activity (Lass et al., 2006; Duncan et al., 2010), and a series of a-helical and
loop domains at the C-terminus, including a hydrophobic stretch that corresponds to the
substrate binding region and the major site of regulation for its catalytic activity
(Schweiger et al., 2008; Kobayashi et al., 2008).

The second reaction in triglyceride breakdown is catalyzed by hormone sensitive lipase

(HSL) to further release a FA molecule from diglyceride to generate monoglyceride.
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HSL was initially identified as an enzyme that responded to fasting and catabolic
hormones (Vaughan et al., 1964; Bjorntorp et al., 1962; Hollenberg et al., 1961). Later,
HSL was found to hydrolyze a wide range of substrates with the highest maximal
reaction rate attributed to diglycerides (Yeaman, 1990; Yeaman et al.,, 1994). The
expression pattern of HSL mRNA and protein is similar to ATGL in various tissues,
where the highest expression level was also observed in adipose tissue (Kraemer et al.,
1993; Khoo et al., 1993). Human HSL protein contains 768 amino acids, much longer
than ATGL’s 504 amino acids. Based on protein domain architecture, two functional
regions are predicted in HSL: the N-terminal domain, comprising the first 300 amino
acids, mediates its interaction with substrates and protein partners (Osterlund et al.,
1996; Shen et al.,, 1999); the C-terminal domain, comprising the rest of the protein,
contains a common lipase a/B hydrolase fold that harbors the catalytic domain and all
known phosphorylation sites of HSL (Osterlund et al., 1996; Anthonsen et al., 1998;
Shen et al., 1998).

The last reaction of lipolysis is catalyzed by monoglyceride lipase (MGL) to free the final
FA molecule from monoglyceride resulting in the production of the remaining glycerol
molecules. MGL was initially discovered by its high specificity for monoglyceride in rat
adipose tissue (Torngvist and Belfrage, 1976). Like ATGL and HSL, MGL mRNA level
was observed highest in adipose tissue (Karlsson et al., 1997). Human MGL is smaller
in size than ATGL and HSL with only 303 residues, where the catalytic region spans

almost the entire protein (Karlsson et al., 1997).

Although studies of lipolytic activities have shown that the majority of the lipase capacity
is attributed to ATGL and HSL in C. elegans dauer larvae, Drosophila and murine
adipose tissue (Narbonne and Roy, 2009; Gronke et al., 2005; Schweiger et al., 2006),
it does not rule out the existence of other lipases that also contribute to lipolysis in other
tissues or under particular physiological states. A recent study revealed that a humber
of patatin-like phospholipase domain-containing protein (PNPLA) family members act as
alternative triglyceride hydrolases with high sequence homology to ATGL (Kienesberger
et al., 2009). Among these proteins, PNPLA3 has drawn most attention due to its close

relationship with various liver diseases, likely due to its suppression upon the
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development of fatty liver (Romeo et al.,, 2010). In addition, two members of the
carboxylesterase family have been demonstrated to preferentially hydrolyze short chain
FAs in the lumen of the endoplasmic reticulum other than the cytoplasmic lipid droplets
(Okazaki et al., 2006; Gilham et al., 2005).

Regulation of ATGL

CGI-58: Like some extracellular TG lipases, ATGL requires co-activator proteins to
achieve maximal activity. CGI-58 is the best characterized co-activator of ATGL, where
1:1 molar ratio mixture of ATGL and CGI-58 in vitro gives rise to maximal stimulation of
the former (Lass et al., 2006). CGI-58 protein was initially discovered in a proteomic
approach designed to identify orthologous genes between C. elegans and human, and
was given the name comparative gene identification-58. The activation potential of CGI-
58 on ATGL was shown to exhibit species differences and domain specificity. Mouse
ATGL was shown to better respond to both human and murine CGI-58 than human
ATGL, despite the two proteins displaying 94% sequence identity (Lass et al., 2006).
Mutation studies showed that the N-terminal portion of ATGL was required for CGI-58
activation (Lass et al., 2006). The C-terminal region of human ATGL was revealed to be
important for the appropriate localization of the protein to the lipid droplets, as ATGL
variants with truncated C-termini failed to bind the lipid droplets (Schweiger et al., 2008).
In addition to its role in localization, the C-terminal region was also shown to suppress
the enzyme activity in vitro, given that the same variants exhibited increased TG
hydrolase activity by as much as 20-fold (Schweiger et al., 2008). Such a stimulation in
enzyme activity is likely due to the interference of the C-terminal region on CGI-58
binding, as protein-protein interaction studies revealed that more CGI-58 proteins were
recruited to the truncated ATGL than wild type ATGL (Schweiger et al., 2008).

The mechanism of how CGI-58 binding increases ATGL activity is currently unclear.
Structural studies revealed that the N-terminal Trp-rich region of CGI-58 is crucial for
both lipid droplet binding and ATGL activation (Gruber et al., 2010). The direct protein-

protein interaction between ATGL and CGI-58 was shown to be essential for ATGL
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activation but not sufficient, as some CGI-58 variants that are nonetheless capable of
binding to ATGL failed to activate ATGL in vitro (Lass et al., 2006; Gruber et al., 2010;
Granneman et al., 2007), indicating that additional interactions are required. Binding of
CGI-58 to the lipid droplet is another essential interaction that is necessary for ATGL
activation, given that CGI-58 variants that failed to localize to lipid droplet were not able
to stimulate ATGL activity (Gruber et al., 2010).

Besides its role as the co-activator of ATGL, CGI-58 has also been reported to possess
lysophosphatidic acid acyltransferase (LPAAT) activity to acylate lysophosphatidic acid
to phosphatidic acid in an acyl-CoA dependant manner (Ghosh et al., 2008; Montero-
Moran et al., 2010). Such LPAAT activity provides a channel to recycle the fatty acids
released from TG hydrolysis for phospholipid synthesis, suggesting that CGI-58 may
play a dual role in both lipid hydrolysis and synthesis depending on the metabolic

requirement of the cell.

GO0/G1 Switch Protein 2 (G0S2): Recently, GOS2 protein was identified as a selective
regulator of ATGL (Yang et al., 2010). The protein was named because of the
association of its mRNA expression pattern with GO to G1 phase re-entry of
mononuclear blood cells (Russell and Forsdyke, 1991). In mouse, G0S2 is
predominantly expressed in white and brown adipose tissues and liver, where its
overexpression led to accumulation of lipid (Yang et al., 2010). In human HelLa cells,
overexpressed G0S2 was localized to lipid droplets and protected them from ATGL-
mediated hydrolysis (Yang et al., 2010). Co-immunoprecipitation assays revealed that
GO0S2 directly interacted with the N-terminal region of ATGL without competing with the
CGI-58 binding (Yang et al., 2010; Schweiger et al., 2008) and this interaction resulted
in reduced ATGL hydrolase activity. GOS2 was only recruited to the lipid droplets when
ATGL was present in significant abundance, suggesting that GOS2 itself is not capable

of binding to the lipid droplets but requires ATGL as a bridge (Yang et al., 2010).

Regulation by lipid droplet-associated proteins: B-adrenergic activation of ATGL has
been shown to be a crucial component for full hormone-activated lipolysis in white
adipose tissue (Zimmermann et al., 2004; Haemmerle et al., 2006; Schweiger et al.,

2006). Perilipin and CGI-58 are two important downstream effectors of the 3-adrenergic
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pathway. Perilipin is a family of proteins that coat lipid droplets, providing a structural
and protective role. Perilipin-1 is the first identified Perilipin family member that is only
expressed in cells that respond to B-adrenergic stimulation, such as adipocytes and
steroidogenic cells; and its expression is essential for the.stimulation of lipid hydrolysis
by B-adrenergic signals in these cells (Wolins et al., 2006a; Dalen et al., 2007). Under
non-stimulated conditions, CGI-58 is sequestered by Perilipin-1 at the lipid droplet
surface, making it unavailable for ATGL activation (Granneman et al.,, 2009a;
Granneman et al., 2007; Subramanian et al., 2004). When the B-adrenergic signal
pathway is activated, protein kinase A (PKA) phosphorylates Perilipin-1 causing it to
dissociate from CGI-58 liberating the latter to activate ATGL (Granneman et al., 2007;

Subramanian et al., 2004).

In non-adipose tissues, due to the absence of Perilipin-1, other mechanisms that
regulate ATGL activity must exist, possibly involving other Perilipin family members.
Indeed, all four of the other Perilipin family members have been implicated in ATGL
function and lipid droplet homeostasis. In Perilipin-1-deficient mice, Perilipin-2 has been
shown to compensate becoming the major protein that coats the lipid droplet, while it
has also been shown to regulate the interaction between ATGL and the lipid droplet in a
number of different cell lines (Listenberger et al., 2007; Bell et al., 2008; Tansey et al.,
2001). Perilipin-3 is ubiquitously expressed, and its downregulation leads to less but
larger lipid droplets, and an increased abundance of ATGL on the lipid droplets
accompanied by increased lipolysis (Bell et al.,, 2008). Little evidence has been
demonstrated to link Perlipin-4 with lipolysis besides that it is primarily expressed in the
white adipose tissues (Wolins et al., 2003; Wolins et al., 2005). Perilipin-5 is mainly
expressed in oxidative tissues, like the heart, skeletal muscle and liver, and induces
lipolysis under fasting conditions (Wolins et al., 2006a). Perilipin-5 has been shown to
recruit ATGL and CGI-58 to the surface of lipid droplet to promote their interaction and

accelerate lipolysis (Granneman et al., 2009b).

Other than the Perilipin family, the fat-specific protein 27 (FSP27), also known as cell
death-inducing DFFA-like effector ¢ (CIDEC), is also a lipid droplet-associated protein
that enhances lipid storage by inhibiting lipolysis (Puri et al., 2007; Keller et al., 2008).
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Genetic screens designed to identify genes that affect lipid droplet size and morphology
revealed that proteins involved in the ER-Golgi transport complex are necessary to
maintain normal lipid droplet structure in an ATGL-dependant manner in Drosophila L2
cells (Guo et al., 2008; Beller et al., 2008). Phosphoprotein proteomic analysis revealed
two phosphorylated serine residues on human ATGL but their cellular function was
unknown (Bartz et al., 2007). These phosphorylation sites do not involve PKA and are
not associated with its lipid droplet localization nor its catalytic capacity (Zimmermann et
al., 2004; Duncan et al., 2010). In C. elegans, the ATGL ortholog ATGL-1 was shown to
be directly phosphorylated by AMPK at several sites leading to decreased TG
hydrolysis during the dauer stage (Narbonne and Roy, 2009). Whether a conserved
mechanism exists in mammals is unknown and provides a novel direction to explore the
regulation of ATGL activity and its effect in lipid homeostasis. ATGL has also been
shown to be transcriptionally regulated by a number of factors and conditions, including
insulin, mTOR, and fasting/feeding (reviewed by Lass et al., 2011). In general, activities
that promote lipid storage would repress ATGL mRNA levels to reduce lipolysis, while
during a nutrient-scarce period like fasting, ATGL mRNA transcription is commonly
activated to promote lipolysis to meet the increased energy demand.

Regulation of Other Lipases

Regulation of HSL has been well characterized in adipocytes in the last a few decades.
In response to B-adrenergic stimulation, HSL is phosphorylated by PKA at five distinct
serine residues leading to doubled intrinsic enzyme activity (Kraemer and Shen, 2002;
Krintel et al., 2008). In addition, PKA phosphorylation of HSL promotes its interaction
with Perilipin-1, which is also a target of PKA (Miyoshi et al., 2007). The phosphorylated
Perilipin-1 releases its binding partner CGI-58 under basal conditions, and exposes a
docking site for phosphorylated HSL to localize to the lipid droplets and catalyze
lipolysis. In non-adipose tissues, despite the absence of Perilipin-1, other Perilipin family
members, such as Perilipin-2 and 5 may compensate for HSL (Wang et al., 2009). To
date, regulation of MGL has not been well characterized. The mRNA levels of MGL
have so far been found not to be affected by either hormones or the cellular energy
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state, despite its high expression level in many tissues ranging from adipocytes to
muscle cells. Although MGL has been shown to be required to completely breakdown
TG molecules in vitro (Fredrikson et al.,, 1986), ATGL and HSL also exhibit MG
hydrolase activity. Such functional redundancy might explain the reason why MGL is

less affected at transcriptional level.
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Figure 1.3. Lipolysis is comprised of sequential reactions, each of which is
catalyzed by a specific enzyme resulting in the release of one free fatty acid

molecule.
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Chapter 1.5 Lipid Droplets

Lipid droplets were initially recognized in late 19" century due to their high diffraction
properties making them easily recognizable by light microscopy (Wilson, 1896).
Although, they were called by various names including liposomes, lipid/fat bodies,
adiposomes and oil bodies in plant, as the research on them rapidly progresses, the
name “lipid droplets” is now widely accepted by the field. Research interest on lipid
droplets did not accelerate until the discovery of Perilipin, a hormonally regulated
phosphoprotein closely associated with the periphery of lipid droplets (Greenberg et al.,
1991). Since then, these organelles have been extensively studied in various aspects,

ranging from oil production to disease-related examination.

Cellular Role of Lipid Droplets

Lipid droplets are ubiquitous organelles that are present in most eukaryotic cells. Each
lipid droplet consists of a core of neutral lipids, surrounded by a phospholipid monolayer,
ranging from 1 to 100 pm in diameter. Like plasma membranes, their surfaces are
decorated by numerous proteins, providing functional and structural support to the
organelle. The main function of lipid droplets is to provide a long-term storage depot for
excess energy intake and to provide support to the organism during periods of high
energy demand or nutrient scarcity. Excess energy is mainly stored in the form of
triglyceride (TG), which is an ester derived from one glycerol molecule and three fatty
acid molecules. It is chemically hydrophobic and highly reduced, making it an ideal
molecule for energy storage. In mammals, the cells that are responsible for energy
storage are the adipocytes, wherein lipid droplets often occupy most of the cytoplasmic
space. Many of the products generated from lipolysis are involved in cell signaling
pathways. For instance, free fatty acids, the final products of lipolysis, can act as ligands
for certain nuclear receptors to influence gene expression (Ducharme and Bickel, 2008).
Compartmentalization of the lipid molecules is also beneficial for the cells to buffer the
toxic effects generated by excessive lipid molecules. In cultured human cell lines,

excessive cholesterol present in the cytoplasm was recognized and taken up by
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macrophages leading to ER stress and consequently cell death (Maxfield and Tabas,
2005). High levels of intracellular free fatty acids were shown to disrupt plasma
membrane structure integrity and eventually induce cell apoptosis (Mishra and
Simonson, 2005). On the other hand, excess lipid molecules, such as sterols and free
fatty acids, can be esterified into esters and subsequently packed into lipid droplets for
storage to prevent any potential toxic effects (Farese and Walther, 2009; Ducharme and
Bickel, 2008). The loading of various lipid molecules into the lipid droplets may also aid
the transport of these lipid cargos to other subcellular destinations or signaling

pathways.

In addition to its lipid storage role, lipid droplets also serve as a warehouse to provide
building blocks, such as phospholipids, sterols and eicosanoids, for the construction of
plasma membranes. These building blocks can be generated during the process of lipid
catabolism as needed and can be rapidly added to the growing membrane, sometimes
coupled to cell division (Kurat et al., 2009). In Drosophila, a proteomic study revealed
that massive amounts of various histone proteins were associated with lipid droplets
during oogenesis and early embryo development, but disappeared in later stages,
suggesting that these lipid droplets may not only act as energy depots for the ongoing
cell division process, but also serve as a temporary platform to sequester maternally
provided proteins (Cermelli et al., 2006). Similarly, in hepatitis C virus, the capsid core
protein was found to be closely associated with the lipid droplets during viral replication
in hepatocytes (Miyanari et al., 2007). It has also been shown in human hepatoma cells
that the lipid droplets acted as a platform for proteasomal protein degradation (Ohsaki et
al., 2006). To sum up, the lipid droplets not only act as energy storage organelles, but

also participate in a number of other cellular processes to ensure sufficient energy

supply.

Lipid Droplet Biogenesis

The growth of lipid droplets is accompanied by addition of polar lipid molecules to the

surface to build the monolayer membrane while an influx of neutral lipid molecules must
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occur to fill up the core. The building blocks for the membrane can either come from de
novo synthesis or conversion of the by-products from the lipolysis process. The major
phospholipid components are synthesized in the (ER), where loss of the corresponding
enzyme resulted in enlarged lipid droplets, likely due to increased fusion events (Guo et
al., 2008). Addition of neutral lipids to the lipid droplet core requires TG synthesis
involving addition of fatty acid residues sequentially to a glycerol backbone. The final
step of TG synthesis is catalyzed by the enzyme diacylglycerol acyltransferase (DGAT),
which functions together with the acyl-CoA synthetase FATP1 to facilitate lipid droplet
expansion by coupling TG synthesis with deposition (Yen et al., 2008; Xu et al., 2012).

The prevailing model for lipid droplet generation posts that TG molecules are
synthesized in the ER and accumulate between the two layers of the ER membrane.
When the synthesized TG molecules reach a certain threshold within the bilayer, a
portion will protrude from the cytoplasmic side of the membrane and bud off into the
cytoplasm (Wolins et al., 2006b; Brown, 2001). There are still a lot of puzzles that must
be solved for this model, such as how the synthesized lipids enter the inter membrane
space, what is the mechanical force that drives these droplets to bud off the membrane
and what drives the direction of budding into the cytoplasm instead of the ER lumen.
The vesicular budding model suggests that the newly formed neutral lipids are
deposited into the pre-existing vesicles embedded in the ER membrane and either
detach or remain associated with the membrane thereafter (Walther and Farese, 2009;
Farese and Walther, 2009).

Multiple lines of evidence suggest that lipid droplets are derived from the ER. Enzymes
that are responsible for lipid synthesis, like DGAT, are primarily ER residential proteins.
In addition, lipid droplets have been demonstrated in several studies that they are in
close proximity with ER membranes (Robenek et al., 2006; Goodman, 2008). Given that
the major function of ER is to provide lipid-favourable avenues for the transport of newly
synthesized proteins committed for secretion, the close proximity of the lipid droplets
with the ER can facilitate the rapid exchange of lipid and protein cargos between the
two compartments. Lipid droplets were found to be associated with the bacterial plasma

membrane possibly due to the absence of ER in bacteria cells (Waltermann et al., 2005).
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There is also evidence suggesting potential interactions between the lipid droplets and
peroxisomes, mitochondria or replication vacuoles of intracellular parasites (Goodman,
2008; Walther and Farese, 2009). Although genome wide screens carried out in
Drosophila and yeast have identified a number of genes that when disrupted resulted in
less or smaller lipid droplets (Beller et al., 2008; Guo et al., 2008; Fei et al., 2008;
Szymanski et al., 2007); detailed mechanistic insight as to how lipid droplet size and

morphology are controlled is still lacking.

Another mechanism that may underlie the expansion of lipid droplets is fusion of smaller
lipid droplets into larger ones. This is supported by the studies carried out in Arabidopsis
thaliana where the loss of the major structural protein on the lipid droplets resulted in
obvious fusion of the variant lipid droplets (Siloto et al., 2006). There is also evidence
suggesting that at any given concentration, approximately 15% of the total lipid droplets
undergo fusion events, which was mediated by SNARE proteins consistent with their

role in vesicle fusion (Bostrom et al., 2007).

Lipid Droplet Catabolism

During energy-demanding periods, lipids stored in the lipid droplets are mobilized via
the process of lipolysis to provide the cells with extra energy supply. Lipolysis consists
of a series of sequential reactions, each of which is catalyzed by a highly specific lipase.
At each step, a free fatty acid molecule is released from the triglyceride backbone for
further cleavage through the process of B-oxidation. In mammals, catecholamine family
molecules, such as adrenaline and noradrenaline, are the major stimulants of lipolysis
during fasting and exercise periods (Zechner et al., 2009). When cellular energy is low,
catecholamines are produced by the sympathetic nervous system and bind to the G-
protein coupled receptors (GPCR) on the cell surface. The binding induces a
conformational change, resulting in the dissociation of the a subunit from the receptor to
activate adenylate cyclase, the enzyme that catalyzes the conversion of ATP to cCAMP.
The eventual increase in intracellular cAMP level leads to the activation of protein

kinase A (PKA) that can phosphorylate Perilipin and hormone sensitive lipase (HSL)
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(Brasaemle et al., 2009). PKA phosphorylation of the lipid droplet residential protein
Perilipin causes it to release its common binding partner CGI-58, making the latter
available to act as the co-activator of adipose triglyceride lipase (ATGL) to promote
lipolysis. Phosphorylation of HSL leads to its activation and localization to the lipid
droplets to cleave fatty acid from diglyceride molecules (Yang et al., 2010). In 3T3-L1
adipocytes, stimulation of lipolysis with a B-adrenergic receptor agonist resulted in
translocation of HSL from the cytosol to the lipid droplets accompanied by the activation

of lipolysis (Brasaemle et al., 2000).

During lipolysis, various lipases are recruited to the surface of lipid droplets where they
interact with their respective substrates. How these enzymes penetrate the lipid droplet
membrane and access their substrates remains unclear. There is speculation that the
lipase complex could effectively bind to the lipid monolayer of the droplet and split the
membrane to access the internal neutral lipids (Farese and Walther, 2009). Such
deformation of the lipid droplet membrane is possibly facilitated by proteins involved in
coating and vesicular transport (Guo et al., 2008). Autophagy could be another potential
mechanism that opens up the lipid droplet. Inhibition of autophagy in cultured
hepatocytes has been shown to block lipolysis and increase triglyceride storage (Singh
et al., 2009). Under maximal stimulation, larger lipid droplets may break down into
smaller ones to increase the surface area to enhance the efficacies of the reactions.
Constant activation of PKA for several hours has been shown to result in lipid droplet
fragmentation, which is dependent on Perilipin A phosphorylation at a specific serine
residue (Marcinkiewicz et al., 2006). These evidences suggest that multiple regulatory

mechanisms may converge to open up the lipid droplets to initiate the lipolysis process.
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Chapter 1.6 Thesis Rationale

During periods of nutrient scarcity, organisms readjust their metabolic status to adapt to
the environment. Upon encountering high population density, instead of completing the
normal reproductive life cycle, C. elegans can enter an alternative state, called dauer
where they initially build up lipid reserves for later usage as their sole energy source,
given that they do not feed once entering the dauer state. In addition to the key trigger,
conditions like high temperature and low nutrient resources can potentiate the dauer
entry decision. Such a shift of energy dependency from external feeding to internal lipid
utilisation perfectly reflects the organism’s ability to adjust their metabolic profile to fit in
the changing environment. This phenomenon provides us with an excellent model to
investigate how signaling pathways regulate lipid metabolism in response to change in
external nutrient intake. Understanding how lipid metabolism is regulated is of particular
importance in developing novel therapeutic alternatives for metabolic disorders

including diabetes, obesity and certain types of cancer.

Given that C. elegans with impaired AMPK function expire at early dauer stage due to
rapid depletion of lipid storage as a result of over activated ATGL (Narbonne and Roy,
2009), | started off my thesis research by performing a non-biased genome-wide screen
to identify genes, when compromised, that can extend the survival of those AMPK
mutant dauers. The identified gene list will help us to build a framework to better
understand how AMPK converges on a plethora of cellular processes required to
promote the typical long-term survival of the dauer larva. Many of the gene candidates
will function together or in parallel with ATGL to affect lipid utilisation and storage.
Characterization of their mechanism of action will further unveil the regulatory pathways
involved in lipid metabolism and eventually shed light on development of novel
treatments to lipid associated diseases such as obesity, diabetes and certain types of

cancer.
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Summary

Cells have evolved numerous mechanisms to circumvent stresses caused by the
environment and many of them are regulated by the AMP-activated kinase (AMPK).
Unlike most organisms, C. elegans AMPK null mutants are viable, but die prematurely
in the “long-lived” dauer stage due to exhaustion of triglyceride stores. Using a genome-
wide RNAIi approach we demonstrate that the disruption of genes that increase
hydrogen peroxide levels enhance the survival of AMPK mutant dauers by altering both
the abundance and the nature of the fatty acid content in the animal by increasing the
HIF-1-dependent expression of several key enzymes involved in fatty acid biosynthesis.
Our data provide a mechanistic foundation to explain how an optimal level of an often
vilified ROS-generating compound such as hydrogen peroxide can provide cellular
benefit; a phenomenon described as hormesis, by instructing cells to re-adjust their lipid
biosynthetic capacity through downstream HIF-1 activation to correct cellular energy

deficiencies.
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Introduction

Throughout the course of evolutionary history environmental fluctuations have played a
major role in determining both the number and the morphological diversity of our current
biota. Factors such as limiting resource availability and/or accessibility were most likely
instrumental in driving adaptations that, among other effects, were capable of
enhancing survival during periods of environmental duress by impinging upon behaviour
and metabolic changes that improved survivability. This is well demonstrated in animals
that have adapted to prolonged periods of nutrient deprivation. In the case of bears for
example, hibernation is preceded by a highly active preparatory phase during which the
animal increases its body weight by 40%, mostly in form of both brown and white
adipose tissue (Jonkel et al.,, 1977). In rodents and humans, extensive physical
stress/activity or nutrient stress is often accompanied by hormonal imbalance and
reproductive arrest, presumably to ensure that development is paused when
macromolecular components are limiting. In doing so, animals link physiology to both

development and behaviour (Holliday, 1989; Kirkwood, 1977; Selesniemi et al., 2008).

This is not uniqgue to mammals, as many invertebrates have adapted diapause-like
states to enhance survival during severe environmental stresses. Many parasitic
nematodes develop through a highly resistant “dauer” stage that is important to escape
host defenses during infection (Riddle and Georgi, 1990), while in the free living
nematode C. elegans, the dauer stage is not obligatory, but instead provides the animal

with an effective means of dispersal and increased stress resistance.

In C. elegans three parallel genetic pathways converge to ensure cell division arrest,
behavioural and morphological alterations, and finally, a phase of global metabolic
change that are all characteristic of dauer formation. One common downstream effector
of these three pathways is the AMP-activated protein kinase (AMPK) (Narbonne and
Roy, 2006). Following activating phosphorylation by LKB1/PAR-4, it will phosphorylate
targets that block anabolic processes and activate gene products involved in energy
generation (Hawley et al., 2003; Woods et al., 2003; Hardie, 2007).
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In AMPK mutant dauer larvae the germ line contains greater than 4-fold the normal
complement of germ cells (Narbonne and Roy, 2006). Independent of any effects on the
germ line, the larvae die after 10 days because, despite their transient accumulation of
fat upon dauer entry, they hydrolyse it rapidly and deplete their fat reservoirs in less
than 48h following dauer formation (Narbonne and Roy, 2009).

In most animals fat is stored in the form of triglycerides, and the hydrolysis of these
triglycerides into free fatty acids is catalysed by adipose triglyceride lipase (ATGL)
(Zimmermann et al., 2004). In C. elegans ATGL-1 is phosphorylated and inhibited by
AMPK to preserve the triglyceride stores for use during the course of the diapause
(Narbonne and Roy, 2009). Loss of AMPK in C. elegans dauer larvae leads to the
misregulation of ATGL-1, resulting in rapid mobilization of the triglyceride stores, and

the consequent premature expiration of the larvae (Narbonne and Roy, 2009).

Removal of ATGL-1 partially rescues the premature lethality of AMPK mutant dauer
larvae, therefore we reasoned that we could identify novel factors that act downstream
of AMPK to enhance ATGL-1 function, to preserve the lipid stores and prolong survival
of the AMPK mutant dauer larvae. Using an RNA interference (RNAI) feeding strategy
we identified 551 genes that, when compromised, enhanced the survival of AMPK
mutant dauer larvae. Surprisingly, the loss of any one of the three C. elegans catalase
(ctl) genes could suppress all the previously described metabolic defects associated
with compromised AMPK function.

Our characterisation of the effects of catalase mutations on AMPK mutant dauer
survival reveal a hitherto unforeseen role of H,O, in activating HIF-1 in vivo, which alters
cell physiology to favour growth and survival under stress. Moreover, we provide
molecular evidence to explain H,O,/ROS-mediated hormesis, while underscoring the
need to establish a fine equilibrium between the beneficial and harmful effects of these

oxygen species.
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Results

A Global Genome Survey to Identify Genes that Enhance the Survival of AMPK

Mutant Dauer Larvae

Loss of AMPK in C. elegans dauer larvae results in premature arrest due to exhaustion
of fat reserves that would normally sustain the animal throughout the dauer stage
(Narbonne and Roy, 2006). Compromise of ATGL-1 partially rescued the dauer-
dependent lethality and the abnormal loss of lipid in AMPK compromised dauer larvae.
To identify genes that cooperate with ATGL-1 and/or that may act downstream of AMPK
in energy regulation, we conducted a global genome survey using an RNA interference
(RNAI) feeding strategy (Kamath et al., 2001). We screened over 18,000 genes for
candidates that, when compromised, enhanced the survival of AMPK mutant dauer
larvae. The atgl-1 RNAI clone was identified randomly as a positive candidate from our
primary screen, assuring us that our strategy was specific and effective. 551 additional
RNAI clones were identified, for which about 60% have been assigned a functional

signature based on gene ontology and/or available experimental data (Figure 2.1A).

We noted that the compromise of any one of two catalase genes in the library (ctl-1 and
ctl-2) increased the survival of AMPK mutant dauers (Figure 2.1B). Catalases play an
important role in the neutralisation of hydrogen peroxide (H.0O,) and thus may regulate
the cellular load of reactive oxygen species (ROS). Because ROS impinges on so many
cellular processes including lifespan and lipid metabolism, we chose to further study
how the loss of catalase function might affect these processes and hence enhance

dauer survival in AMPK mutants.

We obtained three mutant strains, each of which has a single deletion in each of the
catalase family members; ctl-1 (ok1242), ctl-2 (ok1137) and ctl-3 (0k2042). The ctl-1
mutation is a severe loss of function allele (Coolon et al., 2009), while ctl-2 (ok1137)

and ctl-3 (0k2042) are unlikely to encode functional proteins (Boon et al., 2007).

AMPK mutant dauer larvae expire prematurely due to rapid mobilization of their
triglyceride stores and failure of the excretory system to maintain osmotic balance

(Narbonne and Roy, 2009). Surprisingly, mutation of any one of the ctl genes
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significantly increased the survival of AMPK mutant dauers, most notably when ctl-3
function was compromised (Figure 2.1C). In addition, each of the three alleles restored
total lipid and triglyceride levels to near wild type levels (Figure 2.1D and E), and
corrected the osmoresistance defect, especially at high salt concentrations (Figure
2.1F). Conversely, the germline hyperplasia typical of AMPK mutant dauers was

unaffected by any of the catalase mutations.

Curiously, the catalase mutations do not provide the same survival benefit in AMPK
mutant dauers that are induced with pheromone (data not shown). The reason for this
distinction is not yet clear but is reminiscent of the differential effects of the dauer-
inducing mutations on lifespan extension, wherein only daf-2 mutations exhibit any
appreciable effect (Kimura et al.,1997). This unique aspect of the daf-2 mutants likely
reflects the metabolic readjustment that these larvae undergo in response to the nutrient
stress that accompanies a block in insulin signaling, which does not occur in dauer

larvae where the insulin-like signaling pathway remains active.

Taken together, we conclude that compromise of any individual catalase gene function
is sufficient to restore the regulated breakdown of stored triglycerides over a prolonged
duration, while consequently re-establishing excretory/osmoregulatory function in the

AMPK mutant dauer larvae.

Disruption of Catalase Function Increases Lipid Droplet Size and Attenuates
ATGL-1 Activity in AMPK Mutant Dauers

Since we observed a significant improvement in lipid retention in AMPK mutant dauers
that lacked catalase, we questioned whether the compromise of ctl function could
differentially affect ATGL-1 activity and thus account for the accumulation and
maintenance of fat stores. To meet this end we measured the total triglyceride lipase
activity in extracts obtained from both AMPK and catalase-deficient AMPK mutant dauer
larvae and found that it was decreased by two-fold in the ctl-compromised AMPK
mutant dauers (Figure 2.2A). We performed atgl-1(RNAIi) on the catalase-deficient

AMPK mutant dauers to determine whether the reduction in lipase activity could be
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attributed to effects on ATGL-1. The attenuated lipase activity in these catalase-
deficient mutant dauers was not further affected by atgl-1(RNAIi) suggesting that the
loss of catalase function ultimately blocked ATGL-1 activity in these double mutant
dauers (Figure 2.2A).

In mammalian cells ATGL is under complex regulation by CGI-58 and Perilipin, both of
which reside on lipid droplets in the adipose tissue (Schweiger et al., 2008; Gruber et al.,
2010). Recent data showed that the disruption of peroxisomal B-oxidation expands the
size of lipid droplets and was accompanied by an increase in triglyceride levels (Zhang
et al.,, 2010). Because changes to the lipid droplet composition or architecture could
contribute to the net activity of ATGL, we wondered whether the loss of ctl function
affects the capacity of ATGL-1 to hydrolyse the lipid reserves in AMPK mutant dauer
larvae by altering the morphology of the lipid droplets. By fluorescently staining lipids
and using Oil Red O, we noted a significant expansion in lipid droplet size in day 1 ctl-
deficient AMPK mutant dauers (Figure 2.2 G-K and C-F), which was most pronounced
in ctl-3-deficient AMPK mutant dauers. The size expansion of the lipid droplets
observed in catalase mutant dauers could be beneficial at two levels: first, they could
provide additional storage volume to accommodate an increased level of triglycerides in
catalase-deficient AMPK mutant dauers (Figure 2.1D and E); and second, the enlarged
lipid droplets could alter the enzymatic activity of ATGL-1 and thereby affect its rate of
triglyceride hydrolysis.

H,O, Produced from Fatty Acid B-Oxidation in the Peroxisomes Increased the
Dauer Survival of AMPK CTL Mutant Dauers.

Since the major function of catalase is to convert H,O, into water and oxygen, we
guestioned whether the accumulation of H,O, caused by the loss of catalase function
was responsible for the enhanced survival of AMPK mutant dauers. We therefore
assessed the levels of both total ROS and H,O, in catalase-deficient AMPK mutant
dauers and compared the levels with AMPK mutant dauer larvae. The total ROS levels

were significantly decreased in AMPK single mutants compared to control daf-2 mutant
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dauer larvae, while mutation of any individual ctl gene marginally increased ROS levels
in AMPK mutant dauers (Figure 2.3A). In contrast, the H,O, levels were markedly
increased in all catalase-deficient AMPK mutant dauers, which could be reversed by
treatment with the potent antioxidant N-acetylcysteine (NAC) (Figure 2.3B). This
suggests that the loss of catalase contributes more significantly to the overall levels of
H,O, rather than other ROS species that are present in these mutant dauers. To further
confirm the effect of increased H,O- levels on dauer survival, we treated the catalase-
deficient AMPK mutant dauers with 10mM NAC and, in parallel, we cultured AMPK
mutant dauers in the presence of H,O, or with paraquat (Pq), a strong ROS-generating
compound, to determine their effects on dauer survival. Consistent with the idea that the
increase in H,O; levels confers the beneficial effect on dauer survival, treatment with 0.1%
H,0O,, but not 10uM paraquat increased the survival of AMPK mutant dauers (Figure
2.3F and G). Moreover, treatment with 10mM NAC reversed the effect associated with
catalase disruption, and reduced the survival of all three strains of catalase-deficient
AMPK mutant dauers (Figure 2.3C-E). These results suggest that it is the increased
level of H,O, that consequently led to the prolonged survival of catalase-deficient AMPK

mutant dauers.

One major source of H,O; production arises from fatty acid oxidation that occurs in the
peroxisome. Since the increased survival of catalase-deficient AMPK mutant dauers
was related to changes in the mobilization of the triglyceride stockpile, we questioned
whether the elevated levels of H,O, observed in the catalase-deficient dauer larvae may
be produced from peroxisomal fatty acid (3-oxidation. To verify this we eliminated daf-22
gene function, which disrupts the final step in peroxisomal fatty acid $-oxidation, in both
AMPK and catalase-deficient AMPK mutant dauer larvae to determine whether the
increased H,O, production could be reversed in the latter. Disruption of peroxisomal
fatty acid B-oxidation was sufficient to reverse the observed elevated H,O; levels in the
catalase-deficient AMPK mutant dauers (Figure 2.3H). We further noted that the
compromise of several mitochondrial genes could also extend dauer survival, potentially
by increasing flux through the peroxisomal B-oxidation pathway and generating
increased H,0; biproducts (Figure S2.3). These candidates were not identified in our

initial screen because the affected animals expire before reaching the cutoff we
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established at 10 days post dauer. Since H,O,is a major product of fat catabolism, the
accumulation of the reaction products could potentially affect ATGL-1 activity via
product inhibition (Walter and Frieden, 1963).

Taken together, our results suggest that increased peroxisomal fatty acid B-oxidation
results in elevated H,O; levels that accumulate in catalase-deficient AMPK mutant
dauers. This increase in H,O,, might account for the attenuated lipase activity,
presumably by affecting ATGL-1, or alternatively through protecting the accumulated fat

stores in the larva from rapid depletion.

Increased Survival of AMPK CTL Mutant Dauers is HIF-1-Dependent

Given that modest increases in H,O, or ROS can stimulate the hypoxia-inducible
transcription factor HIF-1 to activate gene expression and promote longevity (Chandel
et al., 1998; Lee et al., 2010), we determined whether the increased H,O, generated in
catalase-deficient AMPK mutant dauers could induce HIF-1 activation to ultimately
prolong survival. In order to monitor the activation of HIF-1 we introduced a HIF-1-
responsive GFP reporter, Pnhr-57::GFP, into the catalase-deficient AMPK mutant and
AMPK mutant dauer larvae and monitored GFP expression during the dauer stage
(Miyabayashi et al., 1999). We observed an increase in Pnhr-57::GFP expression in all
three of the catalase-deficient AMPK mutant dauer backgrounds (Figure 2.4A). To verify
that the increased expression of the HIF sensor indeed resulted from the increased
H,O, levels in the various mutants, we monitored GFP reporter expression in AMPK
mutant dauers harbouring the HIF-1 sensor following treatment with 0.1% H,0,. Indeed,
the level of Pnhr-57::GFP was also significantly increased compared to untreated AMPK

mutant dauers (Figure 2.4A and B)

HIF-1 activity is regulated predominantly by affecting its stability, which in turn is
controlled by the prolyl hydoxylase (PHD)-mediated modification of the HIF-1 protein
(Epstein et al., 2001; Cockman et al., 2000). Optimal PHD activity is highly dependent
on O; levels, and its cofactors Fe Il and 2-oxoglutarate (Epstein et al., 2001). Previous

findings indicated that H,O, may oxidize Fe Il to Fe lll, thereby inhibiting PHD to
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ultimately stabilise HIF-1 (Gerald et al., 2004). If the increased amount of H,O, observed
in the catalase-deficient AMPK mutant dauer larvae affects the cellular oxidation state of
Fe IlI, this change could result in HIF-1 stabilisation despite otherwise normoxic
conditions. Our data are consistent with this since HIF-1 accumulates in the ctl-1, ctl-2
and ctl-3 mutant backgrounds to levels that are near the range of those seen with vhl-
1(RNAI), while similar HIF-1 stabilisation is observed by treating animals with 0.1%
H,O, (Figure 2.4C). Somewhat unexpectedly, we did not note any effect of AMPK
depletion on HIF-1 levels, contrary to findings reported in other contexts (Shackelford et
al., 2009; Shaw, 2006; Brugarolas and Kaelin, 2004). We further assessed HIF-1
protein levels in catalase-deficient AMPK mutant dauers treated with 10mM NAC which
resulted in a significant drop in HIF-1 levels (Figure 2.4D) that was reversed following a
combined treatment of H,O, and NAC (Figure S2.4). No effect was observed following a
combined treatment of NAC and vhl-1(RNAI) (Figure S2.4). We interpret these data to
indicate that the increased H,O, generated in catalase-deficient AMPK mutant dauer

larvae stabilises HIF-1, potentially by blocking PHD function.

To determine if the activation of HIF-1 was associated with the prolonged survival of the
catalase-deficient AMPK mutant dauers, we eliminated HIF-1 activity in these dauers
and assessed its effects on dauer survival. hif-1(RNAIi) reduced dauer survival in all
three catalase-deficient AMPK mutant strains (Figure 2.4E-G). Conversely, vhi-1(RNAI)
and egl-9(RNAI) both extended the survival of AMPK mutant dauers (Figure 2.4H).
These results suggested that the elevated H,O; levels in the catalase-deficient AMPK
mutant dauers activate HIF-1-dependent transcription, which consequently prolongs the
survival of the AMPK mutant dauers.

HIF-1 Activates Expression of Genes Involved in Fatty Acid Biosynthesis

Because the reduction of catalase activity was sufficient to restore lipid levels to near
wild type levels in AMPK mutant dauers we surmised that HIF-1 activation would have
to impinge on lipid biosynthesis. We therefore analysed the fatty acid composition of

AMPK and catalase-deficient AMPK mutant dauers using Gas Chromatography/Mass
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Spectrometry (GC/MS) and noted that additional monomethyl branched-chain fatty acid
species (C15ISO and C171SO) and significantly more polyunsaturated long chain Fatty
Acids (PUFA) were present in the AMPK mutant dauers that lacked catalase when
compared to daf-2: aak(0) dauers (Figure 2.5A). The branched fatty acids originate
almost entirely from the de novo synthesis pathway (Perez and Van Gilst, 2008), which
may be stimulated in the dauer larvae that lack catalase. However, because of the
inherent limitations in our method of analysis, we were unable to quantitatively assess
the rate of de novo fatty acid synthesis. Nevertheless, the loss of catalase function
caused a substantial increase in triglyceride levels in these dauer animals, despite the
lack of dietary intake, while also affecting the accumulation of branched chain fatty acids
and PUFAs.

The rate of fatty acid synthesis is under strict control by enzymes that catalyse several
rate-limiting reactions and HIF-1 could affect lipid biosynthesis by increasing the
expression of key enzymes involved in any one, or several of these steps. To address
this possibility we analysed the expression of enzymes involved in fatty acid synthesis
and noted that the expression of fat-2, fat-3, fat-5, fat-6, fat-7, elo-5 and elo-6 were all
significantly increased in AMPK mutant dauers that lacked catalase, especially in those
that lacked ctl-3 (Figure 2.5B). FAT-2 is involved in the desaturation of oleate (C18:1)
and FAT-3 desaturates linoleate (C18:2) and alpha-linolenate (C18:3n-3) respectively,
while FAT-5 catalyzes the desaturation of palmitate (C16:0) to palmitoleate (C16:1). The
FAT-6 and FAT-7 desaturases mainly affect the generation of oleate (C18:1n9) using
stearate (C18:0) as a substrate, while ELO-5 and ELO-6 catalyse the formation of
C15ISO and C171SO (Reviewed by Watts, 2009). All of these enzymes catalyse rate-
limiting steps in the synthesis of fatty acids in C. elegans, the transcript levels of which
are all greatly affected by the loss of catalase activity in AMPK mutant dauers. Based on
these observations, we suggest that following its activation in the animals lacking
catalase, HIF-1 promotes the survival of AMPK mutant dauers by activating the
transcription of enzymes involved in the rate-limiting desaturase and elongation steps
during fatty acid synthesis. To test this further, we performed hif-1(RNAI) in catalase-
deficient AMPK mutant dauers and assessed their fatty acid composition using GC/MS.
By eliminating HIF-1, the additional fatty acid species observed in the catalase-deficient
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AMPK mutant dauers disappeared and the overall fatty acid profile resembled that of
AMPK mutant dauers (Figure 2.5C-E). To further confirm the role of HIF-1 and H,O,in
affecting fatty acid biosynthesis we verified whether both hif-1(RNAi) or 10mM NAC
treatment could also reverse the observed increases in expression of the rate-limiting
enzymes required for fatty acid biosynthesis. Consistent with a role for HIF-1 in
activating their transcription and hence altering the fatty acid composition in catalase-
deficient AMPK mutants, we found that all the gains in gene expression observed for
each of these critical enzymes were suppressed following either hif-1(RNAi) or NAC
treatment (Figure 2.5F).

Despite the fact that the dauer larva can use alternative pathways to generate
macromolecular precursors (O’Riordan and Burnell, 1990; Wise et al., 2011; Metallo et
al., 2011; Mullen et al., 2011), their compromise had no effect on dauer survival in the

catalase-deficient AMPK mutants or the AMPK mutant dauers alone (Figure S2.5).

Taken together, our results suggest that HIF-1 activates the expression of rate-limiting
enzymes that mediate desaturation and elongation during fatty acid synthesis to
stimulate the production of specific fatty acid species, which finally contribute to the

prolonged survival of the AMPK mutant dauers.

Differential Effects of Catalase Genes on Dauer Survival Reflect Varying Degrees
of Oxidative Protein Damage, but not Lipid Depletion.

The removal of ATGL-1 suppresses the premature lethality of AMPK mutant dauers
(Figure 2.6A) by slowing the rapid hydrolysis of lipid stores, presumably providing the
animals with a long-term energy source. Although we observe a similar effect on lipid
stores by eliminating any one of the catalase genes, we noted considerable differences
in survival between each of the mutants (Figure 2.1C), while we also found that their
survival could not be improved by removing ATGL-1 (Figure 2.6B-D). Furthermore, atgl-
1(RNAI), or atgl-1(RNAIi) combined with a 10mM NAC treatment, prolonged survival of
ctl-1/2; AMPK mutant dauers, but reversed the enhanced survival typical of ctl-3; AMPK

mutant dauers (Figure 2.6B-D). These results led us to question whether the depletion
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of fat stores in these mutants was indeed the primary cause for their expiration. To
address this we determined the total fat content in terminally-arrested catalase-deficient
AMPK mutant to find that the arrested ctl-1; and ctl-2; AMPK mutant dauers terminate
prior to the exhaustion of their available fat stores (Figure 2.6E); while ctl-3 AMPK
mutant dauers were clear, indicating that their lipid stores were exhausted (Figure 2.6E).
These observations suggested that the depletion of fat stores was not the primary

reason for the terminal arrest of both the ctl-1; and ctl-2;: AMPK mutant dauer larvae.

Since catalase enzymes are responsible for protecting the cell from oxidative damage,
and the levels of ROS were significantly increased in these mutant backgrounds, it is
conceivable that the catalase-deficient AMPK mutant dauers expire because of
excessive oxidative damage that would normally be buffered through the protection
conferred by the catalase enzymes. ROS cause damage by introducing carbonyl groups
onto proteins which can be quantified using standard immunoblotting methods. ctl-1;
and ctl-2; AMPK mutant dauers demonstrated significantly higher levels of carbonylated
proteins, the levels of which were comparable to control dauers treated with the strong
ROS generating compound 0.1mM paraquat (Figure 2.6F). On the other hand, the level
of oxidative protein damage observed in ctl-3; AMPK mutant dauers was significantly
lower than either of the two other catalase mutants suggesting that the primary cause of
terminal arrest in ctl-1/-2 AMPK mutant dauer larvae was most likely due to excessive
oxidative protein/macromolecular damage, and not depletion of lipid reserves, as was
the case in AMPK and ctl-3; AMPK mutant dauer larvae. This was further supported by
our determination of catalase activity, where AMPK and ctl-3; AMPK mutant dauer
larvae demonstrated significantly higher catalase activity compared to the other two

catalase-deficient AMPK mutant dauer larvae (Figure 2.6G).

Taken together, these results suggest that a balance between HIF-1-mediated fatty acid
synthesis and H,O,-induced oxidative damage must be achieved to maximize the
survival of catalase-deficient AMPK mutant dauers. Since ctl-3 is the least active
member of the catalase family, its disruption only marginally increased the level of H,O,,
yet nonetheless to a level sufficient to trigger a substantial beneficial effect through the

activation of HIF-1, yet without generating the excessive levels of oxidative protein
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damage typical of its paralogues ctl-1/-2. It is this fine equilibrium between HIF-1
activation and the damaging effects of ROS generation that explains the enhanced
survival of ctl-3 mutations compared to ctl-1, and ctl-2 AMPK mutant dauers (Figure
2.1C).
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Discussion

The C. elegans dauer stage represents an extraordinary example of metabolic
remodelling in response to environmental stress. Since dauer larvae stop feeding yet
remain motile, it is imperative that the animals derive energy from intracellular sources,
but without any possibility of replenishing these resources from the external
environment. This is satisfied first by accumulating fat before dauer entry and later,
during dauer, by actively maintaining pathways involved in both carbohydrate and lipid
synthesis/hydrolysis throughout the duration of the diapause. (Figure S2.2A; O’Riordan
and Burnell, 1990; Perez and Van Gilst, 2008).

The regulation of these pathways in C. elegans, like in most organisms, is largely
dependent on AMPK; a master regulator of metabolic homeostasis. In the dauer larva
AMPK attenuates the activity of the triglyceride lipase ATGL-1 to protect long-term
energy stores (Narbonne and Roy, 2009). In situations of compromised AMPK signaling,
ATGL-1 activity is abnormally high, reducing the global triglyceride levels remarkably,
consequently leading to premature dauer lethality. Curiously, some fatty acid species
are substantially reduced in AMPK mutant dauers (Figure S2.2B), suggesting that
AMPK not only regulates triglyceride hydrolysis in dauer larvae, but must also impinge
on fatty acid biosynthesis, perhaps through its well-known targets ACC1/2 (pod-2 in C.
elegans). Whether these fatty acid species are required to contribute to the overall
lipid/energy pool or whether they may play additional roles in signaling during the dauer
stage still remains to be determined. Recent data have shown that alterations in the
AMPK-dependent regulation of fatty acid synthesis can have widespread positive and
negative implications for cellular homeostasis suggesting that AMPK compromise may
extend beyond the maintenance of the lipid pool during dauer (Jeon et al., 2012).
Nevertheless, many of the metabolic changes typical of dauer development most likely
involve AMPK. In the absence of AMPK, dauer larvae that are compromised for insulin
signaling are incapable of re-adjusting to the physiological constraints imposed by this

state and as a result expire prematurely.

Using a non-biased genome-wide survey we identified 551 RNAI clones that affect the

survival of prematurely arresting AMPK mutant dauers. These gene identities will help
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us to build a framework to better understand how AMPK converges on a plethora of
cellular processes required to promote the typical long-term survival of the dauer larva.
Among the most common groups of genes we identified in our screen were nuclear
hormone receptors, ubiquitin ligases, F-box containing proteins and Zn-finger containing
proteins; setting the stage for further interrogation of their individual roles in the typical

metabolic remodeling that accompanies dauer development.

Our data also suggest that the peroxisome may play a central role in regulating dauer
survival since peroxide consuming enzymes, such as mit-7, TO6D8.10 and prdx-3, and
a gene that affects peroxisomal fatty acid oxidation encoded by ZK550.5; a peroxisomal
phytanoyl-CoA hydroxylase enzyme, were also identified in our RNAi screen. Other
genes that affect mitochondrial function or genes such as malate dehydrogenase (mdh-
1), which generates NADPH to reduce peroxide levels, prolong dauer survival in the
AMPK mutants (Figure S2.6), although some of these were not identified in our screen

due to our cutoff criteria.

Not all gene products that alter peroxisome function or morphology are involved in this
pathway: several peroxisomal genes that have been characterised for their roles in the
maintenance of lipid droplet morphology were not identified as suppressors of the
AMPK-dependent lethality in dauers (Zhang et al. 2010). The candidates that we
identified most likely affect cellular H,O levels and it is the compromise of this function
of the peroxisome that enhances the survival of AMPK mutant dauer larvae.

Because we identified both ctl-1 and -2 in this screen, we focused on how the loss of
catalase gene function could confer organismal survival in a situation where energy
resources are drastically limited; namely during the dauer diapause in C. elegans. The
observed beneficial effect of each of the individual catalase genes on AMPK mutant
dauer survival is somewhat curious based on their described expression patterns (Petriv
and Rachubinski, 2004). However, each of the catalase genes is significantly
upregulated in essentially all tissues in dauer larvae (Figure S2.1), suggesting that a
threshold level of organismal catalase activity is required to counteract the general
increase in ROS typical of dauer (Figure 2.3A). Nonetheless, in addition to their effects

on premature dauer lethality, the individual compromise of these genes also blocked the
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abnormally rapid hydrolysis of fat stores, while also improving the osmosensitivity of
AMPK mutant dauers; essentially correcting all the AMPK-dependent metabolic defects

that we have characterised in the dauer larva.

More importantly however, the loss of these gene functions allowed us to unveil a
previously uncharacterised role of H,O, as a major effector of lipid homeostasis during
nutrient stress. In this sensitised background where H,O, is allowed to accumulate, we
were able to demonstrate how its increased levels can re-adjust the fatty acid
biosynthetic machinery to ultimately prolong the survival of the dauer larvae, despite the
metabolic challenges it must confront due to the loss of AMPK function. Curiously, the
increases in H,O, rescue all the metabolic defects that arise due to the disruption of
AMPK by activating HIF-1 to alter gene expression to favour fatty acid biosynthesis, but
also through its HIF-1-independent effects on ATGL-1 activity, the molecular basis of

which is still unclear (Figure 2.2B).

Our data strongly indicate that incremental changes in H,O,, a major contributor to
intracellular ROS levels, can extend dauer survival when supra-threshold levels activate
a sensitive intracellular oxygen sensor, HIF-1. Many physiological conditions have been
shown to affect HIF-1 activity and most of them do so by protecting HIF-1 from VHL-
mediated degradation. Previous findings have implicated H,O, in perturbing PHD
function through its ability to drive the Fenton reaction to decrease the effective cellular
concentrations of Fe Il (Gerald et al. 2004). Whether the observed increases in H,O»
affect the cellular Fe Il oxidation state in AMPK mutant dauers is unclear, but such
changes may provide a plausible explanation for the HIF-1 accumulation. By blocking
PHD function, HIF-1 accumulates, allowing this critical factor to re-adjust the entire
transcriptional repertoire of the organism to better adapt to the perceived environmental

stress and prolong survival in the stressed state (Figure 2.7).

Over the course of the last century ROS have been implicated in several different
contexts, where they almost invariably have been shown to interrupt cellular functions
by damaging macromolecules involved in key cellular/physiological processes. These
negative effects of ROS have recently been critically evaluated using genetically-
tractable systems (reviewed by Hekimi et al., 2011; Owusu-Ansah and Banerjee, 2009).
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The outcome of this body of work is perplexing since, quite unexpectedly, low to
intermediate concentrations of ROS were actually found to be beneficial for some of

these processes, namely stem cell function and lifespan extension.

So how could such a vilified family of molecular intermediates act in a beneficial way? In
1943, Southam and Ehrlich described how sub-critical concentrations of toxic
compounds could confer cellular benefit through a presumptive intracellular adaptation
mechanism that was referred to as “hormesis”. This phenomenon has been
demonstrated for many toxic compounds (Cook et al., 2006; Heinz et al., 2010) and
recently, this same effect has been shown for ROS in C. elegans (Schulz et al., 2007,
Mouchiroud et al., 2011; Lee et al., 2010).

The pro-survival benefits we describe here are entirely attributable to increases in H,O»
levels within the animal. These beneficial effects correspond to a limited range of H,O,
levels that likely approaches, but does not exceed some threshold concentration, above
which results in macromolecular damage. This is best demonstrated in ctl-1 and -2
mutants where any benefit that these mutations confer on dauer survival through the
generation of extra lipid/energy, is counterbalanced by the extensive oxidative protein
damage that eventually results in terminal arrest. In contrast, loss of ctl-3 gene
increases the levels of H,O, only modestly, placing it in the optimal range to activate a
HIF-1-dependent transcriptional effect without the consequences of ROS-mediated
macromolecular damage. Our data therefore provide a molecular basis to account for
the hormesis attributed to cases of low to intermediate levels of H,O, and/or ROS

production.

The activation of a HIF-1-dependent transcriptional program that affects cellular energy
stores is indeed critical for adapting to energy stress and prolonging the survival of
these dauer larvae. These changes are typical of the metabolic adjustments that occur
in cancer cells associated with the Warburg effect, where energetically sound pathways
are modified to provide a novel means of satisfying the unique growth requirements of
these rogue cells, while consequently compromising their energetic efficiency
(Deberardinis et al. 2007).
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In this light, the events that occur during the nutrient-constrained dauer stage may be
representative of what occurs during tumourigenesis. The tumour environment can be
very dense, and therefore the internal regions are often nutrient-depleted and largely
hypoxic. This favours HIF-1 activation, which drives the transcription of numerous
factors that will ultimately impinge on many angiogenic and metabolic regulators
(Semenza, 2010). This is very common in rapidly growing, aggressive tumours, and is
often associated with poor prognosis (reviewed by Dewhirst et al., 2008). Our data
indicate that in addition to the known effects of HIF-dependent transcription on
angiogenesis and cell growth, it may also dramatically alter the expression of several
rate-limiting enzymes required for lipid biosynthesis. These changes in lipid synthesis
may in turn directly or indirectly affect other processes that impinge on cell survival
(Jeon et al., 2012).

If HIF-1 can affect the ability of the tumour cells to generate their own energy by
modifying their capacity for lipid biosynthesis, its activation in the cells deep within the
tumour would make them less dependent on nutrient delivery, while also releasing them
from external regulatory constraints, thereby enhancing their potential for unscheduled
growth. Because AMPK would normally play a protective role to block cell growth in
response to poor nutrient availability or during oxidative stress, it would seem imperative
to evaluate whether activation of HIF-1 is associated with the loss of LKB1 or AMPK in
various tumours, or in patients with tumour predisposing syndromes such as Peutz

Jeghers Disease.
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Experimental Procedures
Feeding RNAI

Our feeding RNAI protocol was performed as described (Kamath et al., 2001). Briefly,
L3-L4 stage hermaphrodites were transferred onto regular plates seeded with individual
dsRNA-expressing bacterial clones. The animals were transferred to a new set of
seeded plates after 1 day of incubation at 15°C and phenotypes were scored for the F2

generation.
Dauer Survival

Dauer survival was determined as described elsewhere (Narbonne and Roy, 2006).
Briefly, dauer larvae were kept in double-distilled water or with dissolved chemicals.
Survival was scored according to their appearance and moving response to a gentle tap
on the plate. For H,O, treatment, treated animals were protected from light with
aluminium foil and were exposed to freshly prepared H,O, solution daily to prevent

H,O, decomposition.
Oil Red O Staining of Dauer Larvae

Oil Red O staining of dauer larvae was performed as described (Soukas et al., 2009).
Dauer larvae were fixed in 2% paraformaldehyde and stained with 60% Oil Red O
solution. Stained dauer larvae were observed and imaged using a Zeiss Imager.21
microscope equipped with a Hamamatsu camera and DIC optics. Optical density was

determined using OpenLab software (Improvision).
Worm Extract Preparation

Worm extracts were prepared by sonication and subsequent centrifugation. Protein
concentration was determined using a NanoDrop 2000c spectrophotometer (Thermo

Scientific).
Triglyceride Quantification

Triglyceride content was determined with a commercially available kit (Sigma-Aldrich)

according to manufacturer's recommendations. Absorbance was measured with a
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NanoDrop 2000c spectrophotometer at 540 nm. All calculated triglyceride

concentrations were finally normalized to protein concentration.

Osmotic Resistance Assay

Osmotic resistance of dauer larvae was performed as described (Narbonne and Roy,
2009). The survival of day 4 dauer larvae was scored after being exposed to solutions
of varying NaCl concentrations for 24 hours at 25°C.

Quantification of Lipase Activity

Lipase activity for dauer animals was measured as described (Narbonne and Roy, 2009)
using a commercially available QuantiChrom kit from BioAssay Systems according to
manufacturer’'s recommendations. OD values were measured with a Varioskan Flash

Multimode Reader version 3.00.7 at the wavelength of 412 nm.

C1-BODIPY-C12 Staining

C1-BODIPY-C12 staining was performed as described (Mak et al., 2006). Synchronized
L1 larvae were transferred to regular plates with C1-BODIPY-C12 and grown at 25°C
until they reach the dauer stage. C1-BODIPY-C12 stained dauer larvae were observed
and imaged using a Zeiss Imager.21 microscope outfitted with DIC optics equipped with
a Hamamatsu camera. Lipid droplet diameter was measured using Openlab software

and volume was calculated using the following formula: 4/3 x T x (diameter/2)°.

Measurement of Reactive Oxygen Species

ROS levels were quantified as described elsewhere (Lee et al., 2010). Worm extracts
were incubated with 2',7’-Dichlorofluorescein Diacetate (DCF-DA). Fluorescence
intensity was measured with a Varioskan Flash Multimode Reader version 3.00.7 at the
excitation wavelength of 485 nm and the emission wavelength 535 nm.

Hydrogen Peroxide Quantification

Hydrogen peroxide level was determined with a commercially available Amplex Red
Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen) according to manufacturer’s

recommendations. The fluorescence was measured with a Varioskan Flash Multimode
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Reader version 3.00.7 at the excitation wavelength of 540 nm and the emission
wavelength 560 nm. The fluorescence intensity was normalized by subtracting the

background fluorescence of the Amplex Red reagent/HRP working solution.
Gas Chromatography/Mass Spectrometry Analysis (GC/MS)

Fatty acids were extracted into the organic phase as described (Miquel and Browse,
1992). Gas chromatography was performed on a HP6890N instrument (Agilent)
equipped with a DB-23 column (30 m x 250 um x 0.25 pm). The column was run at a
constant flow mode at 0.8ml/min. The initial oven temperature was 160°C with an initial
time of 1min. It was increased to a final temperature of 240°C at a rate of 4°C/min with a
final time of 10 min. The detector was at 240°C. Fatty acid (FA) species were identified

by comparison with FA standards (C8-C24, Supelco) and mass spectrometric analysis.

RNA Isolation and Real Time PCR

Total RNA was extracted using Trizol (Invitrogen) as described (Burdine and Stern,
1996) and purified with the RNeasy kit (Qiagen) according to manufacturer's
recommendations. RNA concentration and purity were determined by using a NanoDrop
2000c spectrophotometer. 0.5 pg of purified RNA was used to synthesize cDNA. Gene
expression levels were determined by real time PCR using the SYBR® Green Supermix
and BioRad iCycler Real Time PCRSystem (BioRad). Relative gene expression was

normalized to act-1 and cdc-42 as internal loading control.

Oxidative Protein Damage Level Measurement

The level/degree of oxidative protein damage was measured using a commercially
available kit (Oxyblot) as described (Yang et al., 2007). Band intensities were measured

using OpenLab software and normalized to a-tubulin present in the same sample.

Statistical Analysis

Values are mean+SD. Comparison of mean values was evaluated by one-way ANOVA
followed by a Tukey HSD test. A p value less than 0.05 was considered significant. In all

experiments, the number of asterisks represents the following: * P<0.05 and ** P<0.01.
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Figure 2.1 A Genome-wide RNAI Survey for suppressors of AMPK-dependent
dauer lethality

(A) Following analysis of 18000 predicted genes included in the RNAi-feeding library,
551 RNAI clones were identified that extend the survival of aak-1; aak-2 (aak(0)) dauer
larvae that die after 10-12 days in culture. Candidate genes were assigned gene
ontology terms based on information provided on WormBase (www.wormbase.org).

Details of the individual genes are listed in Table S1.

(B) Both ctl-1 and ctl-2 RNAI clones were able to significantly increase the survival of
aak(0) mutant dauer larvae. Dauer larvae were maintained at 25°C as described
elsewhere (Narbonne and Roy, 2006). Raw dauer survival values are shown in Table
S2.

(C) Each of the ctl-1(ok1242), ctl-2(ok1137) and ctl-3(0k2042) mutations were
introduced into the daf-2(e1370); aak-1(tm1944); aak-2(ok524) background and their
individual effects on survival, triglyceride content and osmosensitivity were assessed as
in (Narbonne and Roy, 2009).

(D) Mutation of any of the three ctl genes protects triglyceride stores from depletion in
day 4 AMPK mutant dauers. Fat storage was visualized by Oil Red O staining of day 4
dauer larvae. Arrowhead indicates the junction between the pharynx (left) and the
intestine (right). Oil Red O staining intensity was evaluated by measuring optical density.
Error bars indicate SD of 20 animals. * and ** indicate statistical significance (P<0.05
and P<0.01, respectively) comparing to AMPK mutant dauer larvae using one-way
ANOVA followed by a Tukey HSD test. The same statistical analysis was applied for all

additional experiments performed herein.

(E) Colorimetric analysis of triglyceride content in day O and 4 dauer larvae. Error bars

indicate SD of three independent experiments.

(F) Mutation of any one of three ctl genes enhances the osmoresistance of day 4 AMPK
mutant dauers following maintenance in varying NaCl concentrations for 24 hours at
25°C.
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Figure 2.2 Disruption of Catalase Genes Results in the Attenuation of ATGL-1
Activity and Expansion of Lipid Droplet Size in AMPK Mutant Dauers.

(A) Total lipase activity was significantly reduced in AMPK aak(0); ctl mutant dauers,
while atgl-1(RNAI) feeding was two-fold more efficient in reducing the overall lipase
activity of AMPK mutant dauer larvae. aak(0); ctl; atgl-1(RNAI) combinations reduced
lipase activity to levels typical of atgl-1(RNAi) alone. Error bars indicate SD of three

independent experiments.

(B) Total lipase activity was significantly reduced in H,O,-treated AMPK aak(0) mutant
dauers but not those subjected to hif-1(RNAIi). Error bars indicate SD of three

independent experiments.

(C)-(F) Oil Red O staining of day 1 dauer larvae reveals an expansion in lipid droplets
(arrows) in AMPK aak(0); ctl mutant dauers. Arrowhead indicates the junction between

the pharynx (left) and the intestine (right).

(G)-(J) BODIPY-labelled day 1 dauer larvae delineates size expansion in lipid droplets
(arrows) in AMPK aak(0); ctl mutant dauers.

(K) Volume quantification of the BODIPY-stained lipid droplet structures was performed
as described elsewhere (Zhang et al. 2010) using OpenLab software (Improvision,UK).

Error bars indicate SD of 20 animals.
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Figure 2.3 Elevated Concentrations of H,O, Enhance the Survival of AMPK Mutant

Dauers.

(A) Less ROS was produced in AMPK mutant dauers (daf-2) as assessed using the
total ROS dye indicator DCF-DA, while mutation of individual ctl genes only partially
restored ROS levels. Error bars indicate SD of three independent experiments.

(B) Total H,O, levels were significantly increased in AMPK aak(0); ctl mutant dauers
which could be reversed by treatment with 10mM NAC. Error bars indicate SD of three

independent experiments.

(C)-(E) The ctl-dependent enhancement of aak(0) dauer survival is reversed by

antioxidant treatment using 10mM NAC

(F) Treatment with 0.1% and 0.01% H,O, prolonged AMPK mutant dauer survival but
higher concentrations of H,O, were toxic. Assays were carried out under light-sensitive

conditions to minimize H,O, breakdown during assays.

(G) 10pM paraquat (Pq) has no effect on the survival of aak(0) dauers. Lower
concentrations from 1-10uM did not affect dauer survival (data not shown), while higher

concentrations of paraquat (0.1mM and 0.5mM) were toxic and reduced dauer survival.

(H) The increased hydrogen peroxide levels typical of aak(0); ctl mutant dauers are
reversed following the disruption of peroxisomal fatty acid oxidation by daf-22(RNAI).

Error bars indicate SD of three independent experiments.
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Figure 2.4 The Increased Survival of Catalase-Deficient AMPK Mutant Dauer

Larvae is HIF-1-dependent.

(A) AMPK mutant dauer larvae harbouring ctl mutations, or that were exposed to 0.1%
H,O, showed an elevated expression of a HIF-1-dependent GFP reporter. All animals
were daf-2; aak(0); and carried the HIF-1 sensor transgene Pnhr-57::GFP. Error bars
indicate SD of 20 animals.

(B) Western blot analysis of GFP levels obtained from aak(0); ctl mutant dauer larvae or
animals cultured in 0.1% H,O..

(C) Western blot analysis of HIF-1 levels obtained from control and aak(0); ctl mutant

dauer larvae or animals fed with vhl-1(RNAI) or cultured in 0.1% H,0..

(D) Western blot analysis of HIF-1 levels in 10mM NAC-treated aak(0); ctl mutant

dauers.

(E)-(G) hif-1(RNAI) reversed the survival benefit conferred by each of the ctl mutations

on AMPK-deficient dauer larvae.

(H) Both vhl-1(RNAI) and egl-9(RNAI) extended the survival of AMPK-deficient dauer

larvae.
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Figure 2.5 HIF-1 Activates Expression of Genes Involved in de novo Fatty Acid

Synthesis.

(A) aak(0); ctl mutant dauer larvae possess additional fatty acid species that were not
detected in AMPK mutant dauers. Total lipids were extracted from dauer larvae 24
hours after dauer formation and the various fatty acid species present were determined

using GC/MS. Error bars indicate SD of three independent experiments in all panels.

(B) The expression levels of several genes involved in de novo fatty acid synthesis were
upregulated in aak(0); ctl mutant dauers. Relative mRNA levels were analysed using

guantitative real time PCR in dauer larvae 24h after dauer formation.

(C-E) The additional fatty acids detected catalase-deficient AMPK mutant dauer larvae

were no longer detectable following hif-1(RNAI)

(F) Both hif-1(RNAi) and 10mM NAC treatment reversed the increased gene expression
level of enzymes involved in de novo fatty acid synthesis in aak(0); ctl-3 mutant dauer

larvae.
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Figure 2.6 An Equilibrium Between HIF-1-dependent Fatty Acid Synthesis and
ROS-induced Oxidative Damage Maximizes Survival of ctl-3; AMPK Mutant
Dauers.

(A) atgl-1(RNAI) increased the survival of AMPK mutant dauers by limiting unregulated
triglyceride hydrolysis during dauer formation, but atgl-1(RNAIi) had no such beneficial
effect on the survival of aak(0); ctl mutant dauer larvae (B-D). 10mM NAC treatment
combined with atgl-1(RNAIi) extended the survival of aak(0); ctl-1/2 mutant dauers (B

and C), but reduced the survival of aak(0); ctl-3 mutant dauers (D).

(E) Terminally-arrested aak(0); ctl-1 or ctl-2 larvae still stain strongly for lipids indicating
that the terminal arrest of aak(0); ctl-1 dauer larvae is unlikely to be due to premature
exhaustion of lipid reserves due to misregulated atgl-1 activity. Error bars indicate SD of
20 animals.

(F) Loss of catalase gene function results in a substantial increase in oxidative damage.
aak(0); ctl-3 mutant one day old dauer larvae have comparatively less oxidative damage
at the protein level as determined by OxyBlot detection, than aak(0); ctl-1 and aak(0);
ctl-2 24h after their switch from dauer larvae. Band intensity was quantified by
measuring optical density followed by subsequent processing using Openlab software.

Error bars indicate SD of three independent experiments.

(G) Catalase activity was significantly lower in both aak(0) and aak(0); ctl-3 mutant
dauer larvae compared to aak(0); ctl-1 or aak(0); ctl-2 mutant dauer larvae. Error bars

indicate SD of three independent experiments.
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Figure 2.7 H,O,-mediated Hormesis Prolongs Survival in AMPK mutant dauer

larvae via HIF-1-Dependent and -Independent Effects on Lipid Metabolism.

Elevation of global H,O, due to loss of any member of the CTL family has two beneficial
effects on AMPK mutant dauer survival: expansion of lipid droplet size which may
attenuate the activity of ATGL-1, while also activating HIF-1 to promote fatty acid
biosynthesis; both of which act to restore fat stores for prolonged dauer survival.
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Figure S2.1 All Three ctl Genes were Highly Expressed during Dauer Stage
Compared to the L3 Stage in Both daf-2 and daf-2; aak(0) Mutant Backgrounds.

Error bars indicate SD of three independent experiments.
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Figure S2.2 Lack of Individual Fatty Acid Species Further Contribute to the Early
Expiration of AMPK Mutant Dauers.

(A) More fatty acid species were present in daf-2 mutant dauers than wild type L3

animals. Error bars indicate SD of three independent experiments.

(B) aak(0) mutant dauer larvae have a reduced repertoire of fatty acid species.
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Figure S2.3 Elimination of Mitochondrial Proteins with RNAi Increased the
Survival of AMPK Mutant Dauers.

All strains carry daf-2;aak-1;aak-2 mutations.
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Figure S2.4 NAC Treatment Reverses H,O,-Induced HIF-1 Stabilisation.
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Figure S2.5 Elimination of PCK-1 and CTS-1 with RNAI Increased the Survival of
AMPK Mutant Dauers but not CTL AMPK Mutant Dauers suggesting that there is
no change in the glyoxylate pathway. (O’Riordan and Burnell, 1990; Metallo et al.
2011; Wise et al. 2011).
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Figure S2.6 Elimination of MDH-1 with RNAI Increased both the Survival of H,O,
level in AMPK Mutant Dauers.

Error bars indicate SD of three independent experiments.
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Figure S2.7 Time Course Analysis of Fatty Acid Profile in daf-2 Dauer Larvae at 36
hours (A) and 72 hours (B) after initiation of Larval Growth at 25°C (~12h and 48h

post-dauer formation, respectively).

Error bars indicate SD of three independent experiments.
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Connecting Statement: Bridging Chapter 2 and 3

Having performed a whole genome screen to search for the potential downstream
protein targets that could impinge on the AMPK/ATGL pathway and revealed the role of
catalase family genes in regulating lipid metabolism in AMPK-deficient dauer larvae, to
further extend our understanding on regulation of the lipolysis process, | decided to
investigate the detailed mechanism behind ATGL-1 phosphorylation by AMPK. To meet
this end, | generated a C. elegans specific ATGL-1 antibody to aid the biochemical
studies. Furthermore, | also performed experiments to characterize the human
homologous cgi-58 gene in C. elegans, which is known as a co-activator of ATGL in

mammals.
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Chapter 3: CGI-58 Regulates Lipolysis in an ATGL-1-Dependent and

Independent Manner in C. elegans Dauer Larvae

Meng Xie and Richard Roy

Manuscript prepared for submission to Cell Metabolism
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Summary

AMP-activated kinase (AMPK) is a key regulator of many mechanisms that are required
by cells to aid their adjustment to stresses induced by the changing environment. In C.
elegans dauer larvae, AMPK-null mutants expire prematurely due to hyperactive
Adipose Triglyceride Lipase (ATGL) followed by rapid depletion of triglyceride stores.
Using a C. elegans ATGL-1 specific antibody, we demonstrate that AMPK limits ATGL-1
action by signaling it for proteasome degradation and sequestering it away from cellular
lipid droplets. We also provide evidence that C. elegans CGI-58 not only acts as a co-
activator of ATGL-1 and function cooperatively to maintain regular lipid droplet structure,
but also independently prevents any lipid exchange and fusion events among the lipid
droplets. Our data provide a mechanistic characterization of ATGL-1 regulation by
AMPK and a novel structural role of CGI-58, both of which offer indications on potential

development of new treatment targeting for lipid associated diseases.
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Introduction

Most, if not all, organisms possess a remarkable capacity to sense environmental
variations and to modify their physiology accordingly to adapt to such changes. During
periods of nutrient scarcity, animals prioritize the use of limiting macromolecules for
survival benefit, even if it results in a temporary suspension of reproductive
development (Jonkelet al., 1977; Holliday, 1989; Kirkwood, 1977; Selesniemi et al.,
2008; Riddle and Georgi, 1990). Similarly, in the free-living nematode C. elegans, a
highly resistant “dauer” stage provides an alternative developmental pathway that
increases the animals’ fithess upon encountering suboptimal growth conditions such as

resource depletion or increases in either population or growing temperature.

In C. elegans, parallel cross-talk among several genetic pathways determines an “all or
none” dauer entry response. This developmental decision is dictated by neuronal
sensing of environmental indicators followed by signal transduction in neuroendocrine
cells to eventually converge on a nuclear hormone receptor-mediated transcriptional

cascade (reviewed by Fielenbach and Antebi, 2008).

One of the common targets of these three genetic pathways is the AMP-activated
protein kinase (AMPK) (Narbonne and Roy, 2006). Upon activation by its upstream
activating protein kinase LKB1/PAR-4, AMPK will in turn phosphorylate downstream
targets to promote catabolic processes while simultaneously blocking anabolic
processes to restore energy homeostasis (Hawley et al., 2003; Woods et al., 2003;
Hardie, 2007).

During normal growth conditions nutrient/energy is initially stored in the form of
glycogen, while surplus calories are packaged into triglyceride molecules for use during
situations when energy demands exceed nutrient input. The triglycerides are stockpiled
in monolayer phospholipid-encapsulated organelles called lipid droplets, which serve as
the major triglyceride reserves in all metazoans. Their energy-rich contents can be

accessed in a regulated manner based on metabolic need.

In situations of intense energy demand, triglycerides are hydrolyzed to free fatty acids

(FFASs) in a series of sequential reactions that are catalyzed by substrate-specific lipase
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enzymes that each releases a single FFA. These lipases include adipose triglyceride
lipase (ATGL), hormone-sensitive lipase (HSL) and monoglyceride lipase (MGL).
Observation of enlarged fat deposits and triglyceride accumulation within multiple
tissues in ATGL-deficient mice suggest that ATGL catalyzes the initial rate-limiting step
of triglyceride breakdown to release FFA and diacylglyceride (DG) (Haemmerle et al.,
2006). The latter is subsequently cleaved by HSL and MGL to generate glycerol and

FFA, and the final products diffuse from the adipose tissue into the circulation.

Although ATGL possesses significant catalytic activity in vitro it is unlikely to function
alone in vivo. Characterized by its presence on intracellular lipid droplets in most tissues,
CGI-58 (comparative gene identification-58) is one of the major lipid droplet-associated
proteins identified in mammals and is the causative gene for human Chanarin-Dorfman
syndrome (CDS), (Leféevre et al., 2001). Recent studies have revealed that CGI-58 acts
as a co-activator for ATGL in mammals, by binding directly to and enhancing the
hydrolase activity of ATGL (Lass et al., 2006). The interaction between CGI-58 and
ATGL is necessary but not sufficient for activation of the latter, while the ability to
interact with ATGL is insufficient to recruit CGI-58 to the lipid droplet. Interaction with
the lipid droplet may require other proteins or regulatory mechanisms (Gruber et al.,
2010).

During the dauer stage in C. elegans AMPK blocks the rapid hydrolysis of the
accumulated triglyceride stockpiles through the phospho-inhibition of ATGL-1
(Narbonne and Roy, 2009). This phosphorylation drastically reduces its activity,
although it is unclear how this occurs. To probe the regulatory inputs that control this
rate-limiting step in triglyceride breakdown we generated an antibody against C.
elegans ATGL-1 protein. Our analyses revealed that phosphorylation of ATGL-1
resulted in a change in its subcellular localization followed by its proteasome-dependent
degradation, involving ubiquitylation and its prior interaction with the 14-3-3 protein. We
also found that removal of the C. elegans homologue of human CGI-58 protein
improves the survival and all metabolic defects associated with compromised AMPK
function, much like ATGL-1. In addition, we provide evidence that CGI-58 physically

interacts with ATGL-1 in vivo, where they act cooperatively to maintain the appropriate
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morphology of the lipid droplets. Moreover, we show that CGI-58 protein plays a more
comprehensive role in C. elegans than in human where it not only recruits and tethers
ATGL-1 onto its substrate, but also functions independently of ATGL-1 as a barrier
around the lipid droplet to limit collision-mediated lipid exchange to maintain lipid droplet
morphology and ultimately optimize ATGL-1-dependent lipolysis.
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Results

AMPK regulates the levels of ATGL-1 present on lipid droplets during the dauer

stage

To understand how the initial rate-limiting step of lipolysis is regulated by AMPK during
C. elegans dauer stage, we first questioned whether ATGL-1 protein is present on the
surface of the lipid droplets during the dauer stage with and without functional AMPK. In
order to do this, we introduced a fully functional ATGL-1::GFP translational fusion
protein, into AMPK-sufficient (daf-2) and AMPK-deficient (daf-2; aak(0)) dauer larvae to
compare ATGL-1 localization with labeled lipid droplets as animals progress through the
dauer stage. For comparison, we consider the first 48 hours after being shifted to non-
permissive temperature as the dauer entry period, after which dauer day O begins. In
control AMPK (+) dauer larvae, ATGL-1 was sequestered away from the lipid droplets
during dauer entry (Figure 3.1A), whereas in AMPK-deficient dauers ATGL-1 began to
accumulate on the surface of the lipid droplets 16 hours after being shifted to non-
permissive temperature. This overlap between ATGL-1 and the lipid droplets was
maintained well after the dauer entry period (Figure 3.1A and C). In addition, levels of
ATGL-1 appeared significantly higher in AMPK mutant larvae suggesting that in addition
to affecting localization, the levels of ATGL-1 may also be subject to AMPK-mediated

regulation.

Given that ATGL-1 is directly phosphorylated and inhibited by AMPK during the dauer
stage, the observed increase in ATGL-1 levels motivated us to question whether the
phosphorylation of ATGL-1 by AMPK could result in a reduction of ATGL-1 protein. To
address this, we first looked at the expression pattern of ATGL-1 and stained lipid
droplets in control daf-2 and AMPK-deficient dauer larvae during early dauer stage.
Throughout the first 4 days of dauer the expression level of ATGL-1 was significantly
higher in AMPK-deficient animals compared to control daf-2 animals and was
comparable to pre-dauer levels (Figure 3.1B and D). Using an antibody that we
generated against ATGL-1 (Figure S3.1), we noted that ATGL-1 protein was
significantly more abundant in AMPK-deficient dauer larvae, consistent with the GFP

expression pattern, while mRNA levels were not dramatically changed (Figure 3.1E and

138



S3.2). Taken together, these results suggest that AMPK-mediated phosphorylation of
ATGL-1 has two consequences: First, it alters the subcellular localization of ATGL-1,
possibly to limit its accessibility to the lipid droplet substrates; while secondly, it reduces
ATGL-1 protein abundance. Both effects eventually result in protection of the lipid

reserves from premature depletion during dauer.

AMPK Regulates ATGL-1 by Altering its Subcellular Localization and Enhancing

its Proteasome-Mediated Degradation

To characterize how the ATGL-1 protein levels are affected by AMPK, we first
investigated whether AMPK phosphorylation targets ATGL-1 for proteasome
degradation. Using RNAI, we reduced the levels of individual proteasome components
in dauer larvae and compared the ATGL-1 levels with those in daf-2 control dauer
larvae. We found that RNAI of most of the proteasome components increased the
amount of ATGL-1 protein in dauer larvae suggesting that ATGL-1 levels are regulated
by proteasome-mediated degradation (Figure 3.2A). Given that many proteins are
tagged with a polyubiquitin chain prior to proteasome degradation, we next questioned
whether this might also be the case for ATGL-1. We therefore immunoprecipitated
ATGL-1 protein from whole worm lysates obtained from control and AMPK-deficient
dauer larvae and blotted the precipitates with anti-ubiquitin (Santa Cruz Biotechnology).
When normalized for the levels of ATGL-1 protein in the immunoprecipitates, we
detected more ubiquitin associated with ATGL-1 protein in control dauer larvae
compared to AMPK-deficient animals indicating that ATGL-1 is likely ubiquitylated in an

AMPK-dependent manner prior to its degradation via the proteasome (Figure 3.2B).

Many of the downstream effects of AMPK phosphorylation that have been characterized
are mediated through the generation of 14-3-3 protein binding sites (Mihaylova and
Shaw, 2011; Gwinn et al., 2008), Therefore, since we observed a change in the
subcellular localization of ATGL-1 in the presence and absence of AMPK we questioned
whether a similar mechanism might underlie the cellular relocalization of ATGL-1. We

performed bioinformatic analysis of the ATGL-1 protein sequence which revealed the
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presence of several regions that corresponded to potential 14-3-3 protein binding sites
(data not shown). To address whether AMPK may generate 14-3-3 sites on ATGL-1 to
affect its localization from the lipid droplets, we re-analyzed our ATGL-1
immunoprecipitates from control and AMPK-deficient dauers with a 14-3-3 motif
antibody that was generated against peptides bearing R-X-Y/F-X-pS sequence (Cell
signaling) (Figure S3.3A). Antibody staining suggested that 14-3-3 binding sites were
less prominent in dauer larvae that lacked AMPK compared to control dauer larvae,
consistent with a model wherein phosphorylation of ATGL-1 by AMPK generates a 14-
3-3 site that affects subcellular localisation (Figure 3.2C). To directly verify the
interaction between ATGL-1 and 14-3-3 protein, we performed immunoprecipitation
studies on ATGL-1 and PAR-5, the major 14-3-3 protein homologue in C. elegans.
Consistent with the observation that more 14-3-3 motifs are generated on ATGL-1 in the
presence of AMPK, we found that anti-PAR-5 consistently immunoprecipitated more
ATGL-1 in control AMPK (+) dauer larvae compared to AMPK-deficient larvae, while the
reciprocal immunoprecipitation with our anti-ATGL-1 similarly yielded more PAR-5 in the
precipitates in control dauer larvae (Figure 3.2D and Figure S3.3B). These data are
consistent with an increase in 14-3-3/PAR-5 binding to ATGL-1 following
phosphorylation by AMPK.

To further investigate whether the degradation of ATGL-1 and its change of subcellular
localization are directly linked to AMPK phosphorylation, we compared the ATGL-1
levels and subcellular localization in daf-2 dauer larvae containing either wild type
ATGL-1 or a non-phosphorylable ATGL-1 variant (S303A) tagged with GFP (Narbonne
and Roy, 2009). We found that the level of ATGL-1 expression was significantly higher
in S303A variants when compared to wild type (Figure S3.4), suggesting that the major
AMPK phosphorylable site S303 on ATGL-1 is critical for its proteasome-mediated
degradation. Because ATGL-1 remains associated with lipid droplets and is more
abundant in AMPK-deficient dauer larvae, we suggest that the phosphorylation and the
increase in 14-3-3 binding are linked to the subsequent subcellular localization and
degradation of ATGL-1, thus providing a switch-like mechanism that would protect the

triglyceride stores for long term use during dauer.
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Reducing the Levels of the C. elegans CGI-58 Homologue Enhances the Survival,
Compromises Triglyceride Hydrolysis and Suppresses the Osmoregulatory

Defects of AMPK-Deficient Dauer Larvae

Although AMPK negatively regulates ATGL-1 during the dauer stage, we and others
have identified factors that enhance ATGL-1 activity (Xie and Roy, 2012; Gruber et al.,
2010; Yang et al., 2010). In mammalian cells ATGL is regulated by a complex relay
mechanism between lipid droplet-associated proteins such as the Perilipins, GOS2 and
CGI-58. At present, no clear orthologue of GOS2, or the Perilipin protein family has been
detected in the annotation of the C. elegans genome sequence. To further explore how
ATGL-1 may be regulated during the dauer stage, we characterized the function of the
C. elegans orthologue of mammalian CGI-58, which we identified in a genome-wide
survey for genes that phenocopied atgl-1(RNAIi) (Xie and Roy, 2012). The C. elegans
gene locus, C37H5.3, is expressed as two alternative transcripts, both of which encode
a protein that is 54% similar and 37% identical to the human CGI-58 protein (Figure
3.3A). Importantly, the N-terminal tryptophan-rich region previously shown to be critical
for the correct localization and ATGL-activating function of mammalian CGI-58 is
conserved in C. elegans (Gruber et al., 2010). Using both RNAi and an available CGI-
58 mutant with a ~800bp deletion (0k3245), we found that elimination of CGI-58 protein
significantly increased the survival of AMPK mutant dauer larvae much like atgl-1(RNAI)
(Figure 3.3B). We also noticed that there was no difference in dauer survival when we
eliminated CGI-58 and ATGL-1 together (Figure 3.3B), indicating that C. elegans CGlI-
58 protein has no ATGL-independent role in dauer survival. In addition, the cgi-58
mutant allele partially restored the total lipid and triglyceride level, reduced ATGL-1
lipase activity and improved the osmoresistance of AMPK mutant dauer larvae when
cultured in high salt conditions (Figure 3.3C-F). Consistent with the ATGL-1-dependent
function of CGI-58 in dauer survival, we did not observe any apparent ATGL-
independent roles of CGI-58 on total triglyceride restoration and lipase activity alteration
(Figure 3.3C and E). Taken together, we conclude that the depletion of C. elegans CGI-
58 can prolong the survival of AMPK mutant dauer larvae by reducing ATGL-1 lipase

activity to conserve the lipid reserve and thereby indirectly improving
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excretory/osmoregulatory function, probably through maintenance of organismal energy

levels.

CGI-58 Physically Interacts with ATGL-1 in vivo and Affects ATGL-1 Localization
on Lipid Droplets

To better understand the role of CGI-58 in regulating ATGL-1, we constructed a CGlI-
58::GFP translational fusion and introduced it into control daf-2 animals and
subsequently crossed the same array into AMPK-deficient animals. During the dauer
stage, CGI-58 is expressed in both control and AMPK mutant dauer larvae mainly in the
hypodermis and intestine, the two C. elegans tissues that have been well characterized
for their role in lipid synthesis and storage (Figure 3.4A). We next compared the levels
of CGI-58 in control and AMPK-deficient dauers. Similar to the ATGL-1 levels (Figure
1E), the CGI-58 protein levels were also increased in the absence of AMPK (Figure
3.4B). However, unlike ATGL-1, some GFP tagged CGI-58 proteins were expressed on
the lipid droplets in control daf-2 dauers, compared to the complete sequestration of
ATGL-1 away from the lipid droplets in these animals (Figure 3.4C and 3.1A). Because
the levels of ATGL-1 are regulated in an AMPK-dependent manner in dauer animals we
wanted to address whether CGI-58 might contribute to the stability of ATGL-1 in this
developmental context. We compared ATGL-1 levels in both AMPK-deficient control
dauer larvae and in AMPK; CGI-58-deficient animals to test whether CGI-58
compromise leads to a reduction in the amount of ATGL-1 protein. We noted that
overall ATGL-1 protein levels were unaffected by the elimination of CGI-58, but
alternatively ATGL-1 signal was distinct from the lipid droplets at dauer day O in the
absence of CGI-58, unlike in AMPK-deficient dauer larvae where ATGL-1 remains
closely associated with the lipid droplets (Figure 3.4D and S3.5). To further confirm the
role of CGI-58 in localizing ATGL-1 to the lipid droplets, we isolated lipid droplets from
intact animals and determined the ATGL-1 protein levels in both control and AMPK-
deficient dauer larvae that were competent or compromised for CGI-58 function.
Isolated lipid droplets were verified by C;-BODIPY-Ci, staining, protein expression
pattern and triglyceride enrichment compared to fractions carrying cytoplasm (Figure
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S3.6). Following separation we observed that ATGL-1 was more abundant in the lipid
droplet fraction compared to our cytoplasmic fractions in AMPK-deficient dauers, while
this was completely reversed in the isolated fractions from genotypically identical
animals that lacked CGI-58, suggesting that ATGL-1 associates with the lipid droplets in
AMPK-deficient dauer larvae in a CGI-58-dependent manner (Figure 3.4E). This was
not observed in control daf-2 dauer larvae with mutated CGI-58, likely due to the
reduced levels ATGL-1.

In mammalian cells CGI-58 was reported to bind to ATGL, which leads to its optimal
activation in vitro (Schweiger et al., 2008), therefore we tested whether CGI-58 interacts
with ATGL-1 in vivo, and if so, how this association is regulated. We generated a
rescuing, epitope-tagged translational fusion variant of CGI-58 and incubated protein
extract obtained from transgenically rescued animals with ATGL-1 antibody covalently
linked to agarose beads. By probing for CGI-58 protein we noted that C. elegans CGI-
58 also interacts with ATGL-1 protein in a mixed population of animals, consistent with
observations in mammals that these proteins are associated (Figure 3.4F). To further
verify their interaction during the dauer stage, we performed the same experiment on
control daf-2 and AMPK-deficient dauer animals that possessed our GFP-tagged CGI-
58 transgene and we found that CGI-58 interacts with ATGL-1 during the dauer stage
both in the presence and absence of AMPK (Figure 3.4G).

Taken together, C. elegans CGI-58 protein is mainly expressed in the hypodermis and
intestine, where it interacts with ATGL-1 and tethers it to the lipid droplets in the
absence of AMPK. Since the interaction of the two proteins are not affected by AMPK
and ATGL-1 proteins are sequestered away from the lipid droplets and targeted for
proteasome degradation, the reduced level of CGI-58 proteins observed in control
animals is likely due to their co-degradation with the bounded ATGL-1 proteins. In
addition, there is a second population of CGI-58 proteins remaining expressed on the
lipid droplets in control animals, which are likely not bound to ATGL-1 and are therefore
not degraded.
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CGI-58 and ATGL-1 Cooperate to Maintain Lipid Droplet Morphology

Given that both ATGL-1 and CGI-58 are in close association with lipid droplets, we
wondered whether these proteins play some structural role on the droplets in addition to
their well-documented enzymatic function. It was recently shown that in late stage wild
type larvae C;-BODIPY-C;, labelled lysosome-related organelles (LROs) with high
intensity, while lipid droplets stained with low intensity (Zhang et al., 2010). Although
this may be true in L4 animals, C;-BODIPY-C;, recognizes lipid droplets quite
exclusively in dauer animals (Figure S3.7). Therefore, we monitored the C;-BODIPY-
Cio-stained lipid droplets in dauer to ascertain whether CGI-58 and ATGL-1 contribute
to lipid droplet structure. We first documented the morphological changes that occur to
the lipid droplets during the entire dauer entry period in control daf-2 and AMPK-
deficient animals, with or without CGI-58 function (Figure S3.8). The lipid droplet size of
the AMPK; CGI-58-deficient animals was compared to those present in AMPK-deficient
animals from 25 hours into the dauer entry period and thereafter, to reveal that the size
of the droplets was significantly increased in the animals that lacked CGI-58 (Figure
3.5A). The difference was most pronounced 32 hours following dauer entry and was not
unique to AMPK-deficient animals since similar defects were observed between control
daf-2 dauer larvae and CGI-58-deficient dauers (Figure 3.5A and B). We then tested
whether the compromise of ATGL-1, CGI-58 or both mutations combined, would result
in similar changes to the lipid droplets in control (daf-2) or AMPK-deficient dauer larvae
32 hours after dauer entry. We noticed that in both control daf-2 and AMPK-deficient
animals, elimination of either ATGL-1 or CGI-58 resulted in a slight alteration of the
typical spherical morphology of the lipid droplets, while also causing an increase in lipid
droplet size. However, the elimination of both genes led to a dramatic distortion of lipid
droplet structure (Figure 3.5B), while these effects were also observed in isolated lipid
droplets (Figure 3.5C and Figure S3.9). Notably, the removal of other lipase activities,
such as hormone sensitive lipase (hosl-1), did not alter the lipid droplet structure in any
genetic background we tested (Figure S3.10), consistent with its secondary role in lipid

hydrolysis during dauer survival (Narbonne and Roy, 2009).
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Since we observed a persistent increase in lipid droplet size in AMPK mutant dauers
that lacked CGI-58, we questioned whether the increase resulted from an accumulation
of triglycerides due to reduced hydrolytic activity. We measured the triglyceride level in
isolated lipid droplets from these animals at the corresponding time points and found
that the abundance of triglycerides correlated with the increase in lipid droplet size at all
time points that were analysed (Figure 3.5D and E). We next questioned whether these
additional triglycerides originated from synthesis in the endoplasmic reticulum (ER). To
meet this end, we eliminated the genes encoding the recently identified ER resident
proteins that are components of the triglyceride synthesis complex; acs-22 and dgat-2
(Xu et al., 2012) in AMPK; CGI-58-deficient animals to observe the effects they might
cause on lipid droplet size. Indeed, elimination of either ER gene product resulted in a
significant reduction in lipid droplet size in all corresponding time points except 48hr
(Figure 3.5F), likely due to drop in energy production by that point. acs-22 and dgat-2 do
not seem to genetically interact with cgi-58, given that the survival of AMPK and AMPK;
CGI-58-deficient dauers were not affected by their compromise (Figure S3.11). The
increased lipid droplet size observed in AMPK; CGI-58-deficient animals is most
probably due to reduced ATGL-1 activity rather than blockage of ER flux, given that the
lipid droplets of all the genotypes we tested showed an initial gradual increase in size
indicating a constant deposit of synthesized lipids until about 32 hours into the dauer
entry period, after which the size started to decrease, probably marking the termination
of feeding and corresponding lipid synthesis (Figure 3.5A and S3.8). If ER flux was
affected, the initial increase in lipid droplet size would not occur due to the impaired
transport machinery. Therefore, taken together, our results suggest that the presence of
the ATGL-1/CGI-58 complex is crucial for the maintenance of the normal spherical
structure of lipid droplets, which is correlated with triglyceride deposition that originates
from ER synthesis.

CGI-58 Prevents Lipid Droplet Fusion and Lipid Exchange

While monitoring the changes in lipid droplet morphology, we noticed that loss of CGI-
58 enhanced the frequency of fusion events that occurred among individual lipid
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droplets both in isolated lipid droplets (Figure 3.6A and S3.12) and live dauers
monitored under real time (Figure 3.6C and S3.13). This was not observed in ATGL-1-
deficient animals (data not shown), suggesting an ATGL-1 independent role of CGI-58,
which is likely attributed to the population remaining on the lipid droplets that are not
bound to or degraded together with ATGL-1. These fusion events occurred 2 to 6 times
more frequently in the absence of CGI-58 based on quantification of over 1000 isolated
lipid droplets for each genotype (Figure 3.6D). To better understand the consequences
of these fusion events and how CGI-58 affected them, we differentially labeled the lipid
droplets of two populations of animals with either red or green BODIPY, respectively.
We then isolated the two sets of lipid droplets, co-incubated them and documented the
exchange of differentially-labelled lipid constituents among the lipid droplets isolated
from control or AMPK-deficient dauer larvae with and without functional CGI-58. We
noticed that loss of CGI-58 resulted in an enhanced exchange of lipid content among
the droplets in both control daf-2 and AMPK-deficient animals (Figure 3.6B and E).
Moreover, using FRAP assays we noted that full fluorescent signal recovered
significantly less efficiently in vivo when AMPK-deficient dauer larvae possessed
functional CGI-58 (Figure 3.6F and G). Taken together, these results suggest that CGlI-
58 acts on the surface of the lipid droplets to protect them from merging and
subsequent content exchange, which ultimately affects triglyceride content, droplet size,

and the overall morphology of the organelle.
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Discussion

The C. elegans dauer stage provides the larva with a unique alternative to survive a
multitude of environmental stresses, where instead of continuing the normal
reproductive life cycle, larvae enter a motionless and non-feeding stage that is
associated with global developmental arrest. This diapause-like stage illustrates how
organisms have evolved specialized adaptations that permit them to readjust their
metabolic state to respond to their variable environment. Astonishingly, dauer larvae
have been documented to survive extremely low pH; desiccation; osmotic stress and
they can survive months without external nutrient intake by augmenting fat
accumulation during the dauer entry period and subsequent metabolic remodeling,
including the activation of the glyoxylate cycle and increased fatty acid de novo
synthesis (Riddle and Albert, 1997; Perez and Van Gilst, 2008; Xie and Roy, 2012).

Upon entry into dauer AMPK expression and activation is increased. This protein kinase
acts as a “metabolic master switch” by sensing high intracellular AMP:ATP ratios to
regulate a number of metabolic pathways that impact on behavior, stem cell quiescence
(Narbonne and Roy, 2006)., lifespan determination (Apfeld et al., 2004; Curtis et al.,
2006) and lipid metabolism. In dauer larvae, AMPK directly phosphorylates and inhibits
ATGL-1 to protect the triglyceride stockpile for long-term usage (Narbonne and Roy,
2009). daf-2 dauers with compromised AMPK function demonstrate aberrantly high
ATGL-1 activity resulting in rapid exhaustion of the energy reserve and consequently
premature expiration of the animals. AMPK plays an “energy protecting” role through
phosphorylation of ATGL-1 in C. elegans dauer larvae, which we demonstrate has a
two-fold effect: first, it generates a 14-3-3 protein binding sites on ATGL-1 to sequester
it away from its substrate, while the same phosphorylation targets ATGL-1 for
proteasome-mediated degradation. AMPK-dependent proteasome-degradation has
been widely observed in skeletal muscle and myocardial cells (reviewed by Goodman et
al., 2011; Baskin and Taegtmeyer, 2011), where it alters muscle contraction to cope
with fluctuations in external nutrient availability. Furthermore, AMPK links cellular
energy stress to growth arrest via phosphorylation of Raptor to generate a 14-3-3

protein recognition site (Gwinn et al., 2008). Similarly, during the dauer diapause AMPK
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uses these two evolutionarily conserved mechanisms to safeguard the cellular energy
reservoir from depletion by segregating the major lipolysis enzyme from its substrate
and targeting it for degradation (Figure 3.7). It is worth mentioning that we noticed a
basal level of ubiquitylation and phosphorylated 14-3-3 binding in the absence of AMPK,
indicating that AMPK may not be the only enzyme that regulates ATGL in daf-2 dauer

larvae.

AMPK mutant dauer larvae die prematurely after a short period in the dauer stage, while
their survival can be enhanced by removing many genes that affect lipid turnover (Xie
and Roy, 2012). The triglyceride stores increase substantially in AMPK-deficient dauer
larvae subjected to atgl-1(RNAI), while the lipid droplets acquire an abnormal
morphology. The lipid droplets have long been considered as inert fat particles but are
now recognized as dynamic organelles that comprise a core composed of neutral lipids
surrounded by a phospholipid monolayer harbouring numerous lipophilic proteins. In
mammals, a number of these lipid droplet-associated proteins have been well
characterized. Among them, the Perilipin family members are considered to be the most
abundant proteins present on the lipid droplet surface, presumably serving to protect the
stored lipids by limiting accessibility of hydrolytic enzymes during basal conditions
(reviewed by Brasaemle, 2007). In addition, the CIDE family proteins are also closely
associated with lipid droplets and modulate fat storage and lipid droplet size in
vertebrates (Puri et al., 2008). Intriguingly, there are no clear orthologues of these
protein families in C. elegans, suggesting that alternative regulatory mechanisms must
exist that are independent of these well-characterized proteins, or other proteins have

been co-opted to carry out analogous functions in C. elegans.

All organisms that possess an ATGL orthologue also harbour a CGI-58-like protein that
presumably functions with ATGL. Since the C. elegans genome does not encode
regulatory molecules such as Perilipin we wondered if the interaction between ATGL-1
and CGI-58 might differ in C. elegans, circumventing any requirement for the Perilipin
family of proteins. By characterizing the C. elegans orthologue of human CGI-58 protein
we revealed that it affects lipid hydrolysis in an ATGL-dependent manner. Elimination of

CGI-58 in AMPK-deficient dauer larvae was sufficient to prolong the survival of these
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animals by correcting the associated lipolytic and osmotic defects. Consistent with its
role as a co-activator of ATGL, ATGL-1 lipase activity was significantly reduced in the
absence of CGI-58. Moreover, in the absence of AMPK, ATGL proteins are released
from sequestration and are anew capable of binding substrate. However, this binding is
mediated by CGI-58 since its elimination resulted in the clear segregation of ATGL-1
from the lipid droplets in AMPK-deficient dauer larvae (Figure 3.7). Therefore, like in
mammalian cells, the activation of ATGL-1 not only requires its interaction with CGI-58,
but also binding of CGI-58 to the lipid droplets (Gruber et al., 2010).

Using a novel approach based on fluorescently-labelled lipid droplet purification we
revealed that in addition to its role in activating ATGL-1, CGI-58 also acts as a guardian
protein at the surface of the lipid droplets to limit the expansion of the droplets from
potential collision/fusion events. Such fusion events have been previously described in
mammalian cells (Bostrom et al., 2007; Guo et al., 2008). In Arabidopsis, the loss of the
major structural lipid droplet protein, Oleosin, resulted in apparent lipid droplet fusion,
very similar to the function we ascribe to CGI-58 (Siloto et al., 2006). CGI-58 appears to
have adopted dual functions throughout evolution to regulate both lipid hydrolysis and

the maintenance of the lipid droplet size and morphology.

It is somewhat puzzling that the enzymatic function of CGI-58 would be linked to a role
in regulating lipid droplet expansion. However, during lipolysis various lipases are
recruited directly to the surface of the lipid droplet where they interact with their
substrates at the interphase of surface monolayer and the neutral lipid core. The
mechanism that permits these enzymes to penetrate the lipid monolayer of the lipid
droplets remains unclear, as is the export of the released free fatty acid products out of
the lipid droplets. Active transporters embedded in the membrane or alternative
mechanisms that involve the separation of the membrane lipid constituents must be
invoked. Regardless of the mechanisms, if the transporters are rate limiting, expanded
lipid droplets would tend to accumulate fatty acid bi-products near the surface close to
the site of catalysis, potentially limiting enzyme access to the triglyceride substrate core.
This would select for an optimal lipid droplet size linked to enzymatic efficacy.

Intriguingly, evidence suggests that under maximum stimulation of lipolysis, the lipid
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droplets break down into smaller entities to increase the surface area for enzyme
interaction (Farese and Walther, 2009). By preventing fusion of smaller lipid droplets
into larger ones, CGI-58 indirectly facilitates lipolysis by enhancing the efficiency of
ATGL-1. Our findings suggest that in C. elegans and all other nematodes that we have
examined so far, the Perilipin family of proteins is absent. It is not clear why this phylum
lost the Perilipin gene family, but nevertheless it strongly suggests that CGI-58 was co-
opted during evolution to provide the structural supporting role of the Perilipin protein
family in maintaining the regular spherical structure of the lipid droplets observed in
other animals. This may provide an indication to the underlying mechanism that

regulates the unique sizes of all kinds of cellular vesicles.

Mutation of the cgi-58 gene is associated with the neutral lipid storage disease,
Chanarin-Dorfman syndrome, characterized by accumulation of triglycerides in
cytoplasm of multiple tissues. We have demonstrated a novel role of CGI-58 in the C.
elegans dauer larvae where it also acts structurally to limit expansion of the lipid
droplets, thereby regulating the utilization of the triglyceride energy source. Our data
provide insight in the regulation of lipolysis and may provide new avenues of
intervention based on modifiers of lipid droplet morphology in the treatment of Chanarin-
Dorfman Syndrome or other diseases associated with impaired lipid storage and/or
hydrolysis.
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EXPERIMENTAL PROCEDURES
Strains, Plasmids and Transgenic Animals

C. elegans were cultured as previously described by Brenner (Brenner, 1974). The

following alleles and strains were used:

The strains VS20 hjls67[Patgl-1::atgl-1::GFP] (Zhang et al., 2010) and RB2386
C37H5.3(0k3245) were obtained from CGC and subsequently crossed into CB1370 daf-
2(e1370) and MR1000 daf-2(e1370); aak-1(tm1944); aak-2(ok524) strains. 0k3245
bears a 800bp deletion that occupies almost two thirds of the gene, therefore, the allele
is predicted to be null. C37H5.3 DNA and its upstream ~800bp was amplified by PCR
and subsequently cloned into pPD95.77 and pMR837 vectors to generate pMR613
(Pcgi-58::cqi-58::GFP) and pMR612 (Pcgi-58:.cgi-58::FLAGx3). Extrachromosomal
arrays of pMR613 and pMR612 were generated by standard microinjection into CB1370
daf-2(e1370) and unc-119 animals using unc-119 cDNA rescue fragment and rol-6 as
co-injection markers respectively. Rabbit polyclonal antibody against ATGL-1 was
raised by using synthetic peptide CTKRKVPDEPTTSKR (GenScript). Anti-ubiquitin
(Santa Cruz), anti-P-14-3-3 (Cell Signaling) and anti-Flag (Sigma) antibodies are

available commercially.
Feeding RNAI

Our feeding RNAI protocol was performed as previously described (Kamath et al., 2001).
Briefly, synchronized L1 animals were added onto regular plates seeded with individual
dsRNA-expressing bacterial clones and maintained at 15°C. Phenotypes were scored

subsequently.
Dauer Survival

Dauer survival was determined as described elsewhere (Narbonne and Roy, 2006).
Dauer larvae were kept in double-distilled water. Survival was scored according to their

appearance and moving response to a gentle tap on the plate.
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Oil Red O Staining of Dauer Larvae

Oil Red O staining of dauer larvae was performed as described (Soukas et al., 2009).
Dauer larvae were fixed in 2% paraformaldehyde and stained with 60% Oil Red O
solution. Stained dauer larvae were observed and imaged using DIC optics on a Zeiss
Imager.21 microscope equipped with a Hamamatsu camera and. Optical density was
determined using OpenLab software (Improvision).

Immunoprecipitation and Western Blotting

C. elegans larvae and adults were lysed by sonication in lysis buffer (50mM Hepes
pH7.5, 150mM NaCl, 10% glycerol, 1% Triton X-100, 1.5mM MgCl,, 1ImM EDTA and
protease inhibitors) and then incubated with anti-ATGL-1 or anti-PAR-5 antibody.
Immunoprecipitations were performed with Protein-A agarose followed by
immunoblotting with anti-ubiquitin, anti-P-14-3-3, anti-PAR-5 or anti-ATGL-1 antibody.
Protein concentration was determined using a NanoDrop 2000c spectrophotometer

(Thermo Scientific).

Triglyceride Quantification

Triglyceride content was determined with a commercially available kit (Sigma-Aldrich)
according to manufacturer's recommendations. Absorbance was measured with a
NanoDrop 2000c spectrophotometer at 540 nm. All calculated triglyceride

concentrations were finally normalized to protein concentration.

Osmotic Resistance Assay

Osmotic resistance of dauer larvae was performed as described (Narbonne and Roy,
2009). The survival of day 4 dauer larvae was scored after being exposed to solutions

of varying NaCl concentrations for 24 hours at 25°C.

Quantification of Lipase Activity

Lipase activity for dauer animals was measured as described (Narbonne and Roy, 2009)

using a commercially available QuantiChrom kit from BioAssay Systems according to
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manufacturer's recommendations. OD values were measured with a Varioskan Flash

Multimode Reader version 3.00.7 at the wavelength of 412 nm.

C1-BODIPY-C12 Staining

C1-BODIPY-C12 staining was performed as described (Mak et al., 2006). Synchronized
L1 larvae were transferred to regular plates with C1-BODIPY-C12 and grown at 25°C.
Images were acquired on a LSM510 confocal microscope (Zeiss) using a x40 1.3 oll
objective. Lipid droplet diameter was measured using AxioVision (Zeiss) software and

volume was calculated using the following formula: 4/3 x 11 x (diameter/2)°.
Lipid Droplet Isolation

Lipid droplet isolation was performed as described (Zhang et al., 2010). Animals fed
with OP50/0P50+C1-BODIPY-C12 were washed with 1xPBS + 0.001% Triton X-100
and subsequently collected in Buffer A (25mM Tris pH7.6, 25mM glycine, 120mM
sucrose and protease inhibitors). The mixture was placed into a metal homogenizer with
a tight-fit pestle and lysed with 20 strokes. The homogenates were centrifuged at 1000g
for 10 min at 4°C and the top layer containing the lipid droplets was collected and

washed twice with Buffer A before analysis.
Lipid Exchange Assay

Green and red C1-BODIPY-C12 stained lipid droplets were isolated as described above.
100ul of each of the two populations of lipid droplets were added into a 1.5ml eppendorf
tube and incubated at 15°C for 30min. Lipid exchange was observed using a LSM510
confocal microscope (Zeiss) with a x40 1.3 oil objective. Incubation at 4°C and 20°C
was also tested and similar results were obtained. Fluorescent intensity was quantified

using ImageJ software.
Lipid Droplet Fusion Live Imaging

C1-BODIPY-C12 stained animals were paralyzed in 3mM levamisol for 3 min before
being transferred onto a freshly prepared 2% agarose pad. Imaging was performed on
dauer larvae 32 hours after shifting to restrictive temperature using a Quorum WaveFX

spinning disk confocal system, on a Leica DMI6000B inverted microscope using a
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63x/1.40-0.6 oil objective and controlled by the Metamorph acquisition software. For

each animal, a time series of 15 minutes was taken.
Fluorescence Recovery after Photobleaching (FRAP)

FRAP experiments were performed on dauer day O animals on a Quorum WaveFX
spinning disk confocal system, on a Leica DMIG6000B inverted microscope using a
63x/1.40-0.6 oil objective and controlled by the Metamorph acquisition software. For
each animal, a time series was taken. After the tenth frame, 1000ms of photobleaching
was performed using a mosaic laser at maximum power. The time series continued for
16 seconds/50 frames, immediately followed by a 5 minutes time lapse, 20 seconds per
frame. Average fluorescence intensity of the bleached area was plotted against the time

series. At least five photobleaching assays were performed for each strain.
Statistical Analysis

Values are mean+SD. Comparison of mean values was evaluated by one-way ANOVA
followed by a Tukey HSD test. A p value less than 0.05 was considered significant. In all

experiments, the number of asterisks represents the following: * P<0.05 and ** P<0.01.
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Figure 3.1. AMPK Regulates ATGL-1 Abundance and Association with Lipid
Droplets

(A) ATGL-1 protein levels associated with lipid droplets were compared in daf-2 control
dauer larvae and daf-2; aak(0) mutant dauers. Dissociation of ATGL-1 from the lipid
droplets correlates with a decreased abundance of ATGL-1 protein in daf-2 animals as
they progress through the dauer stage. These and all subsequent images were taken
with a Zeiss 510 Meta Confocal Laser Microscope at x40 magnification using identical
microscope settings, unless specified otherwise. Scale bar = 10um in (A) and (B). All
strains carry daf-2(e1370) (control) in (A) to (E).

(B) ATGL-1 was still highly expressed during the early dauer stage in daf-2; aak(0)

mutants compared to daf-2 dauer larvae.

(C)-(D) Western blot analysis of GFP levels in daf-2 and daf-2; aak(0) mutant dauer
larvae during dauer entry period and early dauer stage. All strains are daf-2(e1370) and

harbor the translational fusion transgene hjls67[Patgl-1::atgl-1::GFP].

(E) Western blot analysis indicating ATGL-1 protein levels in daf-2 and daf-2; aak(0)

mutant dauer larvae.
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Figure 3.2. AMPK-Mediated Phosphorylation of ATGL-1 Enhances 14-3-3 Binding

and Ubiquitin-Mediated Degradation via the Proteasome

(A) ATGL-1 protein levels are regulated by AMPK by enhancing ubiquitin-mediated
proteasomal degradation. Individual proteasome components were compromised
through RNAI, of which many, but not all, increase the levels of ATGL-1 in daf-2 dauer

larvae.

(B) Ubiquitylated intermediates of ATGL-1 accumulate in AMPK mutant dauer larvae.
Immunoprecipitation of ATGL-1 from lysates obtained from both daf-2 and daf-2; aak(0)
mutant dauer larvae was analyzed by western blot analysis using anti-ubiquitin antibody.
High molecular weight ubiquitin-conjugated entities are seen in immunoprecipitates

obtained from daf-2 but are more prominent in the daf-2; aak(0) lysates.

(C) 14-3-3 binding to ATGL-1 is AMPK-dependent. Immunoprecipitation of ATGL-1 from
total lysates obtained from daf-2 and daf-2; aak(0) mutant dauer larvae were

immunoblotted with antisera that recognizes 14-3-3 binding sites.

(D) Immunoprecipitation of ATGL-1 or PAR-5 from protein lysates obtained from either
daf-2 or daf-2; aak(0) mutant dauer larvae were subjected to immunoblot analysis using
PAR-5 or ATGL-1 antibody respectively.
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Figure 3.3. Elimination of CGI-58 Rescued both Triglyceride Levels and Excretory

Defects in daf-2; aak(0) Mutant Dauer Larvae

(A) Protein alignment of the two isoforms of C. elegans CGI-58 (C37H5.a and C37H5.b)
with human CGI-58. Conserved amino acids are highlighted in black (identical) and grey

(similar).

(B) Elimination of CGI-58 significantly enhanced the survival of daf-2; aak(0) mutant
dauer larvae to a similar degree as atgl-1(RNAi). Compromise of both genes affects
survival in a non-additive manner suggesting that these genes likely function in a linear

pathway.

(C) CGI-58 and ATGL-1 protect the triglyceride stores from depletion in daf-2; aak(0)
mutant dauer larvae. Colourimetric analysis of triglyceride content in day 4 dauer larvae.
** indicates statistical significance (P<0.01) compared to all four of the other genotypes
using one-way ANOVA followed by a Tukey HSD test. The same statistical analysis was
applied for all subsequent experiments performed hereafter. Error bars indicate SD of

three independent experiments.

(D) Elimination of CGI-58 protects the triglyceride stockpile in daf-2; aak(0) mutant
dauer larvae. Oil Red O staining of day 4 dauer larvae. Arrowhead indicates the junction
between the pharynx (left) and the intestine (right). Oil Red O staining intensity was
evaluated by measuring optical density. Error bars indicate SD of 20 animals. * and **
indicate statistical significance (P<0.05 and P<0.01, respectively) compared to daf-2;

aak(0) mutant dauer larvae. Scale bar = 5um.

(E) Optimal ATGL-1 lipase activity requires CGI-58. ATGL-1-dependent triglyceride
hydrolysis was determined in daf-2; aak(0) mutant dauer larvae with wild type or
compromised CGI-58 function. Error bars indicate SD of three independent experiments.

(F) Osmoregulatory defects typical of AMPK dauer larvae were corrected by reducing
CGI-58 function. CGI-58 compromise restores osmoresistance of day 4 daf-2; aak(0)
mutant dauer larvae following culture in varying NaCl concentrations for 24 hours at
25°C.
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Figure 3.4. CGI-58 Physically Interacts with ATGL-1 and is Required for ATGL-1

Localization to the Lipid Droplets in AMPK Mutant Dauer Larvae

(A) CGI-58::GFP was expressed in the hypodermis and the intestine and at comparable
levels in both control daf-2 and daf-2; aak(0) mutant dauer larvae. The indicated strains
all carry daf-2(e1370) in (A), (B), (C), (D) (E) and (G) and the Ex[Pcgi-58::CGI-58::GFP;
rol-6D] transgenic array in (B), (C) and (G). Scale bar = 20um.

(B) More CGI-58 proteins are present in AMPK-sufficient day O dauer animals.

(C) CGI-58::GFP localized to the surface of the lipid droplets at dauer day O in both daf-
2 and daf-2; aak(0) mutant dauers. Scale bar = 10um

(D) Elimination of cgi-58 resulted in separation of ATGL-1 protein from the lipid droplets.
All strains are daf-2, aak-1(tm1944) and aak-2(ok524) and carry the hjls67[Patgl-1::atgl-
1::GFP] transgene. Scale bar = 10pum.

(E) ATGL-1 association with the lipid droplets is dependent on appropriate CGI-58
levels. Immunoblot analysis was used to determine the levels of ATGL-1 in isolated lipid
droplets (L) and cytoplasm (C) obtained from total day O dauer extracts of each
genotype: daf-2, daf-2; cgi-58, daf-2; aak(0) and daf-2; aak(0); cgi-58. Protein

concentration was measured and 30ug of total protein was loaded in each sample lane.

(F) CGI-58 and ATGL-1 exist in a ternary complex in vivo. Co-immunoprecipitations
were performed using anti-ATGL-1 and a FLAG-tagged variant of CGI-58 demonstrating
that ATGL-1 and CGI-58 are directly or indirectly associated in extracts obtained from a
mixed worm population. CGI-58::FLAGXx3 refers to animals carrying the transgenic array
Ex(Pcgi-58::cgi-58::FLAGX3; rol-6D)

(G) Anti-ATGL-1 co-immunoprecipitations were repeated on lysates obtained from daf-2
and daf-2; aak(0) day O dauer larvae expressing a GFP-tagged CGI-58 transgene. CGI-
58::GFP refers to animals carrying the transgenic array Ex(Pcgi-58::CGI-58::GFP; rol-
6D).
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Figure 3.5. CGI-58 and ATGL-1 Are Essential for Lipid Droplet Size and
Morphology

(A) Elimination of CGI-58 in daf-2; aak(0) animals led to dramatic increase in lipid
droplet size during the later part of dauer entry. C;-BODIPY-C,, -stained lipid droplets
were imaged and their dimensions were quantified using the AxioVision (Zeiss) software.
All strains carry daf-2(e1370) (control) in (A) to (F).

(B) Loss of ATGL-1 or CGI-58 function caused aberrations in lipid droplet structure and
morphology. atgl-1(RNAI) and cgi-58(0k3245) mutant larvae were imaged using Cj-
BODIPY-Cj, to stain lipid droplets 32 hours after shifting to restrictive temperature (25°C)
to induce dauer formation. Elimination of atgl-1 gene was performed with RNAI feeding
method in (B) and (C).

(C) C1-BODIPY-C;, -stained lipid droplets isolated from lysates obtained from each
genotype indicated 32 hours following shift to restrictive temperature. Scale bar = 10um.

(D)-(E) Increased lipid droplet size correlates with triglyceride content in dauer larvae
that lack CGI-58. Triglyceride levels were determined in daf-2; aak(0) and daf-2; aak(0);

cgi-58 animals at the later part of dauer entry.

(F) Loss of ACS-22 or DGAT-2 function reduced the lipid droplet size in daf-2; aak(0);

cgi-58 animals at the later part of dauer entry.
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Figure 3.6. CGI-58 Regulates Lipid Droplet Fusion and Lipid Exchange

(A) CGI-58 limits the frequency of lipid droplet encounters in AMPK mutant dauer larvae.
C1-BODIPY-C,, stained isolated lipid droplets were obtained from lysates generated
from dauer larvae 32 hours after shifting to restrictive temperature. It revealed more
frequent lipid droplet encounters in the absence of CGI-58. All strains carry daf-2(e1370)
(control) in (A) to (G).

(B) CGI-58 limits the exchange of lipid content among isolated lipid droplets from dauer
larvae 32 hours after shifting to restrictive temperature. Representative lipid droplets
containing both red and green BODIPY labeled lipids are highlighted with arrowheads
and the fluorescent intensity of each channel was quantified to illustrate the lipid
exchange event during the 30min co-incubation excluding the possibility of fluorescence
overlap. 1 and 2 represent LD1 and LD2 respectively. The line graph at the right side of
each set of images represents the fluorescent intensity of Green and Red C;-BODIPY-

C1. labeled lipid droplets along the white arrow. The box represents the inset area.

(C) CGI-58 limits the active fusion events among lipid droplets in AMPK mutant dauer
larvae. Red C;-BODIPY-C;, labeled lipid droplets were imaged in real time (15 min) in
live dauer larvae 32 hours after shifting to restrictive temperature.

(D) Quantification of the lipid droplet encounters described in (A) determined for 1000
lipid droplets analyzed for each respective genotype.

(E) Quantification of the lipid droplets containing both green and red lipid contents (both
red and green fluorescent intensities are greater than 200) described in (B) and Figure

S determined for 1000 lipid droplets analyzed for each respective genotype.

(F) Quantification of the intensity difference between the lipid droplets before and 5
minutes after photobleaching in aak(0) and aak(0); cgi-58 mutant day O dauer larvae as

shown in (G).

(G) Lipid content was more rapidly replenished in aak(0); cgi-58 animals. FRAP

experiments were performed on dauer day 0 animals on a Quorum WaveFX spinning
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disk confocal system, on a Leica DMI6000B inverted microscope using a 63x/1.40-0.6

oil objective and raw imaging data were obtained using Metamorph acquisition software.
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Figure 3.7. Model of Action of ATGL-1 and CGI-58 on during Dauer Lipolysis.

In control daf-2 dauers, AMPK phosphorylation of ATGL-1 promotes its interaction with
the 14-3-3 protein PAR-5 and targets it for proteasome degradation to eventually protect
the triglyceride stockpile from rapid depletion. CGI-58 proteins possess dual roles on
the lipid droplet surface: some of them form a barrier to prevent the expansion of the
lipid droplet by lipid exchange following droplet-droplet encounters; and others interact
with ATGL-1 to tether it to the lipid droplet (and degraded in complex with ATGL-1
following AMPK phosphorylation), both of which ultimately optimize ATGL-1-mediated

lipolysis.
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Figure S3.1. The Anti-ATGL-1 antibody is specific for ATGL-1. The ATGL-1 antisera

recognizes a single band that migrates at approximately 70kD, which corresponds to
the molecular weight of ATGL-1, and is reduced in atgl-1(RNAI) animals.

b

v}

~7,
A,

ATGL-1

Figure S3.2. Expression Levels of ATGL-1 were similar in daf-2 and daf-2; aak(0)

Animals. Relative mRNA levels were Analyzed with Quantitative real-time PCR in
Dauer Day 0 Animals.
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Figure S3.3. P-14-3-3 and PAR-5 Antibody Test

(A) An increase in both the abundance and the number of bands that were detected by
the P-14-3-3 antibody was observed in lysates obtained from N2 animals treated with

the potent phosphatase inhibitor calyculin A.

(B) The anti-PAR-5 antibody recognized a single band at approximately 30kD,
corresponding to Its predicted molecular weight and which disappeared following par-
5(RNAI).
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FigureS3.4. The Major AMPK Phosphorylable Site S303 on ATGL-1 is Important

for Its Intestinal Expression and Proteasome Degradation.
(A) ATGL-1 was expressed in hypodermis and intestine in S303A variants.

(B) Western blot analysis of GFP levels in WT and S303A variants.
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Figure S3.5. CGI-58 does not contribute to ATGL-1 stability in AMPK mutant
dauers. ATGL-1 levels were determined by immunoblot using anti-ATGL-1 antisera in

lysates obtained from control and cgi-58 mutant dauer larvae with or without AMPK.
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Figure S3.6. Verification of the Isolated Lipid Droplets

(A)-(B) C:-BODIPY-C,, staining of isolated lipid droplets and cytoplasm (remaining
portion of the total lysate) from daf-2 day O dauer larvae.

(C) Associated proteins present in the isolated lipid droplets were clearly distinct from

that of the supernatant and the cellular debris fractions.

(D) Triglyceride was enriched several-fold in the isolated lipid droplets.
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Figure S3.7. C;-BODIPY-Cy, Staining of Lipid Droplets Demonstrated a Similar
Staining Pattern in daf-2 and daf-2; glo-4 Day 0 Dauer Larvae.
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Figure S3.8. C;-BODIPY-C;, Staining of Lipid Droplets during the Entire Dauer
Entry Period.
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Figure S3.9. C;-BODIPY-C3, Staining of Isolated Lipid Droplets in daf-2 and daf-2;
aak(0) Animals Fed with cgi-58 RNA.I.

Figure S3.10. Elimination of Hormone Sensitive Lipase Does Not Affect Lipid

Droplet Morphology.

All strains carry daf-2 mutations.
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Figure S3.11. Elimination of either acs-22 or dgat-2 Does Not Affect the Survival
of AMPK (A) and AMPK; CGI-58 (B)-Deficient Dauers.

All strains carry daf-2 mutations.
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Figure S3.12. CGI-58 limits the frequency of lipid droplet encounters.

C1-BODIPY-C;, stained isolated lipid droplets were obtained from lysates generated
from dauer larvae 28 and 32 hours after shifting to restrictive temperature. It revealed

more frequent lipid droplet encounters in the absence of CGI-58. All strains carry daf-2
mutations.
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Figure S3.13. CGI-58 limits the active fusion events among lipid droplets in
control dauer larvae.

Red C;-BODIPY-C,, labeled lipid droplets were imaged in real time (15 min) in live

dauer larvae 32 hours after shifting to restrictive temperature. All strains carry daf-2
mutations.
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Chapter 4. Discussion
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C. elegans dauer larvae demonstrate an excellent example of how animals adjust their
metabolic profile to adapt to the changing environment. The dauer larvae can live up to
120 days, 4 to 8 times longer than the normal 20 day life span. There is only a certain
amount of energy available to support all the animal’s activities during this time. To
maximize their survival, the dauer larvae must sacrifice their reproduction and mobility,
both of which presumably minimize the use of limited energy sources to favor their long-
term survival. Another unique feature of dauer animals is that they do not feed once
entering the dauer stage. Limiting the feeding behavior also seems to contribute to their
long-term survival. Since the dauer larvae only feed during the dauer entry period,
which is less than 1% of their total life span, the animals must possess a tightly
regulated energy expenditure process to avoid any unnecessary consumption. This
provides a unique model to investigate the regulatory pathways associated with
catabolic processes, such as lipolysis and fatty acid oxidation. One good example of
this is that, in daf-2 dauer larvae, the “metabolic master switch” protein AMPK regulates
the first step of lipolysis by direct phosphorylation and inhibition of the responsible
enzyme, ATGL-1 (Narbonne and Roy, 2009). Loss of AMPK led to premature expiration
of the animals at early dauer stage as a result of energy depletion. Based on that, |
performed a whole genome survey on AMPK-deficient dauer larvae to identify genes
that when compromised, could prolong survival. By doing so, | established a basic
framework of gene activities that can be further studied for their potential interaction with

AMPK in dauer survival.

By further analysing one of these gene families identified in our survey, the catalase
genes, | discovered a hormetic effect of a generally toxic compound, hydrogen peroxide,
where optimal increase of its levels could benefit the survival of AMPK-deficient dauers
by stimulating fatty acid de novo synthesis via the transcription factor, HIF-1 (Xie and
Roy, 2012). The nutrient-constrained daf-2 dauers probably recapitulate a similar
environment to the hypoxic and energy-depleted internal environment of growing tumors,
which favors the activation of HIF-1. As a cluster of abnormally grown neoplastic cells,
tumors are often isolated from the entire body and require extra nutrient supply to
support their own growth. The fact that activated HIF-1 stimulates the transcription of

genes encoding the enzymes responsible for fatty acid de novo synthesis could be one
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mechanism employed by the tumor cells to sustain their own growth and propagation.
With the aid of their own energy power house, the tumor cells could potentially become
independent from the rest of the body and possibly possess a greater potential of
malignancy. Therefore, the HIF-1-fatty acid synthesis pathway might be a fruitful model
to identify novel anticancer therapeutics.

ATGL-1 catalyzes the initial and rate limiting step of the lipolysis process. In mammals,
it is tightly regulated by a number of proteins at both the transcriptional and translational
level. In C. elegans dauer larvae, ATGL-1 is directly phosphorylated and inhibited by
AMPK to preserve the energy depot for long term usage (Narbonne and Roy, 2009).
Such phosphorylation led to sequestration of ATGL-1 away from its substrate and
subsequent proteasome degradation. ATGL-1 seems to be the major lipase that
responds to AMPK regulation during the dauer stage since elimination of other lipases,
such as HSL, did not affect the survival of AMPK-deficient dauer larvae (Narbonne and
Roy, 2009). Therefore, by separating ATGL-1 away from the lipid droplets and
promoting its degradation, the animals can minimize the breakdown of the triglyceride
reservoir. The AMPK-ATGL-1 regulation mechanism has not been observed in non-
dauer animals; in contrast, mutation of ATGL-1 in normal C. elegans led to premature
lethality. Such phenotypic differences could be explained by the differential energy
demands between the normal and dauer animals. Animals following the reproductive life
cycle require extra energy to support their feeding, mobility, mating and reproductive
behaviors, which are not observed in dauer animals at all. Therefore, loss of ATGL-1
function leads to insufficient energy supply in adult animals and consequently early
expiration. Such mutation would not shorten the survival of dauer animals due to the
minimal energy requirement to support their limited behaviors; and in addition, it could
benefit the survival of AMPK-deficient dauers by reducing energy
production/consumption rates. The distinct effects of ATGL-1 compromise observed in
adult and dauer animals demonstrate a differential requirement of protein function under
different energy demanding conditions. This may be useful for the development of novel

approaches to ameliorate the condition of individuals that suffer from lipid disorders.
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In mammals, lipid droplets are decorated by a number of proteins including lipases and
their regulatory proteins (ATGL-1, HSL, CGI-58 and G0S2), lipid synthesizing enzymes
(CCT and FATP-1/DGAT-2 complex), structural proteins (Perilipin family proteins) and
vesicular trafficking proteins (Rab-18). Due to technical limitations of the large scale
proteomic studies in C. elegans, many of these proteins have not been identified or
characterized yet. By studying the homologous gene of human CGI-58 in C. elegans, |
identified a more comprehensive role of CGI-58 in C. elegans compared to other studies
performed with mammalian models and showed that it not only acts as a co-activator of
ATGL-1, but also provides a structural support to the lipid droplets to maintain their
regular spherical shape and prevent them from coalescence with other lipid droplets.
The latter strongly supports that a new pathway must be in place to modulate the
lipolysis process from the substrate perspective. In the absence of CGI-58, lipid droplets
tend to merge into bigger ones to limit the access of ATGL-1, likely by accumulating the
hydrolyzed fatty acids that are not yet transported at the periphery of the lipid droplets.
Therefore, by preventing them from doing so, CGI-58 further enhances the action of
ATGL-1. CGI-58 may ultimately maximize the interaction surface between the substrate
at the droplet core and the hydrolytic enzymes at the periphery to enhance

enzyme/substrate accessibility critical for the efficient regulation of lipolysis.

Final Statement and Perspective

Overall, my work has uncovered two important mechanisms that are involved in
rationing of the energy depot in C. elegans dauer larvae: first, | revealed a hormetic
effect of low levels hydrogen peroxide to stimulate the fatty acid synthesizing ability in
energy deprived animals to prolong survival., We also observed enlarged lipid droplets
in catalse deficient AMPK mutant animals, however the underlying mechanism is not
clear. Future work could focus on how the lipid droplet size is affected in those animals,
whether it is due to increased level of H,O, or feedback mechanisms via product
inhibition. In addition, studies in mammalian system should be performed to extend our
understanding of such hif-1 dependent regulation of lipid metabolism. For example, hif-1

gene activity and fatty acid synthesis rate could be assessed in carcinoma cells to test
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whether HIF-1 is the key gene that regulates energy supply to the isolated tumour cells.
If HIF-1 can produce similar effect as observed in C. elegans dauer larvae to stimulate
the expression of fatty acid synthetic enzymes in carcinoma cells, novel cancer
therapies could be developed for the purpose of altering the hif-1 gene activity to cut off
the energy supply to the tumours.

Second, | dissected the consequent mechanisms of ATGL-1 following AMPK
phosphorylation and characterized a comprehensive role of the C. elegans orthologue
of the human CGI-58 protein. To further investigate such ATGL independent role of
CGI-58, lipid droplet fusion and content exchange could be monitored in the CGI-58-/-
mouse embryonic fibroblast cells to see whether similar phenomenon can be observed.
If that is the case, it may shed light on the mechanism underlying the Chanarin-Dorfman
syndrome. Then, therapies to prevent formation of large lipid droplet can be developed

to treat the syndrome.

Results of my studies extend beyond the C. elegans dauer larvae and provide
implications on how we should perceive the regulation of lipolysis in all organisms. To
conclude, animals only possess a certain amount of energy to support all their living
activities; to live longer, they have to either sacrifice some of the activities or find ways
to prolong their available energy depot by stimulating all the biosynthetic reactions while

limiting their ultimate breakdown.
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