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Genetic Analysis of TOR Complex 2 Signaling

Kevin Theodore Jones

Abstract

Lipid metabolism is regulated by a complex network of genes spanning numerous

biological processes and coordinated functions of multiple tissues.  We have established

Caenorhabditis elegans as a useful model system to dissect these complex genetic

interactions.  Our studies have focused mainly on determining the mechanisms by which

the TOR (target of rapamycin) complex 2 (TORC2) regulates fat storage, cell size,

development, and lifespan.  Through genetic analysis of Rictor mutants, we have found

that TORC2 signals through activation of sgk-1, not through akt-1/2 or inhibition of daf-

16/FOXO, to regulate all of these processes.  We have established this relationship

through analyzing an existing, amorphic allele of sgk-1 and our isolation of a novel,

hypermorphic allele in a forward mutagenesis screen for suppressors of Rictor.  We

present the initial description of more uncloned suppressors that emerged from this

screen.  We also present further characterization, both genetic and biochemical, of the

phenotypes of Rictor mutants.  We further demonstrate that the TORC2-SGK signaling

axis is conserved in mammals and plays a physiologically relevant role in the

maintenance of blood pressure and salt homeostasis.  Finally, we describe several other

lines of research aimed at understanding lipid metabolism and stress responses.  Through

collaborative efforts, we present a description of a novel, mitochondrial stress resistance

pathway.  We also describe models for studying xenobiotic clearance and the

maintenance of lipid homeostasis through sterol response element binding protein

(SREBP) signaling.  In total, these works yield important insights into TORC2 signaling

and, more broadly, help establish C. elegans as a valuable model system for elucidating

the regulatory pathways essential for proper lipid storage and metabolism.
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Introduction

An essential requirement for all organisms is the ability to ration energy reserves

by balancing storage and utilization of nutrients with the demands of the environment.  In

order to survive, an organism must be able to dynamically monitor energy intake,

regulate expenditure of stored energy, and allocate resources towards growth,

development, reproduction, and essential functions.  These three over-arching processes

must naturally be inter-dependent and responsive to change.  At the level of the single

cell, numerous mechanisms exist to sense and adapt to changes in nutrient status.  For a

multi-cellular organism, the complexity of these mechanisms is amplified.  The various

functions required are now distributed across specialized tissues: the gut and adipose

tissues absorb and store nutrients, the nervous system monitors the environment and

determines feeding and behavioral strategies, and hormonal signals from these and other

tissues act to coordinate disparate cells and their activities into a unified response.

Furthermore, during development cells comprising different tissues must synchronize

their growth to properly shape the organism while dealing with a dynamic external

environment.  Delineating the complex network of genes and pathways involved in

carrying out these vital tasks is a daunting challenge, and therefore the establishment of

simple model systems is a necessary step towards grasping how these functions take

place in humans.

While understanding how energy homeostasis works is a basic question in

biology, various aspects of this problem also intersect with immediate, serious health

problems.  As energy balance requires coordinated functions between many tissues, a

breakdown in a specific process or tissue is almost certain to cause systemic
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complications.  Indeed, as studies on obesity have clearly shown, tipping the balance to

favor excessive storage (and excessive fat storage alone is quite complex, as increased

adipose mass can have different pathological outcomes depending upon the specific site

of storage) is strongly correlated with a list of serious health problems, including

cardiovascular disease, diabetes, and certain cancers (Kopelman, 2000).  The startling

rise in the prevalence of obesity in many countries is a compelling reason to explore new

models for studying energy balance, and in particular the control of lipid metabolism.

The study of lipid metabolism offers the potential to probe the basic mechanisms behind

energy balance (e.g., how do lipid uptake, transport, storage, and utilization work, how

are these processes regulated, and how are they coordinated with other processes, like

growth and development) while working on a question with obvious ramifications for the

treatment of an increasingly prevalent disease state.

Establishing a genetic model system for the study of lipid metabolism

 Because energy balance is maintained by a constellation of regulatory pathways,

redundant mechanisms and feedback loops, genetic analysis is essential for understanding

the functional relevance of each gene and regulatory connections between components.

The predominant model organism used in the field of lipid metabolism is the mouse,

which offers a wealth of assays to dissect metabolic phenotypes into individual

parameters.  Because of the physiological similarities between mice and humans,

especially in how they store lipids, studies in the mouse offer the ability to study

metabolic phenotypes in great depth and the promise of near-immediate clinical

relevance.  Advanced genetic analyses, however (especially forward genetic approaches),

are extremely time-consuming and costly.  In most cases, therefore, fat and feeding
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regulatory mechanisms in mammals are analyzed in the context of single gene knock-out

or knock-in animals, yet elucidation of homeostatic responses and feedback regulatory

loops necessitates combinatorial analyses of mutants.  Take, for example, the case of

neuropeptide Y (NPY).  Although its expression in the hypothalamus is leptin-dependent,

and administration of NPY causes hyperphagia and obesity, mice lacking NPY have no

feeding or obesity phenotype (Erickson et al., 1996).  When an NPY deficiency is crossed

into the leptin-deficient ob/ob background, however, the importance of NPY in mediating

leptin signaling is revealed—these mice display lower body weight and less food intake

than their ob/ob counterparts (Erickson et al., 1996).  In mice, however, spectacular

genetic successes like this story are often only possible when examining known fat

regulators.  A simpler, more genetically tractable model system in which to study fat

storage could therefore offer an attractive complement to the mouse system by providing

easier opportunities for complex epistasis analyses as well as unbiased screening for

novel fat regulators.

An ideal candidate for a genetic model of organismal regulation of fat storage is

Caenorhabditis elegans.  Its short generation time (around three days at room

temperature) and the ease of genetic manipulation (both for forward screening and

reverse genetics) make C. elegans an ideal model for unbiased screening as well as

simultaneous manipulation of multiple genes, such that cross-talk between behavioral and

metabolic components can be deciphered and the contributions of each rigorously tested.

The amenability of C. elegans to screens for lipid storage genes has already led to

discoveries of new genes required for proper energy balance in mice—even a gene

required for adipogenesis of cultured 3T3-L1 cells, even though worms lack a dedicated
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adipose tissue (McKay et al., 2003; Suh et al., 2007).  Elegant, cross-species studies like

these provide hints of the enormous benefits that worm genetics can yield for studies of

human obesity.  It is also worth mentioning that, while for obvious reasons this chapter

will focus on the development of C. elegans as a model for obesity, many important

advances have also been made in studying fat metabolism in the Drosophila system.

Many key regulators of fly metabolism have already been characterized (Dobrosotskaya

et al., 2002; Gronke et al., 2005; Kunte et al., 2006; Palanker et al., 2009), and a large-

scale screen has been carried out for genes that affect lipid storage at the level of the lipid

droplet (Guo et al., 2008).  The study of both organisms will likely yield important

insights into the regulation of human lipid storage and obesity.

Conservation of key fat-regulatory genes and pathways in C. elegans

All organisms must balance energy input and output in order to live.  Lipids are a

vital component of cellular membranes and a form of stored energy throughout

eukaryotes; as such, many of the proteins involved in making, burning and transporting

fats are highly conserved between C. elegans and mammals.  In mammals, fat

metabolism is regulated at both peripheral sites of fat storage and in central pathways that

coordinate energy balance and food-related behaviors; key genes from both categories

play conserved roles in the worm (Fig. 1).  C. elegans stores lipids in intestinal and skin-

like hypodermal cells (Ashrafi, 2007; Hellerer et al., 2007).  Although it is not known

whether worms store lipids in organelles similar to mammalian lipid droplets, many of

the key cellular regulators of fat storage and energy utilization are conserved (Mullaney

and Ashrafi, 2009).  These include fat, sugar and protein breakdown and synthesis

pathways; for instance, fat mobilization in C. elegans is dependent on a conserved set of
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lipases whose mammalian orthologs liberate triglycerides stored in fat droplets

(Narbonne and Roy, 2009; Wang et al., 2008).  C. elegans fat storage and utilization are

also dependent on conserved pathways such as the AMP-activated protein and TOR

kinases, and the SREBP and C/EBP transcription factors (Apfeld et al., 2004; Jia et al.,

2004; Long et al., 2002; McKay et al., 2003; Yang et al., 2006).  Many nuclear receptors

act as critical regulators of metabolic gene transcription in mammals (Chawla et al.,

2001; Sampath and Ntambi, 2005), and recent work has demonstrated that certain

nematode nuclear receptors are likewise key regulators of metabolism (Van Gilst et al.,

2005a; Van Gilst et al., 2005b).  C. elegans also possesses machinery to transport fatty

acids between tissues; the best characterized example of this is the shuttling of lipids and

proteins (in the form of yolk particles) from intestinal cells to oocytes by a process

involving an LDL family receptor and receptor-mediated endocytosis (Grant and Hirsh,

1999).  Other examples include fatty acid transporters and lipid-binding proteins (Hirsch

et al., 1998; Plenefisch et al., 2000).

Even though worm and mammalian physiologies differ greatly, many of the fat-

regulatory components play conserved roles.  The SREBP family exemplifies the

remarkable conservation of metabolic regulators across eukaryotes.  Although best

characterized for the regulation of mammalian cholesterol and lipid synthesis in the liver

(and a major player in adipocyte development), SREBP homologs are critically important

for metabolism in yeast, worms and flies, all of which lack both liver and adipocyte and

have vastly different requirements for cholesterol.  The essential features, however, are

conserved—these transcription factors induce expression of specific genes in response to

changes in membrane fluidity.  This remarkable property has been exploited throughout
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evolution and adapted to the unique demands of each organism: fission yeast use it to

monitor oxygen levels, flies use it to control phospholipid levels and mammals use it to

control cholesterol synthesis (Brown and Goldstein, 1997; Dobrosotskaya et al., 2002;

Hughes et al., 2005).  It is not yet known what membrane component is sensed by the C.

elegans SREBP homolog, but it is clear that this gene, as in mammals, is critically

important for fat storage and synthesis of certain fat species (McKay et al., 2003; Yang et

al., 2006).  Model organisms can therefore be useful in elucidating the underlying

principles of fat regulation despite their physiological divergence from humans.

Important neuronal and endocrine regulators of metabolism are also conserved in

the worm.  An insulin-like pathway in C. elegans, similar to the mammalian insulin

pathway, regulates lipid metabolism and longevity (Kimura et al., 1997; Lin et al., 1997;

Ogg et al., 1997; Ogg and Ruvkun, 1998).  Serotonin signaling in the nervous system

controls both fat metabolism and feeding behavior (Srinivasan et al., 2008; Sze et al.,

2000), as it does in mammals (Tecott et al., 1995).  The TUB-1 protein and Bardet-Biedl

syndrome (BBS) complex act in ciliated, sensory neurons to regulate peripheral lipid

storage and various aspects of environmental sensation, just like their homologs in the

mouse (Mak et al., 2006).  Worms do lack several of the key features of human

metabolism, such as leptin and other adipokines, a true adipose tissue, and a

hypothalamus.  As mentioned previously, however, several genes required for

adipogenesis in mammals (SREBP, C/EBP, and Lpd3) are similarly required for fat

storage in C. elegans (McKay et al., 2003; Yang et al., 2006).  Even though worms lack

specific anatomical structures critical for energy balance in mammals, they may often
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possess evolutionary antecedents that carry out similar functions and could still serve to

illuminate the basic principles of metabolic regulation.

Pathways enabling environmental sensation and adaptation in C. elegans

A key question in metabolism is how organisms are able to sense and respond to

changes in nutrient availability.  In response to changes in food availability, both

nematodes and mammals are able to alter their feeding behavior.  In mammals, the

hypothalamus is able to integrate information regarding metabolic status from a variety of

neural and hormonal sources (which in turn emanate from all the critical sites of fat

metabolism, including the gastrointestinal tract, adipose tissue, and pancreas) and

modulate feeding accordingly (van den Pol, 2003).  While human feeding behavior

reflects a complex mix of socioeconomic, psychological, and physiological factors, C.

elegans is nevertheless well suited for investigating the molecular pathways as well as

neural circuits that allow animals to assess nutrient availability and govern behavioral

strategies.  Feeding can be examined in C. elegans by measuring the rate of pharyngeal

pumping (the muscular contraction of the pharynx that forces bacteria through the grinder

and into the gut of the animal), a behavior that is modulated by food (Avery and Horvitz,

1990).   In response to food, worms alter their rates of feeding, egg-laying, and

locomotion, and many of the components required for these behaviors also regulate

human feeding behavior, such as serotonin (Sawin et al., 2000; Tecott et al., 1995).  As in

mammals, there is evidence that signals from peripheral sites of fat metabolism also

govern C. elegans feeding behavior (Srinivasan et al., 2008).  Additionally, worms

engage in more sophisticated food-related behaviors, like social feeding.  The decision to

dine alone or with friends is made by a worm homolog of the NPY receptor (de Bono and
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Bargmann, 1998), which as discussed earlier is a major regulator of mammalian feeding

behavior.   C. elegans feeding behavior is also influenced by food quality and prior

experiences (Shtonda and Avery, 2006).    Worms have even been proposed as a model

for studying satiety signaling based on a unique quiescence behavior (You et al., 2008).

Because C. elegans possesses an extremely simple and invariant nervous system for

which the full wiring diagram has been described, it is a highly attractive model system

for dissecting the neural circuits that integrate food sensation and feeding behavior (Greer

et al., 2008; Srinivasan et al., 2008).

C. elegans also utilizes numerous mechanisms to couple the regulation of growth

and development with food availability.  Perhaps the clearest example of this comes from

decades of genetic studies on dauer formation (a long-lived, alternate stage of

development in C. elegans).  This work demonstrated that the worm has numerous

mechanisms to alter its metabolism, developmental progression and lifespan in response

to changes in food intake and other signals (Hu, 2007).  Many of the components used by

the worm to regulate dauer entry and survival are homologous to mammalian regulators

of lipid storage, including insulin signaling and AMP-activated protein kinase (Hu, 2007;

Narbonne and Roy, 2009).  More recently, another developmental decision in the life

cycle of the worm has been demonstrated to be dependent upon nutrition—after hatching,

worms progress through larval development in the presence of food and arrest in its

absence.  Like the dauer decision, this larval arrest is an organismal response mediated by

insulin signaling (Baugh and Sternberg, 2006; Fukuyama et al., 2006), and genetic

examination of larval arrest has already yielded a novel regulator of insulin release acting

in pancreatic beta cells (Kao et al., 2007).  Once in this arrested state, survival is a tightly
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regulated process that also involves sensory perception of the environment and insulin

release in a distinct subset of neurons (Lee and Ashrafi, 2008).  While the identities and

organization of mammalian neural circuits that respond to internal cues of energy storage

are just beginning to be formulated, the enormous complexity of the mammalian nervous

system makes this a very daunting task.  In addition to internal signals, visual, olfactory,

gustatory, and other sensory cues modulate feeding behavior.  Little is known about the

molecular and neural circuits that underlie perception of environmental conditions, their

interplay with internal cues and how these inputs elicit behavioral, physiological and

metabolic outputs.  Because the ability to gauge cellular and organismal energy status is

essential for lipid homeostasis, illuminating the mechanisms by which environmental

signals are monitored and those connecting them to a concerted, organismal response is

critical to understanding energy balance.  As the works cited above have shown, C.

elegans and mammals make use of many shared pathways in their responses to

environmental signals.  Genetic analysis of this simple organism will undoubtedly

continue to shed light on the ways the human body senses and adapts to changes in

nutrition.

Methods for examining fat storage and metabolism in C. elegans

A historical introduction to the techniques used to examine fat in the worm will

serve to present many of the techniques used in this thesis as well as illustrate how

rapidly the field has evolved over the last decade.  An early method for assessing fat

content was the use of Sudan Black, a classic lipophilic dye, to stain fixed animals

(Kimura et al., 1997).  This allowed, for the first time, a visual assessment of stored lipids

in the transparent bodies of C. elegans.  Since this method uses fixed animals, staining is
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not dependent on any endogenous pathways for uptake and transport.  Because of the

fixation process, however, this method is not amenable to high-throughput screening.  Its

use has therefore been restricted to the examination of a limited number of genotypes or

conditions, usually to confirm genetic interactions already established by other

phenotypes, most notably dauer formation (Jia et al., 2004; Kimura et al., 1997; Ogg et

al., 1997).  Staining is also quite variable within samples, making it difficult to study

subtle phenotypes.  In the Ashrafi lab’s experience, very rigorous staining methods are

required for minimizing experimental variations and obtaining accurate and reproducible

data, making this method most applicable to examining dramatic fat phenotypes (Greer et

al., 2008).  Other neutral lipid stains such as Oil Red O may also be used in place of

Sudan Black for visualization of fats after fixation (Soukas et al., 2009).

The next major advance was the use of vital dye staining to examine fat content in

intact, living animals.  The most commonly used dyes have been Nile Red (Greenspan et

al., 1985) and fatty acid-conjugated BODIPY.  This methodology made it possible to

apply the strengths of worm genetics to the problem of lipid metabolism by enabling

forward and whole-genome RNAi screening, leading to the identification of hundreds of

fat-regulatory genes in C. elegans (Ashrafi et al., 2003).  It also makes large-scale

epistasis analyses very easy to conduct.   The fluorescence properties of these dyes make

them generally quite sensitive, allowing for detection of subtle differences in fat levels,

and the ease of staining living worms with a vital dye has made this method very popular

in elucidating pathways affecting fat metabolism (Mak et al., 2006; Mukhopadhyay et al.,

2005; Srinivasan et al., 2008; Van Gilst et al., 2005a).  As living worms are used,

visualization of fat depots by these dyes is dependent upon endogenous uptake and
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transport pathways, as well as the physical properties of the dyes themselves.  BODIPY-

conjugated fatty acids, for example, stain hypodermal stores of fat readily, whereas Nile

Red does not (although both stain the same compartment in the intestinal cells).  In

certain cases, even intestinal fat stores may not be amenable to visualization by these

dyes (Schroeder et al., 2007).    Thus, while in many cases the fluorescence intensity of

these dyes accurately reflects endogenous fat levels, this is not always the case, and

identifying the precise reason for this will aid their use immeasurably.   To get around

these particular limitations, coherent anti-Stokes Raman scattering (CARS) microscopy

has been used to visualize stored fats in intact animals without exogenous dyes (Hellerer

et al., 2007).  While promising, this method has not yet been widely used due to the need

for specialized equipment.

Rigorous dissection of metabolic pathways in the worm has given rise to the need

for assays that can resolve individual parameters of lipid metabolism, such as fatty acid

synthesis, energy consumption, and fat breakdown.  In recent years, these challenges

have begun to be met, and invaluable secondary assays looking at specific aspects of lipid

metabolism are now emerging.  Perhaps the first was the use of gas chromatography to

measure individual lipid species; this was combined with the power of worm genetics in

an elegant screen that delineated the pathway for polyunsaturated fatty acid synthesis

(Watts and Browse, 2002).  Since this advance, numerous genes have been shown to

regulate the balance of polyunsaturated fat species, which appears to be under strict

control (Brock et al., 2006, 2007; Taubert et al., 2006; Van Gilst et al., 2005a; Yang et

al., 2006).  A metabolic labeling strategy has been developed to resolve the individual

contributions of de novo fat synthesis and dietary absorption of fats to overall fat
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metabolism (Perez and Van Gilst, 2008).  To examine rates of energy utilization, oxygen

consumption has been examined as a proxy for overall metabolic flux.  Combined with

genetic and pharmacological perturbation of specific genes involved in fat breakdown,

this approach can be used to probe the role of lipid oxidation in fat regulation (Srinivasan

et al., 2008).  Additionally, researchers have identified a number of genes known to be

involved lipid metabolism (components of beta oxidation, fatty acid synthesis, acyl-CoA

synthetases, etc.) based on sequence homology.  This makes it possible to identify the

specific components and pathways acting downstream of fat regulators through

expression profiling and/or epistasis analysis using candidate metabolic genes (Narbonne

and Roy, 2009; Srinivasan et al., 2008; Taubert et al., 2006; Van Gilst et al., 2005a; Van

Gilst et al., 2005b).  It is now possible to move beyond overall fat content and examine

specific metabolic pathways contributing to lipid homeostasis, allowing the power of

worm genetics to be applied to these processes as well.

Conclusions

The work to be presented in this thesis has been based upon the idea that applying

the power of C. elegans genetics to the study of lipid storage will illuminate conserved

features of metabolic regulation.  As energy homeostasis is regulated by a network of

signaling pathways acting in a concerted manner throughout multiple tissues, a simple

genetic model will prove invaluable in identifying new regulatory components and fitting

components into complex genetic circuits.  A growing foundation of research has

demonstrated that many key regulators of lipid storage (and important players in obesity

and related disease states) act in a fundamentally similar manner in C. elegans.  Indeed,

genetic analysis in C. elegans has already yielded new insights into mammalian
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physiology in perhaps unexpected ways by illuminating roles for genes functioning in

mammalian tissues that are completely lacking in the worm (i.e., adipose tissue and

pancreatic beta cells) (Kao et al., 2007; McKay et al., 2003; Suh et al., 2007).  Given

these stories, as well as the numerous examples of phenomena first described in C.

elegans that are profoundly relevant to human health (seminal work on apoptosis,

miRNAs, and RNAi spring to mind), this assumption seems a safe one.  The work

presented here has been aimed not only at how certain genes and pathways control lipid

storage in C. elegans, but also at how metabolic regulation is tied to other physiological

processes like growth and development, and how these regulatory pathways receive input

from internal and external metabolic cues.  Hopefully this work will serve to illuminate

principles conserved in humans that may ultimately contribute to advancing human

health.

Dissertation Summary

In this dissertation, I will describe research on four seemingly disparate topics that

all touch upon a few basic themes, namely the regulation of lipid storage, mechanisms

connecting lipid metabolism with other physiological processes, and the sensation of

internal and external cues important for metabolism and stress responses.  First, I will

describe the characterization of Rictor mutants in C. elegans.  Through a variety of

genetic analyses we demonstrate that Rictor regulates lipid storage, organismal size, and

development independent of Akt and FOXO/insulin signaling, but instead through the

kinase SGK-1 (Chapter 2).  I will then examine the metabolic phenotypes of Rictor

mutants in greater detail, establish a role for TORC2/SGK-1 signaling in other processes

(lifespan and dauer formation), and report results from David Pearce’s group (with whom
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we collaborated) which demonstrate that the regulation of SGK-1 by Rictor is conserved

in mammals and physiologically relevant for kidney function (Chapter 3).  These

chapters comprise the bulk of my dissertation, and they reveal important insights into the

function of TORC2 signaling and its critical downstream mediators.  They also establish

a genetic framework suitable for the unbiased identification of physiologically relevant

mediators of TORC2 function.  I will also describe results from another collaboration

(this one with Jared Rutter’s group at the University of Utah) that characterize a novel

stress response pathway required for protection of the mitochondria from reactive

oxygen-induced damage and the maintenance of a normal lifespan (Chapter 4).  To close,

I will discuss preliminary results from two projects: one characterizing a network of a

cytochrome P450 and several nuclear receptors (Chapter 5), and the other aimed at

establishing a model for studying the control of SREBP function in C. elegans with a

reporter suitable for live animals and multiple secondary assays (Chapter 6).  In sum, I

hope this dissertation will illustrate the power of worm genetics in unraveling complex

physiological processes relevant to human disease.
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Figure 1: Major fat-regulatory pathways are conserved between C. elegans and

mammals

Many of the critical regulators of lipid homeostasis in mammals serve similar

functions in C. elegans.  Regulators in the nervous system (blue) modulate fat

metabolism as well as feeding and food-related behaviors (they are able to regulate both

aspects of fat balance by distinct mechanisms).  Peripheral regulators of fat storage act

directly in the tissues containing the organism’s major fat depots (intestinal and

hypodermal cells in C. elegans, shown in red).  Some data suggest that fat regulators in

the periphery can feed back and influence the nervous system, although the precise

mechanism for this is currently unclear.  Systems also exist to transport fats between cells

and tissues (green).  Prominent examples from each category are listed in the appropriate

colors.
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Chapter II: Rictor/TORC2 regulates Caenorhabditis elegans fat storage,

body size, and development through sgk-1
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Abstract

The target of rapamycin (TOR) kinase coordinately regulates fundamental

metabolic and cellular processes to support growth, proliferation, survival, and

differentiation, and consequently it has been proposed as a therapeutic target for the

treatment of cancer, metabolic disease and aging. The TOR kinase is found in two

biochemically- and functionally-distinct complexes, termed TORC1 and TORC2.  Aided

by the compound rapamycin, which specifically inhibits TORC1, the role of this complex

in regulating translation and cellular growth has been extensively studied.  The

physiological roles of TORC2 have remained largely elusive due to the lack of

pharmacological inhibitors and genetic lethality in mammals.  Among potential targets of

TORC2, the pro-survival kinase, AKT, has garnered much attention.  Within the context

of intact animals, however, the physiological consequences of phosphorylation of AKT

by TORC2 remain poorly understood.  Here we describe viable loss-of-function mutants

in the C. elegans homolog of the TORC2-specific component, Rictor.  These mutants

display a mild developmental delay, decreased body size but increased lipid storage.

These functions of CeRictor are not mediated through regulation of AKT kinases or their

major downstream target, the insulin-regulated FOXO transcription factor, DAF-16.   We

found that loss of sgk-1, a homolog of the serum- and glucocorticoid-induced kinase,

mimics the developmental, growth and metabolic phenotypes of CeRictor mutants, while

a novel, gain-of-function mutation in sgk-1 suppresses these phenotypes, indicating that

SGK-1 is a mediator of CeRictor activity.  These findings identify new physiological

roles for TORC2, mediated by SGK, in regulation of C. elegans lipid accumulation and
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growth, and they challenge the notion that AKT is the primary effector of TORC2

function.

Introduction

TOR, a serine/threonine kinase of the phosphatidylinositol kinase-related family,

is broadly conserved in eukaryotes, and in all systems examined, it is required for normal

growth (Wullschleger et al., 2006). The TOR kinase acts as a sensitive cellular fuel gauge

that receives inputs from multiple growth-promoting signals and, in turn, orchestrates a

vast array of cellular responses such as translational control, ribosome biogenesis, and

autophagy (Wullschleger et al., 2006). TOR’s control of these vital cellular processes

makes it, on the organismal scale, a critical player in numerous disease states, such as

cancer, aging, and cardiovascular disease (Tsang et al., 2007).

One reason for the immense diversity of TOR-regulated processes is that the

kinase operates in two complexes, each with its own unique set of components and

subsequent substrates (Loewith et al., 2002). The proteins Raptor and Rictor (rapamycin-

insensitive companion of mTOR) are mutually exclusive binding partners for TOR and

define the TORC1 and TORC2 complexes, respectively (Loewith et al., 2002).  TORC1

can also be distinguished from TORC2 functionally because only TORC1 is inhibited by

the compound rapamycin (Loewith et al., 2002).  The use of this drug has been the major

driving force in the study of the TOR kinase—it enabled the identification of key TORC1

targets (Beretta et al., 1996; Chung et al., 1992; Price et al., 1992), and the TOR kinase

itself was first discovered by genetic analysis in yeast aimed at determining the

mechanism of rapamycin’s growth-inhibitory action (Heitman et al., 1991).
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Deciphering physiological functions of TORC2 has been hampered by lack of

pharmacological inhibitors and lethality of yeast and rodent Rictor mutants, although

tissue-specific Rictor and Raptor knockout mice have recently been reported (Bentzinger

et al., 2008; Cybulski et al., 2009; Kumar et al., 2008; Polak et al., 2008).  While TOR-

and Raptor-deficient mouse embryos die soon after implantation, Rictor-deficient

embryos die in midgestation around day E10.5, suggesting that TORC2 is not required

for early proliferative and developmental events. Rictor knockout mice are, at the time of

embryonic arrest, slightly smaller and developmentally delayed compared to wild-type

littermates (Guertin et al., 2006; Shiota et al., 2006). The first viable Rictor mutant to be

studied in any organism was Pianissimo (Pia), the single Dictyostelium homolog.  These

mutants are unable to activate adenylyl cyclase in response to chemotactic GPCR

signaling (Chen et al., 1997).  Viable Rictor mutants have also recently been described in

Drosophila (Hietakangas and Cohen, 2007; Lee and Chung, 2007).  Consistent with the

mouse data, reported phenotypes of Drosophila Rictor mutants include a mild

developmental delay and an overall reduction in body size (Hietakangas and Cohen,

2007; Lee and Chung, 2007).

Another source of complexity in understanding the physiological roles of TORC2

is that, like any kinase, it has multiple substrates.  A seminal discovery in elucidating the

functions of TORC2 was its identification as a kinase activator of AKT (Sarbassov et al.,

2005), a key mediator of signaling of insulin and other pro-growth factor pathways and a

kinase that is inappropriately activated in numerous cancers (Carnero et al., 2008).  AKT,

like all related AGC family kinases, is phosphorylated at several distinct sites, including

the activation loop, mediated by PDK1, and the C-terminal turn and hydrophobic motifs,
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mediated by TORC2 (Facchinetti et al., 2008; Ikenoue et al., 2008; Sarbassov et al.,

2005).  Although hydrophobic motif (HM) phosphorylation of AKT has become the

major readout for TORC2 function, it is not required for AKT to phosphorylate many of

its substrates (Jacinto et al., 2006).  As in mammals, phosphorylation of the HM domain

of Drosophila AKT is severely reduced in Rictor-deficient flies (Hietakangas and Cohen,

2007; Lee and Chung, 2007), yet AKT functions remain largely intact (Hietakangas and

Cohen, 2007).  Similarly, removal of this phosphorylation site from the Drosophila AKT

does not prevent its capacity to restore normal growth to tissues lacking AKT

(Hietakangas and Cohen, 2007).  Thus, while HM motif phosphorylation of AKT

increases its kinase activity in vitro (Alessi et al., 1996) and has been postulated to permit

maximal levels of kinase activity in vivo (Hietakangas and Cohen, 2007), the

physiological significance of AKT as an effector of TORC2 in intact animals has been

difficult to assess.   Other AGC family kinases, such as PKC and SGK (serum- and

glucocorticoid-regulated kinase), contain the conserved HM motif and have been

proposed to mediate in vivo functions of TORC2 in yeast (Aronova et al., 2008; Kamada

et al., 2005), yet the interplay of TORC2 and its various potential effectors in animals

remain poorly understood.

Genetic analyses of TORC2 in mammalian cell culture and intact animals have

yielded differing results, introducing another complicating factor in elucidating the

physiological functions of TORC2.  For instance, siRNA-induced knockdown of Rictor

in mammalian cells disrupts the actin cytoskeleton (Jacinto et al., 2004), but ablation of

Rictor through homolgous recombination causes lethality but without notable effects on

the actin cytoskeleton (Guertin et al., 2006; Shiota et al., 2006).  Together, these

27



observations raise the need for disentangling the TOR signaling network within the

context of intact animals where contributions of various potential effectors of TORC2 on

size, growth and other potential physiological processes can be rigorously examined.

Here, we report the identification of viable, loss-of-function Rictor mutants in C.

elegans.  In addition to having body size and growth defects, similar to previous reports

of Rictor mutants in other organisms (Hietakangas and Cohen, 2007), we also

demonstrate that these mutants have an increase in stored fat.  Our genetic analyses of

these mutants indicate TORC2 regulates the observed fat storage, size and developmental

phenotypes through sgk-1, rather than the AKTs.  These findings reveal that the SGK

kinase family is a key physiological mediator of the pro-growth and lipid storage effects

of TORC2.

Results

Identification of C. elegans Rictor mutants

In a screen aimed at identifying C. elegans mutants with altered lipid storage, we

isolated lpo-6(mg360), an allele of the single C. elegans homolog of TORC2-specific

component Rictor (encoded by the gene F29C12.3). C. elegans stores fat in intestinal and

skin-like hypodermal cells, and intestinal stores are readily detectable using the vital dye

Nile Red (Ashrafi et al., 2003).  Mutants identified in this screen were termed “lpo,” or

lipophilic dye abnormal.  This mutant was originally identified as a modifier of Nile Red

staining in the tph-1 background, but it still had a dramatic phenotype on its own after

crossing away the tph-1 mutation (K. Ashrafi, pers. communication).  It was isolated and

mapped to a chromosome in the Ruvkun lab at MGH, and I completed the fine mapping

and cloning at UCSF (mutation was mapped by following the increased Nile Red
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phenotype).  The lpo-6(mg360) mutation results in a single amino acid substitution at a

highly-conserved residue in the C-terminal region of the protein, which has been shown

to be required for Rictor function in Saccharomyces cerevivisae (Ho et al., 2005) (Fig.

1A-B).  The excess fat accumulation of lpo-6(mg360) mutants was associated with

enlarged lipid-storing subcellular particles throughout intestinal cells, as well as an

overall increase in Nile Red fluorescence (Fig. 2A-B).   We confirmed increased lipid

storage phenotype of lpo-6(mg360) by staining with other lipid dyes—fatty acid-

conjugated BODIPY (Ashrafi et al., 2003; Mak et al., 2006) and the fixed stain Sudan

Black (Greer et al., 2008; McKay et al., 2003) (Fig. 3A-B). Overexpression of the wild-

type, genomic CeRictor locus in lpo-6(mg360) mutants not only reversed the increased

fat phenotype of this mutant but resulted in lower-than-wild-type fat levels (Fig. 2C),

suggesting that the recessive mg360 mutation is a loss-of-function allele.  In addition to

having excess fat, lpo-6 mutants displayed decreased adult body size (Fig. 2D) and a

slight developmental delay (see Fig. 8D), phenotypes quite similar to those noted in

Drosophila Rictor mutants (Hietakangas and Cohen, 2007).  The decreased size and

developmental delay of lpo-6(mg360) mutants were also rescued to wild type by

transgenic expression of the wild-type genomic CeRictor locus (Fig. 2E and data not

shown).

In her screen to identify suppressors of the hazy/low Nile Red staining of daf-1

mutants, Elisabeth Greer later isolated another allele of CeRictor, ft7, which is likely to

be a null, as this mutation results in a very early stop (Fig. 1). Consistent with this

interpretation, the lpo-6(ft7) mutation causes a greater increase in fat storage, smaller
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body size and a more severe developmental delay than the lpo-6(mg360) mutation (Fig.

2A,B,D and compare Fig. 8D  and 9D).

To compare lipid staining at matched developmental stages, we allowed CeRictor

mutants to grow for a longer period of time than wild type animals (see Appendix I:

Materials and Methods for details) so that we always assayed fat content at the start of

egg-laying in all strains.  The increased fat staining of CeRictor mutants was not the

result of this correction, as animals grown for the same duration of time as wild type still

displayed increased fat staining even though they were less mature (Fig. 3C).  The excess

fat of CeRictor mutants was not simply a reflection of the same total fat contained within

a smaller volume either. In fact, other similarly small-sized mutants did not display

enhanced fat accumulation (Fig. 6C).   Together, these findings indicate that CeRictor

functions to regulate fat storage, growth and development.

CeRictor mutant phenotypes are mimicked by loss a TORC2 component

While originally designated as a lethal gene inactivation, loss of CeTOR kinase

encoded by let-363 allows for completion of embryonic development but causes a non-

conditional larval-stage arrest with dauer-like phenotypes (Jia et al., 2004; Long et al.,

2002). Loss of daf-15/CeRaptor also results in dauer-like developmental arrest (Jia et al.,

2004; Long et al., 2002).   By contrast, under identical growth conditions, CeRictor

mutants and wild type animals grow to reproductive adults without entry into the dauer

stage.  We found that animals in which the C. elegans homolog of lst-8 (encoded by

C10H11.8) was targeted by RNAi also grew to reproductive adults without dauer entry

and, as adults, displayed the fat, size and developmental delay phenotypes of CeRictor

mutants (Fig. 4 and data not shown).  lst-8 encodes for a G protein β subunit like protein
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whose mammalian homolog is found in both TORC1 and TORC2 complexes.

Surprisingly, however, mLST-8 mutant mice display the phenotypes of Rictor, not

Raptor, mutants, and they are not defective in the phosphorylation of known TORC1

targets (Guertin et al., 2006).  Thus, our findings are consistent with murine

characterizations showing that Rictor mutant phenotypes are recapitulated by inactivation

of lst-8 while TOR mutant phenotypes are recapitulated by Raptor inactivation.  After

these results were published, however, a strain with a deletion removing much of the C-

terminal portion of LST-8 was made available from the C. elegans Gene Knockout

Consortium.  This mutant is lethal and maintained with a balancer chromosome.  This

suggests that mutants in lst-8 phenocopy the developmental arrest of CeTOR mutants,

and our knockdown of lst-8 by RNAi was simply not effective enough to induce a

complete loss of gene function.  Reducing lst-8 function would be expected to result in

some Rictor-like phenotypes, as LST-8 is an essential component of TORC2 (Guertin et

al., 2006; Wullschleger et al., 2005), and targeting lst-8 by RNAi produces Nile Red,

growth and size phenotypes strongly resembling CeRictor mutants.  It is difficult to state

conclusively that the phenotypes we observed with lst-8 RNAi are due to a loss of

TORC2 function, however, because arrested daf-15 mutant larvae have increased fat

storage by Sudan Black staining (Jia et al., 2004) and reducing rsks-1 (C. elegans S6

kinase homolog) function by RNAi results in decreased body size (Long et al., 2002).

Another group has reported that knocking down sinh-1 (C. elegans homolog of Sin1, an

essential TORC2 component) by RNAi results in increased fat staining (Soukas et al.,

2009); in our hands, this phenotype is marginal at best (data not shown).  Thus our results
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suggest, but do not demonstrate conclusively, that the phenotypes we describe associated

with CeRictor mutants are due to defective TORC2 signaling.

Expression pattern of CeRictor

To determine the spatial relationship between Rictor and other components of

TOR complex, we examined expression pattern of a GFP reporter fusion controlled by

the rescuing promoter of CeRictor.  GFP reporter fusions to let-363/CeTOR and daf-

15/CeRaptor are expressed throughout development and adulthood in most tissues,

including intestine, skin-like hypodermis, pharyngeal and body wall muscle, and the

nervous system (Jia et al., 2004; Long et al., 2002).  Expression of CeRictor reporter

fusion was limited to the intestinal and hypodermal cells at early larval stages.  As

animals grew to the adult stage, visible expression was restricted to the intestinal cells

and a single pharyngeal interneuron, I1 (Fig. 1C-E). We do not yet know the relevance of

the observed I1 expression; however, expression of the GFP reporter fusion in key fat-

storing tissues of C. elegans is consistent with a role for CeRictor in regulating fat

accumulation.

CeRictor acts independently of the dbl-1/TGF-β pathway to regulate body size

As Rictor mutants in both the fly and mouse display a proportionate and subtle

decrease in body size (Hietakangas and Cohen, 2007; Shiota et al., 2006), we chose to

examine the mechanisms by which CeRictor regulates size.  Changes in either cell

number or cell size may alter total body size. The reduced body size of lpo-6 mutants,

however, is unlikely to be the result of a failure in cell proliferation, as there are no

obvious groups of cells missing or reduced in number in lpo-6 mutants.  These animals

only show a size defect after they complete larval development (Fig. 5).  Together with

32



the fact that the C. elegans cell lineage is highly invariant, these findings suggest that the

small size of CeRictor mutant reflects a defect in achieving post-mitotic cell size.

The major size-regulatory pathway in C. elegans is mediated by a TGF-β ligand,

DBL-1, that connects signaling upstream in the nervous system to the skin-like

hypodermal cells and modulates cell size throughout the organism in a dose-dependent

manner (Suzuki et al., 1999).  Size regulatory egl-4, dbl-1, sma-6, and lon-1 define a

linear genetic pathway (Fig. 6A).  The EGL-4 cGMP-dependent protein kinase is

required for mediating food-related sensory cues that elicit diverse behavioral and

physiological responses (Daniels et al., 2000); it also acts in sensory neurons to regulate

body size (Fujiwara et al., 2002). Gain-of-function mutations in egl-4 [e.g., egl-

4(ad450)], cause a decrease in size, whereas loss-of-function mutations (e.g., egl-

4(n478)) result in increased size (Fujiwara et al., 2002; Raizen et al., 2006).  The large

size of loss-of-function egl-4 mutants is fully suppressed by loss of dbl-1 (Fujiwara et al.,

2002).  The DBL-1 ligand is produced in the neurons of the nerve cord that extends the

length of the animal, and it signals through the SMA-6 and DAF-4 TGF-β receptors

acting in the hypodermis to promote normal size (Krishna et al., 1999; Yoshida et al.,

2001).  In turn, the SMA-6/DAF-4 receptors regulate the transcription of numerous genes

that specifically influence cell growth; one such target is LON-1, a protein of

uncharacterized biochemical function whose transcription is repressed by DBL-1 and

SMA-6.  Loss of function mutations in lon-1 increase body size and suppress the small

size of dbl-1 and sma-6 mutants (Maduzia et al., 2002; Morita et al., 2002).

We probed the relationship between CeRictor signaling and this previously-

characterized size pathway by constructing double mutant strains bearing the lpo-
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6(mg360) mutation and other size-altering mutations.  The lpo-6(mg360) mutation

decreased body size in nearly all backgrounds examined (Fig. 6B).  Several observations

indicated that CeRictor cannot be placed within a linear genetic pathway with other size-

regulatory components.  First, the small-sized lpo-6(mg360) mutant was not fully

suppressed by size-increasing egl-4 and lon-1 mutations, nor did it fully suppress the

effects of these mutations (Fig. 6B).  Second, loss of CeRictor had a much greater effect

in normal-sized or large strains, compared to small-sized strains (Fig. 6B).  For example,

loss of CeRictor reduced the size of lon-1 mutants by nearly 20%, whereas it reduced the

size of dbl-1 or sma-6 mutants by only 3-5%, a 4 to 6-fold difference.  Thus, rather than

acting as a component of the size-regulatory dbl-1 pathway, these epistatic relationships

indicate that CeRictor has a permissive function acting in parallel with the dbl-1 pathway

to shape the final organismal form.  In support of this hypothesis, the lpo-6(mg360)

mutation resulted in increased lipid staining in every size-altering background, suggesting

that CeRictor does not act through the DBL-1 pathway (Fig. 6C).  Also, the fact that

overexpression of lpo-6 leads to Nile Red staining below that of wild type (the expected

“gain-of-function” phenotype—see Fig. 2C), but it does not lead to greater than wild type

size (Fig. 2E) may also suggest a permissive role for CeRictor signaling in body size

determination.  Overexpression of other size-regulatory components, such as dbl-1, is

known to promote excessive body size in a manner dependent upon gene dosage (Morita

et al., 2002).

The excess fat storage and genetic relationship of CeRictor mutants with other

size pathway mutants suggested that CeRictor may influence organismal size by

regulating the utilization of resources towards energetic processes like cell growth and
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development.  As such, because of an increased demand for resources, mutants that

display excessive cell size (such as the lon-1 and egl-4 loss-of-function mutants) would

be more dependent upon growth-permissive TORC2 signaling than mutants with modest

size.

CeRictor mutants display wild-type feeding behavior but decreased fecundity

To further characterize the role of CeRictor in energy balance, we examined

whether CeRictor activity is also necessary to promote other energetically demanding

processes. CeRictor mutants had grossly normal rates and patterns of locomotion (data

not shown). By contrast, these animals produced ~40% fewer progeny than wild type,

resulting in over one hundred fewer offspring on average (Fig. 7A).  We also examined

food intake behavior of CeRictor mutants by measuring pharyngeal pumping rate (Avery,

1993).  The more severe feeding-defective (eat) mutants share some phenotypes with

CeRictor mutants—decreased size, slow growth, and reduced brood size (Avery, 1993).

Unlike the eat mutants, however, the pumping rate of CeRictor mutants was

indistinguishable from that of wild type animals under well-fed conditions (Fig. 7B),

suggesting that the increased lipid storage of CeRictor mutants is not attributable to  an

elevated rate of feeding and that their pleiotropic phenotypes are not simply due to

insufficient nutrient intake at the level of feeding.  Our findings suggest that TORC2

activity promotes body size, development and progeny production in a regulated fashion,

consistent with the known role of TOR kinase as a gauge of nutrient availability that

coordinates utilization of energetic resources.  It is interesting to note that with respect to

development, CeRictor mutants have a milder defect than CeRaptor mutants (slight

growth delay versus larval arrest).  This may indicate CeRictor mutants have a more
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subtle defect in allocating nutrients for growth than CeRaptor mutants, and that the TOR

kinase can fine tune responses of the organism to environmental conditions.  As most of

the upstream and downstream signals associated with CeTORC1 and CeTORC2 remain

unknown (this is especially true of TORC2, not just in C. elegans but in all organisms

where it has been examined), it will be of great interest to determine how these two

activities of TOR are coordinated and if certain environmental stimuli elicit specific

responses from one or both TOR complexes.

CeRictor regulation of lipid storage, size, and development are independent of Akt

and daf-16/FOXO signaling

To investigate the molecular mechanisms through which CeRictor regulates fat

storage, size, and development, we first focused on Akt and insulin signaling. AKT

activation through phosphorylation of its HM and TM sites by TORC2 has been

hypothesized to be a major output of TORC2 (Facchinetti et al., 2008; Ikenoue et al.,

2008; Jacinto et al., 2006; Sarbassov et al., 2005), and the Akt/insulin signaling pathway

is a significant regulator of metabolism and growth (Sale and Sale, 2008).  C. elegans has

two AKT homologs which act redundantly to phosphorylate the FOXO transcription

factor, DAF-16, a key effector of responses elicited upon reduced insulin signaling

(Paradis and Ruvkun, 1998).   Inactivation of the daf-2 insulin receptor or simultaneous

inactivation of both Akt genes both result in dauer arrest that is fully suppressed by

mutation of daf-16 (Paradis and Ruvkun, 1998).  If CeRictor acts solely through

activation of the Akt genes to inhibit DAF-16/FOXO, then null mutations in daf-16

should suppress all CeRictor mutant phenotypes.  Strikingly, we found that elimination of

daf-16/FOXO did not alter the lipid storage, body size or developmental phenotypes of
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CeRictor mutants (Fig. 8A-D).  These results show that CeRictor acts in parallel to or

downstream of daf-16 in regulation of size, rate of development, and fat accumulation.

Next, we explored the possibility that CeRictor functions through the Akt pathway

but independent of its DAF-16 output.  To avoid dauer arrest caused by inactivation of

both Akt genes and to specifically investigate daf-16-independent outputs of Akt

signaling, we asked whether akt-1; akt-2; daf-16 triple mutants mimicked any of the

phenotypes seen in CeRictor mutants.  These triple mutants accumulated nearly wild-type

fat levels (Fig. 8A-B), exhibited slightly elevated body size (Fig. 8C), and displayed a

very mild developmental delay (Fig. 8D). Moreover, the quadruple lpo-6(mg360); akt-1;

akt-2; daf-16 mutant strain was no different with respect to fat storage or body size than

lpo-6(mg360) alone (Fig. 8A-C).  These results show that the excess fat and reduced size

of CeRictor mutant are unlikely to be consequences of reduced AKT activity, since

complete removal of AKT activity does not mimic or alter these phenotypes.

Furthermore, we found that the loss of CeRictor in the context of akt-1, akt-2 and daf-16

mutations resulted in a synthetic reduction in developmental rate (Fig. 8D), delaying the

onset of egg-laying by nearly twenty-four hours relative to wild type [compared to a

roughly six hour delay in lpo-6(mg360) alone].  This result suggests that the growth delay

of CeRictor mutants is not merely a reflection of reduced AKT activity but that CeRictor

acts in parallel to a novel, daf-16-independent Akt signaling pathway to regulate

development.  These data do not exclude the possibility that CeRictor may activate Akt

for other physiological processes or under other conditions, but they strongly indicate that

the fat, size, and developmental phenotypes of CeRictor are not consequences of

compromised AKT signaling.
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CeRictor  acts in a pathway with sgk-1 to regulate lipid storage, size, and

development

Since the AKTs and DAF-16/FOXO were not the relevant outputs for CeRictor

with respect fat, size, and developmental rate, we investigated the possibility of TORC2

regulation of these processes through other AGC family kinases.  Knockdown of the

three C. elegans PKC homologs resulted in visible phenotypes, but not those associated

with CeRictor mutants (data not shown).  Strikingly, however, targeting the single SGK

homolog, sgk-1, by RNAi resulted in fat, size and developmental phenotypes strongly

resembling CeRictor mutants (data not shown).  We confirmed these RNAi phenotypes

by using an sgk-1 mutant likely to be a null, as a deletion in this strain removes most of

the region encoding the SGK-1 kinase domain (Hertweck et al., 2004).  sgk-1 null

mutants displayed a fat accumulation phenotype very similar to that of lpo-6(ft7) (the

likely null allele of CeRictor), both in terms of enlarged lipid particle morphology (Fig.

9A) and total fluorescence (Fig. 9B).   As previously reported (Hertweck et al., 2004),

sgk-1 mutants had decreased size and a slight developmental delay, and these phenotypes

were highly similar to those of lpo-6(ft7) animals (Fig. 9C-D).

Both CeRictor and sgk-1 are expressed in the intestinal cells, raising the

possibility of a direct regulatory connection (Hertweck et al., 2004).  To ascertain

whether CeRictor and sgk-1 define a singular pathway, we examined the phenotypes of

lpo-6; sgk-1 double mutants.  Though each null allele on its own had robust Nile Red,

size and developmental phenotypes, the double mutant showed no enhancement of any of

the three phenotypes when compared to sgk-1 alone (Fig. 9A-D), demonstrating that lpo-

6 and sgk-1 act in the same pathway to regulate these processes.  Consistent with
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CeRictor’s daf-16-independent function, we found that the complete loss of daf-16 did

not suppress or otherwise alter the fat, size and developmental delay phenotypes of sgk-1

mutants (Fig. 9A-D). All previously-described phenotypes of sgk-1 inactivation in C.

elegans (increased tendency for dauer formation when combined with other mutations,

enhanced stress resistance and extended lifespan) had been shown to operate entirely

through inhibition of DAF-16/FOXO (Although I will discuss the longevity phenotype of

sgk-1 more fully in Chapter III) (Hertweck et al., 2004). Thus, our findings indicate that

additional mediators of SGK function remain to be identified.  Finally, sgk-1 mutants also

exhibited the same synthetic developmental delay phenotype in the context of the akt-1;

akt-2; daf-16 triple mutants (Fig. 10A) that we observed with lpo-6(mg360) mutants (Fig.

8D). Taken together, our genetic results indicate that CeRictor and sgk-1 function in a

shared pathway to regulate fat storage, size and development.   These results are

consistent with findings in Saccharomyces cerevisiae, where the TORC2 complex has

been shown to directly phosphorylate the SGK homolog Ypk2 to regulate growth and

ceramide synthesis (Aronova et al., 2008; Kamada et al., 2005).

A novel, gain-of-function mutation in sgk-1 suppresses the lipid storage, size and

developmental phenotypes of CeRictor

To demonstrate that CeRictor regulates lipid metabolism and growth by activating

sgk-1, we first attempted to generate a constitutively active form of SGK-1.  We reasoned

that such an activated SGK-1 would rescue phenotypes caused by loss of CeRictor.  We

speculated that substitutions of glutamic acid or aspartic acid for the threonine at residue

444 in the HM domain of CeSGK-1, equivalent to S422 in mouse SGK-1, might result in

a constitutively active SGK-1.  We generated SGK-1 constructs with a glutamic acid
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substitution at Thr444 alone and aspartic acid substitutions simultaneously at Thr444 and

the predicted phosphorylated residue within the turn motif. Introduction of these

transgenes into CeRictor mutants did not, however, result in rescue of any of the

phenotypes of these mutants (data not shown). The structural and biochemical reasons

why these amino acid substitutions failed to generate activated SGK-1 are not known, but

these results are similar to what has been reported in S. cerevisiae.  In that system,

substituting aspartic acid residues at both the hydrophobic motif and turn motif

phosphorylation sites on Ypk2 also fails to rescue tor2 mutants (Kamada et al., 2005).

Next, we undertook an unbiased, forward mutagenesis screen aimed at identifying

suppressors of CeRictor.  We reasoned that screening for suppressors of CeRictor’s

increased Nile Red staining would yield many genes required for staining but not

necessarily those specifically downstream of TORC2.  CeRictor’s decreased size is too

subtle to be amenable for a large-scale mutagenesis screen, and we already know of

genes that increase body size non-specifically in the CeRictor background (see Fig. 6).

To isolate specific suppressors of CeRictor, we mutagenized lpo-6(mg360); akt-1; akt-2;

daf-16 animals and screened the F2 generation for those that suppress this strain’s

developmental delay.  Screening for suppressors of this strain’s developmental delay

seemed to be both extremely easy (it only requires picking adults amongst many

asynchronous larval animals) and specific (as far as I know, there are no mutations that

non-specifically hasten larval development).  In two batches, I mutagenized a total of

16,500 lpo-6(mg360); akt-1; akt-2; daf-16 animals, harvested F1 progeny by

hypochlorite treatment, grew 60,000 F1s to adulthood, harvested F2 progeny by

hypochlorite treatment, and screened a total of 300,000 F2s after 72 hours of growth at
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20ºC (see Appendix I: Materials and Methods for details).  Going by the number of F1s

used, this screen should have represented approximately six-fold coverage of the genome,

but because F2s were harvested by hypochlorite treatment (and the starting strain has

greatly reduced fecundity, yielding relatively few progeny after this treatment), I actually

screened far fewer haploid genomes.  This first-pass screen yielded a total of 111

candidate suppressor lines.  Many of these were sterile or had phenotypes that did not

hold up under rescreening.  Since the profound developmental delay of the lpo-6(mg360);

akt-1; akt-2; daf-16 strain is a synthetic phenotype, I could potentially identify

suppressors downstream of CeRictor, akt-1/akt-2, or both.  To identify specific

suppressors of CeRictor, I then examined all suppressors for those that also abrogate the

increased Nile Red phenotype of the quadruple mutant strain, because akt-1; akt-2; daf-

16 mutants have wild type fat staining (Fig. 8A-B).  Only six lines were identified that

robustly and consistently suppressed both phenotypes.  Most lines that reproducibly

suppressed the developmental delay of the starting strain did not alter its Nile Red

staining, suggesting either that they suppressed the Akts’ contribution to this phenotype,

or that they were able to dissociate CeRictor’s growth effects from its effects on fat

staining.

Reasoning that an activating mutation in sgk-1 might suppress CeRictor, we

sequenced the sgk-1 locus in all six lines that passed both rounds of screening and

identified one with a mutation in sgk-1.  This allele, sgk-1(ft15), has a G to A transition

resulting in a Glu to Lys amino acid substitution at residue 116, shortly before the start of

the kinase domain (Fig. 11A-B).  The sgk-1(ft15) mutation partially suppresses the

synthetic developmental delay of the lpo-6; akt-1; akt-2; daf-16 strain (Fig. 10A), and
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exposure of lpo-6; akt-1; akt-2; daf-16; sgk-1(ft15) quintuple mutants to sgk-1 RNAi

abrogated the effects of the ft15 allele, suggesting that this allele is likely a gain-of-

function mutation in sgk-1 (data not shown).

To determine its effect on CeRictor alone, we outcrossed the sgk-1(ft15) mutation,

removing the akt-1 and daf-16 mutations in the background , but because sgk-1 is linked

to the akt-2 locus, the outcrossed ft15 mutant strain also retained the akt-2 deletion, which

we have shown does not suppress any of the phenotypes of lpo-6(mg360) (Fig. 8A-D).

sgk-1(ft15) mutants displayed wild-type body size and fat, and the mutation completely

suppressed both the decreased body size and increased fat phenotypes of lpo-6(mg360)

mutants (Fig. 10B-D).  The ft15 allele also suppressed the slight developmental delay of

the lpo-6(mg360) single mutant strain (data not shown).  Finally, the sgk-1(ft15) mutation

was inherited in a semi-dominant manner, and inactivation of sgk-1 by RNAi abolished

the ability of sgk-1(ft15) to suppress lpo-6(mg360) phenotypes (Fig. 10C-D).

Interestingly, sgk-1(ft15) is a weaker suppressor of the amorphic CeRictor allele, lpo-

6(ft7); in this background it partially suppresses the small size phenotype and does not

significantly reduce fat staining (Fig. 11C-D).  These genetic results strongly indicate that

the ft15 allele produces an activating mutation in SGK-1 and that this mutation

suppresses nearly all of the phenotypes associated with CeRictor, demonstrating

conclusively that CeRictor signals through sgk-1 to regulate lipid storage, size and

development.

We do not currently know the biochemical consequences of the mutation caused

by ft15 on SGK-1 activity.  This mutation strongly suppresses the phenotypes of lpo-

6(mg360) and only weakly suppresses those of lpo-6(ft7).  We hypothesize that the
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reason for this discrepancy is that the lpo-6(mg360) mutation only partially reduces

CeRictor signaling, whereas the lpo-6(ft7) mutation eliminates it.  In order to fully

understand the discrepancy, we need to understand the consequences of a partial versus

total loss of CeRictor function on SGK-1 phosphorylation.  Does SGK-1 in an lpo-

6(mg360) background have weak or transient phosphorylation at its TM and HM sites?

Is phosphorylation completely abolished in an lpo-6(ft7) background, or is another kinase

able to compensate?  Under certain conditions (DNA damage, loss of Raptor function),

Akt HM site phosphorylation is still maintained when Rictor is ablated; DNA-PK has

been hypothesized to be the compensatory kinase in these cases (Bentzinger et al., 2008;

Bozulic et al., 2008).  The simplest model is that the ft15 mutation increases SGK-1

kinase activity slightly, enabling it to function in a manner only semi-independent of

Rictor activation.  A more complex model is that the ft15 introduces a lysine residue that

expands the basic tail-phosphate binding site on SGK-1.  Many AGC family kinases

(including SGK) contain a set of four basic residues located near the start of the active

site that bind directly to the phosphorylated residues of the TM and HM sites at the tail of

the kinase, stabilizing the active confirmation (Hauge et al., 2007).  The ft15 mutation

introduces a lysine residue seventeen amino acids upstream of the first of these conserved

residues in the primary sequence of CeSGK-1.  In this model, an expanded binding site

allows SGK-1 with transient phosphorylation at its TM and/or HM sites [presumably as

in an lpo-6(mg360) background] greater opportunities to bind and promote kinase

activity, whereas it has very little effect when SGK-1 has minimal HM/TM site

phosphorylation [presumably as in the lpo-6(ft7) background].  Careful molecular

modeling could determine whether the lysine introduced by the ft15 mutation would be in
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an appropriate position to participate in tail-phosphate binding.  Finally, the ft15 mutation

could have an effect on SGK-1 outside of affecting its catalytic functions; for example, it

could increase protein stability or enhance localization to an activating compartment.

In sum, the observations that loss of function mutations in sgk-1 mimic

phenotypes of CeRictor, while a forward genetic screen aimed at finding suppressors of

CeRictor identified an sgk-1 gain-of-function mutation, indicate that sgk-1 is a

physiologically significant mediator of TORC2 activity in C. elegans.

Discussion

We have found that loss of Rictor function causes developmental delay, reduced

size and reproduction, but excess fat accumulation in C. elegans. Similar phenotypes

have been observed by another group using independently generated alleles of Rictor

(Soukas et al., 2009).  As inactivation of another core TORC2 component, LST-8,

recapitulates the CeRictor phenotypes, our findings suggest that, as in all other systems

examined, CeRictor functions as part of the TORC2 complex. We found the phenotypes

caused by CeRictor inactivation were independent of activities of AKT and its

downstream effector, the DAF-16/FOXO transcription factor.  We further found that all

of the phenotypes associated with loss of CeRictor were fully mimicked by loss of sgk-1

and that these phenotypes were suppressed by a novel, gain-of-function mutation in sgk-

1.   These data indicate that Rictor, through TORC2, regulates fat storage, size and

development in C. elegans, and it governs all three phenotypes by upstream activation of

sgk-1.

While the discovery that TORC2 phosphorylates AKT on its HM motif has been

critical in characterization of various TORC2 complex components and identifying
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potential TORC2 targets based on HM domain homologies, the most prominent

phenotypes caused by inactivation of TORC2 in C. elegans are independent of this

activity.  CeRictor appears to act through sgk-1 but in parallel to both Akt genes to

promote development, as the simultaneous loss of both Akt homologs and CeRictor/sgk-1

results in a synergistic developmental delay.  This genetic interaction occurs in the

absence of daf-16 activity, demonstrating FOXO-independent outputs for the C. elegans

Akts and sgk-1.  Nevertheless, it is likely that, under certain circumstances, C. elegans

TORC2 would modulate specific Akt functions.  Indeed, the C. elegans AKT-1 protein

does contain a conserved, PDK2 consensus phosphorylation site in its HM motif (data not

shown) suggesting that, as in all other organisms tested thus far, C. elegans Akt is likely a

substrate of CeTORC2.  Whether CeTORC2 is responsible for Akt phosphorylation in

vivo can now be tested directly using a newly described, specific antibody raised against

the phosphorylated AKT-1 HM site (Padmanabhan et al., 2009).  In Drosophila, the only

physiological role attributable to HM motif phosphorylation of AKT is modulation of

insulin signaling specifically when the activity of the insulin pathway is abnormally

enhanced, either by overexpression of FOXO transcription factor or inactivation of

P T E N , a phosphatase that elevates PIP3 levels and thus enhances AKT activity

(Hietakangas and Cohen, 2007).  Consistent with our findings, under normal growth

conditions, abrogation of AKT’s HM domain phosphorylation has minimal effects on

AKT-dependent cell growth in Drosophila (Hietakangas and Cohen, 2007).

The TORC2-SGK regulatory pathway is conserved across phylogeny and is

utilized for a variety of physiological processes. In S. cerevisiae, TORC2 regulates

ceramide synthesis through activation of YPK2 (an SGK homolog in S. cerevisiae), which
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in turn is required for membrane synthesis and active cell growth (Aronova et al., 2008).

Gain-of-function mutations in YPK2 suppress the lethality of TORC2 loss-of-function

mutations (Kamada et al., 2005), just as the ft15 gain-of-function mutation in sgk-1

suppresses the metabolic and growth phenotypes of CeRictor.  Interestingly, in

Dictyostelium, TORC2 is required to activate both the closest Akt and Sgk homologs, and

both kinases regulate cell growth and chemotaxis (Lee et al., 2005). In mammals, the

regulation of SGK family kinases by mTORC2 and its physiological significance are just

beginning to be probed.  Recently, mTORC2 has been shown to be required for mSGK1

hydrophobic motif phosphorylation in mammalian cells, and immunoprecipitated

mTORC2 directly phosphorylates mSGK1 in vitro (Garcia-Martinez and Alessi, 2008).

Furthermore, phosphorylation of an SGK1-specific target is reduced in cells deficient in

mTORC2 components (Garcia-Martinez and Alessi, 2008). Thus, SGK appears to be the

predominant effector of TORC2 under normal growth conditions in S. cerevisiae and C.

elegans, and a similar regulatory interaction is suggested by in vitro and cell-based

studies in mammalian systems (for more discussion of mTORC2-SGK signaling in

mammalian cells, see Chapter III).

Whether TORC2 and SGK kinase family regulate fat metabolism in mammals is

not yet known. A muscle-specific deficiency of Rictor has recently been reported, and

Rictor seems to be largely dispensable for proper muscle cell morphology, function and

respiration (Bentzinger et al., 2008).  Adipose tissue lacking Rictor displays grossly

normal morphology and very slight insulin resistance, but it causes an increase in total

animal weight (and size of individual organs) due to increased IGF-I secretion (Cybulski

et al., 2009).  Serum triglyercides and free fatty acids are normal in these animals, but
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cholesterol is high and adiponectin low (leptin levels are normal) (Cybulski et al., 2009).

While the C. elegans genome contains a single SGK gene, mammals have three.  Sgk1

and Sgk3 knockout mice have surprisingly mild phenotypes, possibly due to redundant

functions of SGKs.  Sgk2 null mice have not yet been reported.  Sgk3 null mice display a

transient growth delay and defects in hair follicle development, while Sgk1 null mice are

defective in salt balance under a salt-deficient diet and their glucose uptake by various

tissues post glucose load is blunted (McCormick et al., 2004; Wulff et al., 2002).   The

deep evolutionary origins of numerous mammalian and C. elegans fat regulatory

pathways suggest that in mammals, as in C. elegans, mTORC2 and mSGK family of

kinases may also play roles in lipid metabolism; likewise, it will be important to

demonstrate whether mTORC2 activation is required for any of the processes known to

be governed by the mSGKs, such as sodium transport and blood pressure regulation.

Concluding Remarks

The characterization of Rictor mutants in C. elegans and the finding that CeRictor

signals through sgk-1 may have important implications for the TOR signaling field.

CeRictor mutants are proportionally small and very slightly delayed in development.

These phenotypes are very similar to what has been reported for Drosophila and mouse

Rictor mutants, suggesting that these functions of CeRictor are conserved in higher

organisms.  My work has further identified a role for CeRictor in regulating fat storage; it

remains to be seen if this is true in other organisms (unexpectedly, this role is

independent of insulin signaling).  C. elegans, unlike the other genetically tractable

model organisms (yeast and fruit fly), possesses homologs of both SGK and AKT (S.

cerevisiae lacks a true AKT homolog and insulin signaling; D. melanogaster lacks an
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SGK homolog).  While in certain contexts TORC2 has been shown to be required for

AKT function in vivo (Hietakangas and Cohen, 2007; Jacinto et al., 2006), it seems that

the predominance of AKT HM phosphorylation as the readout of TORC2 function has

led to a general acceptance that AKT is the critical target of TORC2.  C. elegans offers a

tractable genetic system in which to test this relevance, and so far SGK seems to be far

and away the more functionally important output.  I do not propose that all mTORC2

functions are carried out through SGK, but I do think these results raise two important

points.  First, the mSGKs may very well be important for many downstream outputs of

mTORC2, and this should be examined in mammalian systems (see Chapter III for data

in support of this hypothesis).  Secondly, I hope that these results would call for those

working on mTORC2 to search for relevant downstream outputs besides AKT, whether

they may be SGK or another protein altogether.  Finally, this initial examination of

CeRictor may be most helpful to the field in setting up a framework to identify more

components in the TORC2 pathway.  We now have a robust set of phenotypes associated

with these mutants, a downstream target in the pathway (with both null and gain-of-

function alleles), and a screening methodology that has proven effective to identify

pathway components.  Since so little is known about what acts upstream and downstream

of TORC2, C. elegans may provide a great genetic platform to determine how and why

TORC2 is activated, what signaling cascades lie downstream, and how this complex

regulates various aspects of metazoan growth, development, and resource allocation.
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Figure 1:  Molecular cloning of CeRictor mutants

A.  Gene structure for lpo-6 (F29C12.3).  Intron/exon boundaries are shown to scale.

Below is a schematic of the LPO-6 protein; numbers reflect amino acid sequence of LPO-

6 protein (note: there are no consensus domains in the protein as predicted by sequence

homology).  Sites and consequences of both mg360 and ft7 mutations are shown.

B.  Multiple-species alignment of conserved, C-terminal region where mg360 allele

substitution is found.  Asterisk denotes the mutated residue.

C.  Expression pattern of rescuing lpo-6 promoter fused to GFP in adult animal.  Note

exclusively intestinal expression pattern (arrow), with the exception of I1 interneuron.

Image results from merge of fluorescence and DIC channels

D.  Expression pattern of rescuing lpo-6 promoter fused to GFP in early larval animal.

Note both intestinal (I) and hypodermal (H) expression. Image results from merge of

fluorescence and DIC channels.

E.  Expression of rescuing lpo-6 promoter fused to GFP in I1 interneuron. Image results

from merge of fluorescence and DIC channels.  Neuron was identified as I1 due to the

position of the cell body (arrow) and a projection crossing the pharynx and extending

anterior on the side opposite the cell body.
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Figure 2:  Loss of CeRictor causes increased lipid storage and decreased body size

A. Images of Nile Red staining of lipids in anterior intestinal cells of adult wild type, lpo-

6(mg360) and lpo-6(ft7) strains.  Representative images are shown.  In each image,

anterior of the animal is to the right.

B.  Quantification of Nile Red staining. Mean fluorescence intensity is reported as a

percentage of the mean for wild type animals (error bars indicate s.e.m.).  * indicates a p

value <0.05, and **indicates p value <0.01 (wild type vs. mutant, two-tailed t-test, n=5-

7).

C. Quantification of Nile Red staining. Mean fluorescence intensity is reported as a

percentage of the mean for wild type animals (error bars indicate s.e.m.).  *indicates a p

value ≤0.05, and **indicates p value <0.01 (wild type vs. mutant, two-tailed t-test, n=5-

8).  lpo-6 (+) and (-) refer to the presence or absence of wild type CeRictor transgene.

D. Quantification of body size measurements.  Perimeter of each worm was measured.

Values reported as mean size as a percentage of mean for wild type (error bars indicate

s.e.m.).  **indicates p value <0.01 (wild type vs. mutant strain, two-tailed t-test, n=10).

E. Quantification of body size measurements.  Perimeter of each worm was measured.

Values reported as mean size as a percentage of mean for wild type (error bars indicate

s.e.m.).  **indicates p value <0.01 (wild type vs. mutant strain, two-tailed t-test, n=10).

lpo-6 (+) and (-) refer to the presence or absence of wild type CeRictor transgene.  Body

size of rescued lpo-6 mutants (lpo-6(mg360); lpo-6(+)) is not significantly different from

wild type animals (p value of 0.88, two-tailed t-test, n=10).
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Figure 3: Increased-fat phenotype of CeRictor mutants is confirmed by other lipid

staining methods and is not due to developmental timing

A. Images of fatty acid-conjugated BODIPY staining in adult wild type, lpo-6(mg360)

and lpo-6(ft7) strains.  Representative images are shown.

B.  Images of Sudan Black B staining in wild type, lpo-6(mg360) and lpo-6(ft7) strains.

Please note that Sudan Black staining yields lower resolution and higher variability than

Nile Red and Bodipy-conjuaged fatty acids in detecting fat stores.  Because of this

variability, we previously devised a protocol (Greer et al., 2008; Srinivasan et al., 2008)

allowing for pairwise comparison between strains stained within the same tube.  Thus,

representative images of wild-type and test animals from each experiment are shown.

C. Comparison of fat accumulation as detected by Nile Red staining in sgk-1 and

CeRictor mutants. All strains were allowed to grow for the same amount of time after

synchronized hatching by hypochlorite treatment of parents.  Differences in

developmental timing were not corrected.  Mean fluorescence intensity is reported as a

percentage of the mean for wild type animals (error bars indicate s.e.m.). *indicates p

value <0.05 (wild type vs. mutant, two-tailed t-test, n=5-6).
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Figure 4: Two-generation lst-8 RNAi results in fat and size phenotypes similar to

CeRictor mutants

A.  Representative images of control- and RNAi-treated animals (adult stage) stained

with Nile Red.  Note an increase in fluorescence intensity and an increase in lipid particle

size, similar to what was noted with lpo-6 mutants.

B. Quantification of body size. RNAi value reported as mean size as a percentage of

mean for control treatment (error bars indicate s.e.m.). **indicates p value <0.01 (control

vs. RNAi, two-tailed t-test, n=10).  Note that body size of RNAi-treated animals is nearly

identical to that of lpo-6(ft7) mutants (c.f. Fig. 1D).
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Figure 5:  lpo-6(mg360) mutants show decreased body size throughout adulthood

but not during earlier stages of development

Wild type (N2) and lpo-6(mg360) mutants were grown from synchronized L1s (by

hypochlorite treatment), and their body sizes were measured at regular intervals over

larval growth and adulthood.  Body size is reported as a measure of perimeter.  Note that

after 48 hours at 20ºC, animals will have reached the L4 stage of development; at this

stage, mutant and wild type do not differ.  While lpo-6(mg360) mutants are slightly

delayed, this delay is on the order of 6 hours and thus is too slight to cause the body size

changes reported.  At their greatest size, after 144 hours, lpo-6(mg360) animals are still

smaller than wild type at their smallest adult size (after 72 hours).  Each data point is the

average of twenty worms per genotype, and error bars represent s.e.m.  Differences

between strains are highly significant as measured by paired t-test (all p values < 10-5) at

every time point except for 48 hours (p=0.48).
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Figure 6: CeRictor regulates size independent of the dbl-1 pathway

A.   Genetic regulatory hierarchy of the dbl-1-mediated body size pathway.   Molecular

function, expression pattern and representation of null phenotype for each component are

indicated.

B.  Quantification of body size measurements.  Perimeter of each worm was measured.

Sizes are reported as percentage of wild type (error bars indicate s.e.m).  For each gene,

sizes of both mutant strain alone (black bars) and mutant strain also harboring the lpo-

6(mg360) mutation (grey bars) are shown.  Asterisks indicate significance of difference

between single mutant and lpo-6(mg360);mutant strain; *indicates p value <0.05 and

**indicates p value <0.01 (two-tailed t-test, n=10-20 per strain).  sma-6(wk7) and sma-

6(wk7);lpo-6(mg360) are not significantly different (two-tailed t-test, p=0.24).

Percentages above bars represent the percent reduction in lpo-6(mg360);mutant strain as

compared to mutant strain alone (percentage refers to size as a percentage of wild type).

C.  Quantification of Nile Red staining. Mean fluorescence intensity is reported as a

percentage of the mean for wild type animals (error bars indicate s.e.m.). For each gene,

sizes of both mutant strain alone (black bars) and mutant strain also harboring the lpo-

6(mg360) mutation (grey bars) are shown.  Asterisks indicate significance of difference

between single mutant and lpo-6(mg360);mutant strain; *indicates p value <0.05 and

**indicates p value <0.01 (two-tailed t-test, n=5-7 per strain).    As indicated in Appendix

I: Materials and Methods, the reported values for fat correspond to Nile Red fluorescence

within the first three pairs of intestinal cells without adjustment for differences in cell size

between mutants.
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Figure 7: Inactivation of CeRictor does not affect feeding rate but is required for

normal reproduction

A.  Total number of progeny was counted for individual wild type or lpo-6(mg360)

animals (n=10 per strain).  Average brood sizes are expressed as a percentage of wild

type (error bars indicate s.e.m.).  **indicates p value <0.01 (two-tailed t-test).

B. Feeding rate (pharyngeal pumping) was measured in lpo-6(ft7), lpo-6(mg360), and

wild type animals (n=20 for each strain).  Average rate is expressed as a percentage of

wild type (error bars indicate s.e.m.).  Strains were measured as well-fed adults. lpo-

6(mg360) and lpo-6(ft7) animals are not significantly different from wild type(p=0.14 and

p=0.15 respectively, two-tailed t-test).
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Figure 8: CeRictor regulation of lipid storage, size and development is independent

of Akt and FOXO function

A.  Images of Nile Red staining of lipids in anterior intestinal cells.

B.  Quantification of Nile Red staining. Mean fluorescence intensity is reported as a

percentage of the mean for wild type animals (error bars indicate s.e.m.).  *indicates p

value <0.05 (wild type vs. mutant, two-tailed t-test, n=4-5).  lpo-6(mg360);daf-16 and

lpo-6(mg360);akt-1;akt-2;daf-16 are not significantly different from lpo-6(mg360) (two-

tailed t-tests, p values for both comparisons are 0.44).

C.  Quantification of body size. Values are reported as mean size as a percentage of mean

for wild type (error bars indicate s.e.m.). **indicates p value <0.01 (wild type vs. mutant

strain, two-tailed t-test, n=10). lpo-6(mg360);daf-16 and lpo-6(mg360);akt-1;akt-2;daf-

16 are not significantly different from lpo-6(mg360) (two-tailed t-test, p values are 0.84

and 0.12, respectively).

D.  Developmental timing of mutant strains.  Animals were grown from synchronized

L1’s for 72 hours at 20°C; individuals were then scored for developmental stage.  59-156

animals were used for each strain.
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Figure 9: CeRictor and sgk-1 define a single regulatory pathway governing fat

storage, body size and developmental rate

A.  Images of Nile Red staining of lipids in anterior intestinal cells.

B.  Quantification of Nile Red staining. Mean fluorescence intensity is reported as a

percentage of the mean for wild type animals (error bars indicate s.e.m.).  *indicates p

value <0.05, and **indicates p value <0.01 (wild type vs. mutant, two-tailed t-test, n=5-

6).  lpo-6(ft7) is not significantly different from sgk-1 (two-tailed t-test, p value 0.20).

sgk-1 does not statistically differ from sgk-1;lpo-6(ft7) or sgk-1;daf-16 (two-tailed t-tests,

p values 0.63 and 0.81, respectively).

C.  Quantification of body size. Values reported as mean size as a percentage of mean for

wild type (error bars indicate s.e.m.). **indicates p value <0.01 (wild type vs. mutant

strain, two-tailed t-test, n=10).  sgk-1 does not statistically differ from sgk-1;lpo-6(ft7) or

sgk-1;daf-16 (two-tailed t-tests, p values 0.11 and 0.14, respectively).

D.  Developmental timing of mutant strains. Animals were grown from synchronized

L1’s for 72 hours at 20°C; individuals were then scored for developmental stage.  60-185

animals were used for each strain.
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Figure 10: A gain-of-function mutation in sgk-1 suppresses the fat storage, body size

and developmental phenotypes of lpo-6(mg360)

A. Developmental timing of mutant strains. Animals were grown from synchronized L1’s

for 72 hours at 20°C; individuals were then scored for developmental stage.  60-185

animals were used for each strain.  106-181 animals were used for each strain.  Note: in

all panels of this figure, sgk-1(gf) refers to the described sgk-1(ft15) allele, and sgk-1

refers to the null deletion allele, sgk-1(ok538).

B.  Images of Nile Red staining of lipids in anterior intestinal cells.

C. Quantification of Nile Red staining. Mean fluorescence intensity is reported as a

percentage of the mean for wild type on vector control (error bars indicate s.e.m.).

*indicates p value <0.05 (lpo-6(mg360);sgk-1(gf) grown on vector control versus sgk-1

RNAi, or lpo-6(mg360) grown on vector control vs. lpo-6(mg360);sgk-1(gf) grown on

vector control, two-tailed t-test, n=5-6). sgk-1 grown on vector control does not differ

significantly from sgk-1 grown on sgk-1 RNAi (two-tailed t-test, p value=0.77).

D. Quantification of body size. Values reported as mean size as a percentage of mean for

wild type on vector control (error bars indicate s.e.m.). **indicates p value <0.01 (lpo-

6(mg360);sgk-1(gf) grown on vector control versus sgk-1 RNAi, or lpo-6(mg360) grown

on vector control vs. lpo-6(mg360);sgk-1(gf) grown on vector control, two-tailed t-test,

n=10).  sgk-1 grown on vector control does not differ significantly from sgk-1 grown on

sgk-1 RNAi (two-tailed t-test, p value=0.89).
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Figure 11:  Molecular cloning of sgk-1(ft15) and epistasis analyses with lpo-6(ft7)

A.  Schematic representation of CeSGK-1, showing to scale its conserved domains,

putative phosphorylation sites (TM=turn motif and HM=hydrophobic motif), and

location and consequence of ft15 mutation.

B. Multiple-species alignment of conserved region where ft15 allele substitution is found.

Asterisk denotes the mutated residue.

C. Quantification of body size. Values reported as mean size as a percentage of mean for

wild type animals (error bars indicate s.e.m.). **indicates p value <0.01 (wild type vs.

mutant strain or lpo-6(ft7) vs. lpo-6(ft7);sgk-1(gf), two-tailed t-test, n=10).  In all panels,

sgk-1(gf) refers to the sgk-1(ft15) allele.

D. Quantification of Nile Red staining. Mean fluorescence intensity is reported as a

percentage of the mean for wild type animals (error bars indicate s.e.m.). **indicates p

value <0.01 (wild type vs. mutant, two-tailed t-test, n=5-8). lpo-6(ft7);sgk-1(gf) does not

differ significantly from lpo-6(ft7) or sgk-1(gf) (p values 0.39 and 0.07, respectively).
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Chapter III:  Further characterization of Rictor mutants, mechanism of

fat regulation, and exploration of Rictor function in other systems
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Abstract

Our previous work (Chapter II) established a basic characterization of CeRictor

mutants and demonstrated that for all of its described functions, Rictor acts through

activation of sgk-1.  We next wished to build our knowledge in several directions from

this foundation.  First, what is the mechanism by which CeRictor regulates fat storage?

We undertook a number of biochemical and genetic approaches to answer this question.

These experiments have not yet yielded a conclusive answer, but some of these

approaches are initially promising.  We also sought to address whether all of Rictor’s fat-

regulatory signaling was mediated through sgk-1.  Second, we describe new phenotypes

of Rictor mutants and use genetic analyses to determine whether these phenotypes are

regulated in the same manner as fat storage, size, and development.  Third, we present

experiments to determine whether Rictor signaling through SGK is relevant for SGK

function and Rictor-mediated phenotypes in other systems and contexts.  This work

demonstrates that the signaling pathway we have identified in C. elegans is relevant in

mammalian cells and could have broad implications for many aspects of mammalian

physiology.

Introduction

The TOR kinase, acting through two functionally and biochemically distinct

complexes, is a well-characterized regulator of growth and metabolism.  While its

functions in amino acid metabolism have been studied extensively, its roles in controlling

lipid metabolism are less clear, especially acting through the TOR complex 2 (TORC2).

Several pieces of evidence have linked the TOR complex 1 (TORC1) to lipid storage.

Rapamycin treatment and knockdown of Raptor by siRNA both block the differentiation

77



of 3T3-L1 preadipocytes into mature adipocytes; this is thought to be due to inhibition of

PPARγ function (Kim and Chen, 2004; Polak et al., 2008).  Adipose tissue with a genetic

ablation of Raptor is significantly reduced in size but causes increased oxygen

consumption and energy expenditure (both within adipose tissue and in the entire animal)

(Polak et al., 2008).  Ablation of Raptor in muscle cells, however, reduces oxidative

capacity by decreasing the number of mitochondria (Bentzinger et al., 2008).  Finally,

TORC1 activity also regulates insulin signaling through a negative feedback loop—a

major target of TORC1, ribosomal S6 kinase, negatively affects IRS1 function (Um et al.,

2004).  Raptor (daf-15) mutants in C. elegans display elevated fat content (Jia et al.,

2004).  Studies on muscle and adipose tissue lacking Rictor, however, uncovered no

major alterations in lipid metabolism or fat storage morphology, only minor defects in

insulin sensitivity (Bentzinger et al., 2008; Cybulski et al., 2009; Kumar et al., 2008). Our

genetic data imply a significant role for TORC2 in the regulation of fat storage.  We

isolated mutations in Rictor in two unrelated screens for mutants with altered intestinal

fat content (as assayed by Nile Red).  This increased fat phenotype was confirmed by

other methods (Chapter II and more on this topic in Chapter III).  In our first description

of Rictor in C. elegans, we established an elevated fat content in Rictor mutants but did

not probe the precise reason for this phenotype.  Instead, we utilized increased Nile Red

staining as a major readout for elucidating the signaling downstream of TORC2; with this

phenotype, we were able to demonstrate that Rictor signals through sgk-1, using an

existing null allele and identifying a novel, gain-of-function allele through a screening

strategy partly based on Nile Red staining.  We next wanted to establish the mechanistic
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basis for the elevated fat content of Rictor mutants, using a combination of parameter-

measurement and genetic screening strategies.

Another study has characterized Rictor function in C. elegans using

independently isolated alleles (Soukas et al., 2009).  Encouragingly, our data agreed on

the major points of Rictor activity.  These authors demonstrated that Rictor regulates

body size and development solely through sgk-1, and this relationship was confirmed by

their isolation of two sgk-1 mutations that phenocopied all of the major phenotypes of

Rictor mutants.  They also demonstrate that Rictor mutants display increased fat content,

and that this phenotype is mediated by sgk-1.  Our studies differ in our genetic models for

Rictor’s control of fat storage.  Soukas et al. claim that Rictor regulates fat storage

through both sgk-1 and akt-1, but they used different assays for examining fat storage

than we used for our work.  They report that Rictor mutants display a larger increase in

fat content than sgk-1 mutants, and a previously characterized gain-of-function mutation

in akt-1 partially suppresses the increased fat of Rictor mutants.  They also examine

Rictor mutants with respect to longevity and the modulation of their phenotypes on

different diets (for C. elegans studies, this means feeding different strains of E. coli).  We

wished to confirm these observations and determine if the discrepancies in our genetic

models were due to experimental differences.

TORC2 also plays conserved roles in regulating both organismal size and

development (Guertin et al., 2006; Hietakangas and Cohen, 2007; Lee and Chung, 2007;

Shiota et al., 2006).  Our analyses demonstrated that in C. elegans, Rictor is likewise

required for normal cell size and developmental progression, and both of these functions

are mediated through sgk-1.  Size regulation is accomplished in parallel with the dbl-1
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size pathway, and thus far we have not genetically dissociated Rictor’s roles in size

regulation from its control of fat storage.  Development is regulated through sgk-1 and,

unlike size and fat control, in a pathway acting in parallel with the two Akt homologs.

We wanted to ascertain whether Rictor might govern any other aspects of C. elegans

physiology and, if so, whether these were mediated by activation of sgk-1.  We began

these analyses by looking at two processes, longevity and dauer formation, known to be

regulated by sgk-1.

We also wished to extend our examination of Rictor function beyond genetic

analyses in C. elegans.  We hoped to use S. cerevisiae as a model system for examining

the molecular consequences of our initial mg360 Rictor allele.  This allele results in a

missense substitution at a highly conserved residue in the C-terminus of the protein, and

genetically it behaves as a hypomorph.  Very little is known about the molecular nature

of the RICTOR/TOR interaction and RICTOR’s role in the overall structure and function

of the TORC2.  By contrast, EM structures of the S. cerevisiae Tor1 kinase alone and in

complex with Kog1 (RAPTOR) have been published (Adami et al., 2007).  The C-

terminus of Kog1 interacts with the N-terminus of Tor1, and the N-terminus of Kog1

[with its Raptor N-terminal conserved  (RNC) domain] binds the C-terminus of Tor1 near

the site of substrate recognition.  These observations led to a model whereby the C-

terminus of Kog1 mediates TOR binding, and the N-terminus mediates both binding and

the substrate specificity of the complex.  It is not known whether RICTOR might play an

analogous role in the TORC2.  We wished to determine whether our mg360 mutation

alters the ability of RICTOR to bind the TOR kinase.
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Finally, we wished to establish whether the TORC2-SGK pathway is functionally

relevant in mammalian cells.  Recent experiments have established that the HM motif of

mSGK1 is a physiological substrate of the mTORC2, and this activation affects

phosphorylation of a known mSGK1 target (Garcia-Martinez and Alessi, 2008; Peterson

et al., 2009).  We aimed at ascribing a role for this activation in the physiological

functions of mSGK1.  mSGK1 is best known for its activation of epithelial sodium

channels (ENaCs) in the kidney in response to insulin and aldosterone stimulation (Chen

et al., 1999).  The importance of this regulation is highlighted by the phenotypes of mice

lacking mSGK1—while grossly normal, these mice perish if fed a sodium-restricted diet

because they are unable to maintain blood pressure without the sodium-retentive effect of

ENaC activation (Wulff et al., 2002).  Through collaborations with the Shokat and Pearce

laboratories at UCSF, we sought to determine whether the TORC2-SGK1 signaling axis

is relevant for these well-studied functions of mSGK1.

These topics represent a broad set of experimental approaches, aims, and

implications.  For clarity, I will discuss each topic sequentially, with the discussion

sections for each immediately following their respective results.

Results

Characterization of Rictor and sgk-1 mutants by other lipid staining procedures

We have presented a detailed characterization of fat storage in Rictor and sgk-1

mutants using the vital dye Nile Red (Chapter II).  We initially used another vital lipid

dye, fluorescent BODIPY conjugated to a twelve-carbon fatty acid, to confirm the

increased fat storage phenotype of Rictor mutants (Chapter II, Fig. 3A).  We next wanted

to examine BODIPY staining in Rictor/sgk-1 mutants in a more complete manner.  Using
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this vital lipid dye, we observed a trend generally similar to Nile Red staining, but with

some key differences (Fig. 1A-B).  Rictor mutants display an increase in staining slightly

lesser in magnitude than what is seen with Nile Red, and there is no statistically

significant difference between Rictor hypomorphic and amorphic alleles (Fig. 1A-B).

Using BODIPY staining, the total fluorescence of Rictor mutants compared to wild-type

animals is right at the edge of statistical significance.   In general, we found that BODIPY

staining yields greater variation within and between experiments than Nile Red staining,

and it therefore allows a slightly lower level of resolution.  In contrast to Rictor mutants,

the sgk-1 deletion mutant shows a greater increase in staining than what is seen with Nile

Red (Fig. 1A-B).  Consequently, sgk-1 mutants display significantly higher BODIPY

staining than Rictor amorphic mutants, whereas with Nile Red staining the two mutants

are identical.  These results are based upon the measurement of total fluorescence; we

also observed qualitative differences in staining between Rictor and sgk-1 mutants.  In

wild-type animals, BODIPY stains a much larger population of lipid vesicles than Nile

Red—not only does it stain hypodermal lipids (Nile Red does not), but it also stains many

more lipids in the intestinal cells, leading to a somewhat hazy background effect.  In both

Rictor mutants, this haze is greatly reduced, and lipids are seen predominantly in vesicles

that appear brighter and more distinct than in wild-type animals (Fig. 1A).  The staining

is sgk-1 mutants is much more similar to that of wild-type animals, but with an overall

increase in intensity (Fig. 1A).  Unfortunately, we do not yet have a good method for

measuring these qualitative differences in staining appearance and distribution.  These

results suggest that sgk-1 controls some aspects of lipid storage or uptake independent of
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Rictor input, and these aspects are more readily visualized by BODIPY staining than with

Nile Red.

We also employed several fixed-staining methodologies for examining fat storage

in Rictor/sgk-1 mutants.  Sudan Black was the first of these lipid dyes to be used with

fixed C. elegans specimens (Kimura et al., 1997), and members of our lab have

developed a protocol that allows for minimization of differences in staining within and

between experiments (Greer et al., 2008; Srinivasan et al., 2008).  We have already

reported that Rictor mutants have consistently higher Sudan Black staining of lipids than

wild-type animals (Chapter II, Fig. 3B).  We observed a similar increase in Sudan Black

staining with sgk-1 amorphic mutants (Fig. 2).  Because of the nature of Sudan Black (in

our hands fixed-staining methods always show high variability in staining, and the non-

fluorescent nature of the Sudan Black dye makes visualizing lipid particles and

subtracting background more difficult), we cannot state with confidence whether Rictor

and sgk-1 mutants have the same magnitude of increased staining; we can only state that

we consistently observed higher staining in all three of these mutants compared to wild-

type animals.  We attempted to use a newer fluorescent lipid dye, LipidTOX, to stain

lipids in Rictor/sgk-1 mutants, but in all genetic backgrounds we observed an extremely

high level of variability within samples, making definitive comparisons impossible (data

not shown).

Like Sudan Black, Oil Red O is a classic stain for lipids in fixed tissue.  We

sought to determine whether this might serve as another assay for fat content in Rictor

and sgk-1 mutants.  Previous reports have claimed that Oil Red O staining in fixed worms

yields far more clear and consistent results than using Sudan Black (Soukas et al., 2009).
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Using these authors’ protocol, we were unable to reproduce consistent lipid staining,

although the resolution of fat particles with Oil Red O is higher than with Sudan Black.

We generally found the variability within strains to be sufficiently high that comparisons

between strains were not feasible.  Wild-type animals showed very light staining in the

anterior intestine, with many animals not staining at all (this was true for all strains) (Fig.

3A).  Lipid staining in all strains was consistently highest in the intestinal cells posterior

to the vulva (Fig. 3B); this result sharply contrasts with vital dyes and Sudan Black

(which yield either uniform staining or staining brightest in the anterior intestine).  lpo-6

and sgk-1 mutant animals, as reported previously (Soukas et al., 2009), had greater

amounts of staining than wild-type animals, but it was not possible to gauge the degree of

this difference, nor was it possible to accurately compare lpo-6 to sgk-1 mutants, due to

the variability within each strain (Fig. 3C-D).  Because of this variability, it was not

possible to assess whether lpo-6; sgk-1 double mutants have the same degree of staining

as each of the single mutants or whether the sgk-1(ft15) gain-of-function mutation

suppresses the increased staining of lpo-6 mutants.

Discussion

Our results from staining Rictor and sgk-1 mutants with all of the lipid stains

commonly used C. elegans have important implications for this genetic pathway as well

as the practice of lipid staining.  With all staining methodologies, we observe an increase

in stored lipids in Rictor/sgk-1 mutants.  These results, taken as a whole, lend validity to

the claim that these mutants are characterized by increased fat storage.  The relative

degrees of difference, however, are not consistent between methods.  Using Nile Red

staining, Rictor and sgk-1 mutants are indistinguishable in terms of overall fluorescence
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and the qualitative appearance of staining.  With BODIPY staining, Rictor mutants have

a weaker phenotype, and this is possibly due to changes in the appearance of staining,

such as a relative lack of low-level background staining.  sgk-1 mutants, conversely, have

a stronger phenotype, and their pattern and distribution of stained lipids resemble wild-

type staining with a higher intensity.  Because of these differences in overall

fluorescence, biochemical measurements of triglycerides in these mutants is essential,

and the demonstration of methods that enable enough resolution to measure moderate

changes in lipid content would be tremendously valuable.

We do not presently have a detailed explanation for the differences we observe

with these two vital dyes.  One major factor is the intrinsic variability in staining seen

with each dye; BODIPY results in greater variation and therefore is less likely to resolve

subtle differences.  BODIPY also stains hypodermal lipids, whereas Nile Red does not.

We do not yet understand the basis for this discrepancy, but there are three general

models.  Hypodermal staining might require transport of dye from the intestinal cells to

the hypodermal cells, and Nile Red is unable to be transported.  Nile Red might be

actively removed from hypodermal cells, whereas BODIPY is not.  BODIPY is a fatty

acid-conjugated dye, so it might be more likely to be seen by cells as an endogenous

lipid, rather than a xenobiotic compound.  Finally, the composition of lipid storage depots

in the hypodermal and intestinal cells might be different, such that Nile Red fluorescence

decreases dramatically in the hypodermal fat storage vesicles.  Nile Red fluorescence is

highly sensitive to the hydrophobicity of its immediate environment (Greenspan et al.,

1985), so a lack of staining either means a lack of uptake/retention or an environment not

conducive to fluorescence.  Genetic screens for mutants with differential Nile
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Red/BODIPY staining or intestinal/hypodermal staining and careful visualization of lipid

transport in real-time (maybe pulse-chase staining with the two dyes) might help resolve

some of these issues.  In the meantime, these results (along with the results described in

Chapter V) suggest that Nile Red and BODIPY stain different compartments of lipids

and/or stain lipids differently, and that they should not be expected to yield identical

results (although in many cases they might).  If the differences in how they stain lipids

are identified, they might serve as powerful tools to gauge independent aspects of fat

storage and allow for the resolution of specific processes involved in fatty acid uptake

and storage.

Measurement of metabolic parameters in Rictor mutants

Another major approach we have taken to understand the mechanism by which

Rictor regulates fat storage is to measure various parameters of fat metabolism in these

mutant animals.  The most critical measurement is the determination of total triglycerides

in Rictor and sgk-1 mutants.  For these data, we have established ongoing collaborations

with the laboratories of Nils Faergeman and Marc Van Gilst.  In general, the worm fat-

metabolism field has not yet reached consensus on how to biochemically assess total fat

content in a manner sensitive enough to study all but the most dramatic fat storage

mutants (i.e., daf-2 and daf-7 mutants and sbp-1 RNAi treatment).  Although we do not

yet have these data, we are hopeful that these experiments will lead to a definitive answer

as well as a procedure suitable for use on all of the fat-regulatory genes our lab studies.

We have also sought to determine the rates of de novo fat synthesis in Rictor and

sgk-1 mutants.  To achieve this, we are collaborating with the Van Gilst group that

originally pioneered this approach in C. elegans (Perez and Van Gilst, 2008).  We have
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already received some preliminary data that suggest at least one of the major lipid species

(18:0, or stearic acid) is synthesized at a higher rate in lpo-6 mutants (Fig. 4).  Ongoing

experiments will conclusively determine the de novo synthesis rates for all major lipid

species in our strains of interest, and if any robust phenotypes emerge in Rictor mutants

we will be able to analyze the same strains described in our work with Nile Red in order

to determine whether Rictor acts exclusively through sgk-1 to regulate lipid synthesis as

well.  Since we have a genetic suppressor of the increased fat staining phenotype of lpo-

6(mg360), we will also be able to probe the relevance of fat synthesis rate in the context

of overall fat content by asking whether suppression of fat staining correlates with

suppression of elevated de novo fat synthesis.

  Polyunsaturated fatty acid (PUFA) synthesis is essential for viability and the

ability to store triglycerides in C. elegans, and the relative amounts of these lipid species

are tightly balanced (Brock et al., 2006, 2007).  Additionally, the desaturase enzymes

required for the formation of PUFAs are downstream targets of several major fat-

regulatory pathways (see Chapter VI for more discussion of the physiological roles and

regulation of PUFA synthesis) (Murphy et al., 2003; Van Gilst et al., 2005; Yang et al.,

2006a).  We asked whether the composition of PUFAs was altered in lpo-6(mg360)

mutants.  Using lipid extraction followed by gas chromatography/mass spectrometry

(Watts and Browse, 2002), we analyzed the relative abundance of the major PUFA

species in wild type and lpo-6(mg360) mutants (Fig. 5A).  Although we did not detect

major differences [certainly none to the degree seen with disruption of other lipid

metabolic pathways (Van Gilst et al., 2005; Yang et al., 2006a)], we noted a consistent

pattern of a slight increase in oleic acid (18:1n9) and a slight decrease in linoleic acid
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(18:2n6) in lpo-6(mg360) mutants (Fig. 5A).  This pattern would be consistent with a

minor reduction in fat-2 activity.

In a genetic screen aimed at identifying suppressors and enhancers of fat storage

phenotype of Rictor mutants (this screen will be discussed in greater depth later in this

chapter), we also observed some interesting genetic interactions between lpo-6 and the

PUFA synthesis genes.  lpo-6(mg360) suppresses the dramatic reduction in Nile Red

staining seen with treatment of fat-7 and sbp-1 RNAis (Fig. 5B-C).  The reduced Nile

Red staining of sbp-1 RNAi-treated animals is thought to result from decreased levels of

oleic acid because sbp-1 promotes the transcription of fat-6 and fat-7, simultaneous

inactivation of fat-6 and fat-7 by mutation causes a dramatic reduction in triglycerides,

and most of the phenotypes of sbp-1 RNAi treatment are somewhat rescued by the

addition of oleic acid (Brock et al., 2007; Yang et al., 2006a).  lpo-6(mg360) does not,

however, suppress the other phenotypes associated with sbp-1 RNAi, most notably the

pale appearance of intestinal cells due to a nearly complete lack of vesicles not stained by

Nile Red (data not shown).  Intriguingly, lpo-6(mg360) partially suppresses the sterility

associated with fat-2 RNAi treatment (Table 1).  This genetic interaction was totally

unexpected because lpo-6(mg360) itself has reduced fecundity (Chapter II, Fig. 7A) and

its PUFA profile resembles a very mild reduction in fat-2 activity (Fig. 5A).  Because of

these genetic interactions, we examined the relative PUFA levels of lpo-6(mg360)

mutants treated with fat-7, sbp-1, or fat-2 RNAi (Fig. 6A-C).  These experiments

revealed that, with respect to PUFA levels, each of these gene inactivations is fully

epistatic to lpo-6(mg360) (Fig. 6A-C).  lpo-6(mg360) therefore does not suppress the
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phenotypes of these RNAi treatments because it is somehow able to rescue the associated

imbalances in PUFA composition.

Measurement of oxygen consumption has been used to assess the rate of energy

expenditure in C. elegans, and this rate has been demonstrated to be modulated both by

fat-regulatory signaling pathways and components participating in peripheral beta-

oxidation of fats (Srinivasan et al., 2008).  We therefore sought to determine whether

Rictor or sgk-1 mutants had altered rates of energy expenditure.  We also assayed the

oxygen consumption rates of other small-sized mutant strains to investigate whether

reductions in size might alter rates of energy expenditure.  We did not observe any

dramatic changes in the rate of oxygen consumption in Rictor, sgk-1, or small-sized

mutants (Fig. 7).  lpo-6(ft7) did show a significantly elevated rate of oxygen

consumption, but lpo-6(mg360) and sgk-1(ok538) did not, suggesting that this elevation

is not correlated with this strain’s increased Nile Red staining.  While statistically

significant, the small degree of difference between wild-type and lpo-6(ft7) animals may

not be physiologically relevant and is hard to distinguish from errors in pipetting or

estimation of worm density.  It seems most likely that Rictor and sgk-1 mutants do not

store elevated amounts of fats because of reduced energy expenditure.  We are, however,

engaged in directly determining the rate of beta-oxidation of fats in Rictor and sgk-1

mutants through our collaboration with the group of Nils Faergeman.

As shown previously (Chapter II, Fig. 7B), Rictor mutants do not feed at an

altered rate.  Although we did not measure the rate of pharyngeal pumping in sgk-1

mutants, Rictor mutants do not store more fat because of an increase in food intake at the

level of feeding.
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  Finally, we are interested in measuring the amount of ceramides found in Rictor

and sgk-1 mutants.  In S. cerevisiae, TORC2 regulates the synthesis of ceramides through

phosphorylation of Ypk2 (the closest homolog of sgk-1) and subsequent activation of

ceramide synthase activity (Aronova et al., 2008).  A temperature-sensitive mutation in

AVO3, the yeast homolog of lpo-6, results in reduced levels of the major ceramides, and

exogenous supplementation of phytosphingosine (a precursor of ceramides) restores

some viability to these cells (Aronova et al., 2008).  The first temperature-sensitive allele

of AVO3 (then called TSC11) was in fact isolated in a screen designed to identify mutants

defective in sphingolipid synthesis (Beeler et al., 1998).  Through our collaboration with

the Faergeman lab, we were able to generate some preliminary measurements of

ceramide levels in Rictor and sgk-1 mutants (Fig. 8).  Although the mean of each mutant

strain was reduced compared to wild-type, only two strains, daf-16(mgDf47) and daf-

16(mgDf47); lpo-6(ft7), displayed statistically significant differences (for each strain,

ceramides were extracted and quantified in triplicate, and the mean for wild-type animals

was raised by one data point significantly higher than the rest) (Fig. 8).  These

preliminary data, however, are promising, and this experiment should be repeated with

the sgk-1(ft15) mutation to see if it suppresses the reduced ceramides of Rictor mutants.

It would also be informative to include in these analyses strains with mutations or RNAi-

mediated knockdown of ceramide synthesis genes as a positive control.

RNAi-based screen for enhancers and suppressors of fat storage in Rictor mutants

An alternative approach to characterizing the metabolic defects of Rictor mutants

is to identify suppressors and/or enhancers of its fat storage phenotype.  We used RNAi

to screen among the genes already known to regulate fat storage (Ashrafi et al., 2003) or

90



predicted to encode metabolic enzymes (Van Gilst et al., 2005) for those that interact

synthetically with the lpo-6(mg360) mutation.  This directed screening approach has been

used successfully to uncover the specific metabolic processes modulated by global fat

regulators (Narbonne and Roy, 2009; Srinivasan et al., 2008; Wang et al., 2008).  In total,

we screened approximately four hundred gene inactivations.  Using Nile Red staining as

a readout, we did not observe any robust synthetic interactions; most inactivations

affected lpo-6(mg360) mutants in the same direction and with the same magnitude as

with wild-type animals.  Similarly, none of these genes specifically affected the size or

growth rate of Rictor mutants.  As lpo-6(mg360) mutants store significantly higher

amounts of fat, they were largely resistant to most gene inactivations that reduce fat,

including some with quite potent effects on wild-type animals (Fig. 5B-C).  We did,

however, observe some gene inactivations that were epistatic to the lpo-6(mg360)

mutation (Table 2).  Many of these genes are predicted to act quite proximally to the

storage of fat, either by participating in fat synthesis or in aspects of vesicular trafficking

(Table 2).  Importantly, all of these genes when inactivated by RNAi lead to a profound

reduction in Nile Red staining and general sickness (thinness, pale intestines,

development delay, etc.) (data not shown).  Because of their molecular functions and

pleiotropic effects on overall health, these genes likely represent general functions

essential for fat storage and not pathways specific to TORC2 inactivation.  This screening

approach likely did not yield any genes acting in pathways that specifically interact with

TORC2 signaling.

Discussion
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We have undertaken a combination of biochemical and genetic approaches to

uncover the specific metabolic alterations that give rise to the increased fat storage

observed in Rictor and sgk-1 mutants.  One major strategy has been the measurement of

various metabolic parameters: the rates of fat synthesis, energy expenditure, and feeding,

and the relative abundance of PUFA and ceramide species.  A critical and ongoing aspect

of this approach is the accurate quantification of the amount of excess triglycerides

present in Rictor and sgk-1 mutants with enough sensitivity to independently test the

genetic relationships we have revealed using vital lipid staining.  We have complimented

this line of research with reverse genetic screening limited to the genes known or

predicted to alter fat storage and metabolism.  This combined approach has the potential

to be quite powerful by not only uncovering changes in the rates or end-products of

various metabolic functions but also allowing the direct assessment of their relevance in

vivo.  The overall goal of these experiments is to determine the genes and pathways

directly causative for the increased fat storage of Rictor and sgk-1 mutants.  While these

experiments have not yet yielded a conclusion, they have produced some interesting leads

as well as unexpected genetic interactions.

Our data suggest that Rictor mutants do not store excess triglycerides because of

increased feeding, decreased energy expenditure, or severe imbalances in PUFA

composition.  We are, however, quite interested in conclusively determining whether they

synthesize increased amounts of fats or decreased amounts of ceramides, and whether

these alterations might contribute to an increase in stored triglycerides.  Elevated

synthesis rates of major lipid species would obviously contribute to overall elevations in

stored fats.  Previous work has demonstrated that two major metabolic regulators, insulin
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and TGF-β signaling, promote fat storage by increasing the rate of fat synthesis, and

genetic suppression of elevated storage correlates with suppression of enhanced fat

synthesis (Greer et al., 2008; Perez and Van Gilst, 2008).  We would also like to

determine whether suppression of elevated fat storage correlates with a suppression of

elevated synthesis by comparing de novo synthesis in lpo-6(mg360) and lpo-6(mg360);

sgk-1(ft15) mutant animals.  In the case of Rictor mutants, however, the story might not

be so simple.  The lpo-6(ft7) mutation was isolated because it suppresses the hazy Nile

Red staining observed in daf-7(e1372) mutants.  daf-7(e1372) mutants store excess fats in

large part due to their elevated rate of fat synthesis (Greer et al., 2008).  It is therefore

counterintuitive that Rictor mutants, if they indeed possess elevated fat synthesis rates,

would suppress this fat staining phenotype of daf-7(e1372) [measurement of synthesis

rates in lpo-6(ft7); daf-7(e1372) animals will help clarify this issue].  The amount of

stored lipids in lpo-6(ft7); daf-7(e1372) animals relative to daf-7(e1372) has been

difficult to assess by Sudan Black staining because of high variability, in part due to a

synthetic dauer formation phenotype (this phenotype will be discussed at greater length

later in this chapter) (Greer, 2007).  These observations do not of course rule out the

possibility that elevated fat synthesis participates in the overall elevated fat content in

Rictor mutants, but they suggest that some aspects of lipid staining in Rictor mutants are

separable from fat synthesis.  daf-7(e1372) mutants display a specific defect that impairs

either Nile Red partitioning into lipid vesicles or, perhaps more likely, alters the

composition of stored fats in such a way as to reduce Nile Red fluorescence.  The

fluorescent properties of Nile Red shift depending upon its environment (Greenspan et

al., 1985), and a decrease in the hydrophobicity of the local environment would cause a
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decrease in fluorescence (or possibly a shift from punctate to hazy staining).  Using

CARS microscopy, precisely such a shift has been observed in other daf-c mutants that

accumulate fats.  These mutants (daf-2 and daf-4, which stain poorly with Nile Red)

display an increased number of small lipid droplets in the hypodermal cells (which are

typically resistant to Nile Red staining) as well as a global shift in stored lipids from a

more to less ordered phase (Hellerer et al., 2007).  These phenomena could be the cause

of the disruption in Nile Red staining in daf-7 mutants, and mutations in Rictor might

therefore interfere not with the rate of fat synthesis, but rather the phase of these lipids

once they are packed into storage compartments.

The relevance of a decrease in ceramides with respect to overall fat content is not

yet clear.  TORC2 is a well-characterized modulator of ceramide synthesis in S.

cerevisiae (Aronova et al., 2008; Beeler et al., 1998).  The roles this might play in cell

signaling and growth will be discussed later.  Triglyceride and ceramide synthesis both

deal with a common molecule: palmitic acid (16:0).  If ceramide synthesis is reduced, this

might cause a buildup of palmitic acid, and this excess fatty acid might then be

incorporated into triglycerides and stored.  Activation of ceramide synthase in a manner

that overrides its reduction due to a loss of TORC2 signaling might then be expected to

suppress the increased fat stores in Rictor mutants.  In S. cerevisiae, ceramide synthase

activity is mediated by three enzymes: Lac1, Lag1, and Lip1 (Guillas et al., 2003;

Schorling et al., 2001; Vallee and Riezman, 2005).  The mechanism by which TORC2

signaling potentiates their activities is, however, totally unknown.  Resolving this issue

would provide one entry point for studying how ceramide synthesis might connect with

fat storage.
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The interactions between TORC2 signaling and PUFA composition are likely to

be complex.  While Rictor mutants display only subtle changes in the relative abundance

of certain PUFA species, they are able to suppress in a fairly potent manner a variety of

the phenotypes associated with mutants defective in PUFA synthesis.  Moreover, they

accomplish this suppression in all cases without rescuing the proper balance of PUFA

composition.  Mutations in Rictor suppress the reduced Nile Red staining of fat-7 and

sbp-1 RNAi-treated animals.  Quantitation of total triglyceride content in these double

mutants is necessary to determine whether this suppression is due to a rescue of overall

fat levels.  If mutations in Rictor rescue the extreme deficiency in stored fats in sbp-1

RNAi-treated animals, one would expect that they suppress all of the defects seen in

these animals, and this is not the case (as the RNAi-treated animals are still noticeably

clear).  Rictor mutants are also potent suppressors of the reduced Nile Red staining of

daf-7 mutants, which store excess fats.  While there is no evidence to say that these

phenotypes are all linked, it could be the case that Rictor fulfills a function that is

fundamental to fatty acid uptake and the subsequent ability of Nile Red (as well as

dietary lipids) to be incorporated into lipid vesicles.  Although a role for Rictor so

proximal to fat uptake has not been described, it does regulate the cytoskeleton in some

contexts, and this could contribute to the overall morphology of fat staining and storage

(Hagan et al., 2008; Jacinto et al., 2004; Sarbassov et al., 2004).  The ability of Rictor

mutants to partially suppress the sterility of fat-2 RNAi is surprising, since these mutants

themselves are defective in reproduction.  Again, this is not due to a rescue in linoleic

acid levels.  In C. elegans, oocytes release a PUFA attractant derived from the product of

fat-2 that serves to target sperm efficiently (Kubagawa et al., 2006).  Sperm attempting to
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fertilize oocytes deficient in this cue exhibit a higher frequency of reversals, and fat-2

mutants are consequently somewhat sterile because their sperm, fully motile but aimless,

often exit the reproductive tract (Kubagawa et al., 2006).  If Rictor mutants have a defect

in sperm motility, they might be partially sterile (because their sperm cannot reach the

oocytes efficiently), but they might partially correct the defects of fat-2 RNAi treatment

(because their sluggish sperm are less able to abscond from the reproductive tract entirely

in the absence of proper guidance cues).  Such a model might be tested by visualizing

sperm motility in Rictor mutants according to the established method (Kubagawa et al.,

2006).

Genetic analysis of other pathways involved in Rictor signaling

Our work in Chapter II established the Rictor mutants store increased amounts of

fat when grown on the standard OP50 strain of E. coli, and that they signal exclusively

through sgk-1 to regulate fat storage.  The Ruvkun group recently reported that Rictor

also signals through akt-1 (activation of akt-1 is only relevant for fat storage and not any

of the other phenotypes associated with Rictor mutants) and that a diet of the HB101

strain of E. coli abrogates the increased fat storage of these mutants.  We wanted to test

these claims, as they have important implications for signaling downstream and

potentially upstream of Rictor.  We first compared the ability of gain-of-function

mutations in sgk-1 and akt-1 to suppress the increase in fat seen with Rictor mutants.

Using Nile Red, a gain-of-function mutation we generated in sgk-1 fully suppresses the

increased fat staining of lpo-6(mg360) mutants (Fig. 9A, 9C, and Chapter II, Fig. 10),

whereas a gain-of-function mutation in akt-1 [originally identified in a screen for

suppressors of the dauer formation phenotype of age-1/PI3K mutants (Paradis and
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Ruvkun, 1998)] does not suppress this phenotype (Fig. 9A, C).  We also examined this

genetic relationship using BODIPY staining.  With this dye, however, lpo-6(mg360)

mutants do not have a significant increase in staining compared to wild type (as discussed

earlier), making an examination of suppressors impossible (Fig. 9B, D).  We did observe

that the sgk-1 gain-of-function mutation suppressed the qualitative aspects of BODIPY

staining in lpo-6(mg360) mutants (reduced background haze, larger/more distinct lipid

particles, narrower distribution of staining), whereas the akt-1 gain-of-function mutation

did not (Fig. 9B).  In agreement with Soukas et al. (Soukas et al., 2009), we observed no

suppression of the reduced size and developmental delay of Rictor mutants by the akt-1

hypermorphic mutation (data not shown).

HB101 and OP50 are two strains of E. coli that have been used as nematode diets

(OP50 is generally the standard entree).  The precise differences between these strains,

and how they impact worm behavior and physiology, are unknown.  HB101 has been

described as a “healthier” diet for C. elegans than other strains of E. coli based on the

observation that it supports slightly more rapid growth (Shtonda and Avery, 2006).

HB101 has also been reported to suppress the increased fat-storage phenotype of Rictor

mutants, as assayed both by vital BODIPY staining and biochemical determination of fat

content (Soukas et al., 2009).  Using Nile Red, we observed no change in the staining of

wild-type animals grown on OP50 and HB101 and a slight decrease in the increased

staining phenotypes of Rictor/sgk-1 mutants (Fig. 10A, C).  HB101 decreased the mean

fluorescence of this animals slightly, and combined with a generally greater amount of

variability within strains observed on this diet, Rictor/sgk-1 mutants are right at the

margin of statistical significance [lpo-6(ft7) mutants were measured as having a
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statistically significant increase in staining, while lpo-6(mg360) and sgk-1 mutants were

not] (Fig. 10C).  As discussed earlier, Rictor/sgk-1 mutants have a less pronounced

BODIPY staining phenotype on OP50, and similarly with HB101 we see a diminished

effect and higher variability (Fig. 10B, D).  With both staining methods, Rictor/sgk-1

mutants display similar patterns of staining, but the overall fluorescence amount was

slightly decreased with HB101 feeding (Fig. 10A-D).  We did not observe any

suppression of Rictor’s size and developmental phenotypes with an HB101 diet, although

wild-type animals grown slightly larger on HB101 than OP50, possibly due to a slight

increase in the rate of development (data not shown).  We observed no statistically

significant increase in BODIPY staining of wild-type animals (day one adults) on HB101

compared to OP50 (Fig. 10D).  Previous reports had claimed a dramatic increase in

BODIPY staining of day three adults grown on HB101 versus OP50 but a relative

decrease in total triglyceride levels of day one adults (Soukas et al., 2009).  We have also

noticed no differences in the relative Nile Red staining, size, or development phenotypes

with animals (Rictor/sgk-1 mutants and wild type) grown on HT115 (used in RNAi

experiments) E. coli compared to OP50 (see Chapter II, Fig. 10).

In contrast to published results (Soukas et al., 2009), we observed no suppression

of the fat storage phenotype of Rictor mutants by a gain-of-function allele of akt-1.  This

observation fits with our genetic characterizations of Rictor/sgk-1 mutants using Nile

Red, which demonstrated that Rictor has no outputs relevant for Nile Red staining outside

of sgk-1 (in contrast, Soukas et al. claim that Rictor mutants store amounts of fat elevated

over the level of sgk-1 mutants, allowing for another output of TORC2, using BODIPY

staining and biochemical measurement of neutral lipid content).  We also found that
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HB101 diminishes the fat storage phenotype of Rictor mutants, but its effect is rather

small, and we see no differences in wild-type animals fed HB101 instead of OP50.  What

can account for the differences in our observations?  Our epistasis analyses have been

performed largely with the use of Nile Red staining, whereas the Ruvkun group used

BODIPY (we have shown in this chapter and in Chapter V that these dyes stain slightly

differently) vital staining, Oil Red O (discussed earlier), and quantitative biochemistry.

We are currently undertaking biochemical approaches to measuring total fat content, and

these experiments will generate more directly comparable results.  We also used day one

adults for all of our experiments, whereas the Ruvkun group used older animals for some

of their work.  Second, we used different Rictor mutations for our analyses.  While it is

unlikely that our mutations (demonstrated hypomorphic and amorphic alleles) fail to

represent the range of phenotypes associated with Rictor deficiencies, our group and the

Ruvkun group report allele-specific differences in the degrees of certain phenotypes

(Soukas et al., 2009).  Background mutations not removed by outcrossing could also

confound results, although this is perhaps less likely as we both use two different Rictor

alleles for many of our experiments.  Finally, when we did utilize the same readouts (i.e.,

BODIPY staining), our groups performed image analysis by different methods (A.

Soukas, personal communication).  All of these factors could contribute in some way to

the differences in our observations.  To identify the difference(s) in our experiments, both

groups would need to swap strains and/or methodologies and perform all the experiments

in question.  This would be the most effective way to understand our differences and

establish consensus in the field with regards to these experiments and methods to study

fat in general.

99



Genetic screening to identify downstream mediators of Rictor signaling

In order to identify the genes acting downstream to mediate Rictor’s effects on fat

storage and development, we undertook a forward mutagenesis screen (see Chapter II for

more discussion about this screen).  We mutagenized lpo-6(mg360); akt-1; akt-2; daf-16

animals and screened the F2 generation for mutants that suppressed the developmental

delay of this strain.  We then rescored potential developmental suppressors, and those

lines whose suppression was consistent and robust were further examined with Nile Red

staining.  We then identified six lines that suppressed both the developmental delay and

the increased Nile Red staining of the lpo-6(mg360); akt-1; akt-2; daf-16 mutant

background.  All six suppressors partially correct the developmental delay of the starting

strain (Fig. 11A).  Reasoning that a gain-of-function mutation in sgk-1 might correct the

phenotypes of this strain, we sequenced the sgk-1 exons in all of these lines, and one

(originally called “C6”) contained a mutation in the coding sequence of sgk-1 (see

Chapter II, Fig. 11).  The consequences of this mutation are discussed in Chapter II.

The remaining five lines contain uncloned suppressor mutations.  Our strategy for

mapping these suppressors is to follow the suppression of increased Nile Red staining

(Fig. 11B).  Each line was crossed with lpo-6(mg360) males.  The progeny of this cross

are grown on Nile Red in parallel with progeny from a cross between lpo-6(mg360)

males and hermaphrodites, and the two groups are compared to determine if any of the

suppressors is inherited in a dominant manner.  This was performed with all five lines

besides the one containing the sgk-1(ft15) mutation, and none of them displayed

dominant suppression.  The male progeny from this cross are mated with lpo-6(mg360)

hermaphrodites, and the F2 progeny from this cross are screened for those animals that
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suppress the increased Nile Red staining of lpo-6(mg360).  Monogenic, recessive

suppressors should yield a 1/8 fraction of these progeny that suppress this phenotype, and

following this strategy will outcross these mutations two-fold.  After 2X outcrossing, the

resultant lines are be genotyped with respect to akt-1, akt-2, and daf-16.  One advantage

of this compound background is that the frequency with which each of these three

mutations is lost during outcrossing can be followed, and if any suppressor mutation is

strongly linked to one of these, it can be putatively mapped to a chromosome.  After final

outcrossing, these mutations can then be mapped by mating them with the KQ1206 strain

(this was constructed by outcrossing the lpo-6(mg360) mutation eight times into the

Hawaiian strain) and positionally cloning them based upon linkage to known Hawaiian

polymorphisms.

Of the five suppressor lines isolated, two of these (labeled “A2” and “O4”)

yielded F2 progeny with robust suppression of lpo-6(mg360)’s Nile Red staining (Fig.

12A).  They appear to suppress both the overall increase in Nile Red staining and the

more narrow distribution of lipid particles resulting from the lpo-6(mg360) mutation (Fig.

12A).  Both of these lines (before outcrossing) had been treated with sgk-1 RNAi to

determine whether the suppressor genes act upstream or downstream of sgk-1.

Importantly, sgk-1 RNAi did not appear to de-suppress the Nile Red staining and

developmental phenotypes of these strains (Fig. 12B and data not shown), suggesting that

these suppressors act downstream of sgk-1.  sgk-1 RNAi treatment of the unoutcrossed

line containing the sgk-1(ft15) mutation did result in significant de-suppression and

enhancement of Nile Red staining (Fig. 12B).  These observations argue that the A2 and

O4 suppressor lines are most promising, and mapping and cloning these should take
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immediate priority.  While outcrossing these mutations, we observed that both were

strongly linked to the akt-1(mg306) mutation (but, importantly, they were dissociable

from this mutation, indicating that suppression is independent of the akt-1 mutation) and

unlinked to the akt-2 and daf-16 mutations.  We have therefore tentatively mapped these

suppressor mutations to chromosome V.

It is difficult to ascertain why the other lines did not yield outcrossed suppressors.

They might not suppress this phenotype robustly enough to reliably pick suppressors,

their suppressors might not be due to monogenic mutations, or they simply might have

been missed.  One downside of this approach is that the robust suppression of the lpo-

6(mg360); akt-1; akt-2; daf-16 cannot be used to map these mutations (it would be

virtually impossible to outcross four mutations into the Hawaiian background and use this

strain for mapping; each chromosome containing a mutation would be largely N2-Bristol

in origin).  This screening strategy is based upon the assumption that isolated mutations

will suppress both developmental and fat storage phenotypes.  If genetic regulation of

these aspects is uncoupled directly downstream of sgk-1, the isolation of downstream

suppressors besides gain-of-function mutations in sgk-1 will not be likely.  Suppressors

acting upstream of sgk-1, including intragenic suppressor mutations in lpo-6, may still be

recovered, since the lpo-6(mg360) mutation is hypomorphic.  The isolation of suppressor

lines that are resistant to sgk-1 RNAi treatment suggests that none of these lines contain

upstream or intragenic suppressors of Rictor and that fat and developmental regulation

are still coordinately regulated at some steps downstream of sgk-1 activation.
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Discussion

Because this strategy has already yielded a gain-of-function allele of sgk-1, it is

likely to be a successful method to discover specific suppressors of Rictor’s fat storage

and developmental phenotypes.  Since only a few genes are known to be downstream

targets of Rictor signaling in any organism, there are many opportunities to uncover new

facets of biology, but unfortunately few obvious leads.   Studies in S. cerevisiae have

demonstrated that TORC2, acting through Ypk2 (the closest homolog of sgk-1), regulates

sphingolipid synthesis and the actin cytoskeleton in a pathway with the Slm1 and Slm2

PI4,5P2 binding proteins (Tabuchi et al., 2006).  Besides gain-of-function mutations in

YPK2, other manipulations that partially rescue the defects of avo3 mutants include

exogenous supplementation with phytosphingosine, deletion of LCB4, and deletion of

CNB1 (the calcineurin regulatory subunit B) (Aronova et al., 2008; Kamada et al., 2005).

Lcb4 provides most of the catalytic activity responsible for phosphorylation of

phytosphingosine into phytosphingosine-1-phosphate (Dickson and Lester, 1999), so its

abrogation probably rescues viability in avo3 mutant cells by increasing

phytosphingosine levels.  CNB1 acts to inhibit ceramide synthesis, and its ablation also

rescues the low phytosphingosine levels in avo3 mutant cells (Aronova et al., 2008).  All

of these observations reinforce the importance of ceramide synthesis, especially in avo3

mutant cells, and there are many possible functions for these sphingolipids.

Sphingolipids serve as a major component of the plasma membrane, and

phytosphingosine has been shown to promote the activity of Pkh1 (the yeast homolog of

pdk-1), which activates numerous AGC family kinases (Dickson and Lester, 1999; Liu et

al., 2005).  Pathways that impact upon phytosphingosine levels are prime candidates for
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suppressors of Rictor, and it would also be interesting to test whether exogenous

supplementation with phytosphingosine rescues any of the phenotypes of lpo-6 mutants.

In C. elegans, only a few functions of ceramide biogenesis are known—ceramides

act at the mitochondria in germ cells to mediate apoptosis after radiation, and they

promote resistance to anoxia (Deng et al., 2008; Menuz et al., 2009).  We tested by RNAi

whether inhibition of calcineurin function rescues Rictor and sgk-1 mutants, and

preliminary data suggest that inhibition of tax-6 (calcineurin subunit A) results in

profound sickness (clear appearance, decreased size, slight developmental delay) specific

to Rictor/sgk-1 mutations (Fig. 13).  It was difficult to interpret the effect of tax-6 RNAi

on the Nile Red staining of Rictor/sgk-1 mutants because of the tremendous

size/developmental discrepancies between control and experimental animals.  The effect

of cnb-1 (calcineurin subunit B) was not tested because this RNAi clone is only present

in the Ahringer RNAi sublibrary and does not grow.  CNB-1 binds TAX-6 and calcium

and promotes TAX-6 phosphatase activity in vitro (Bandyopadhyay et al., 2002), so it is

likely that the two genes will share the same phenotypes.  tax-6  is primarily known for

potentiating signaling in thermo- and chemosensory neurons (Bargmann, 2006), but tax-6

mutants are small in size and developmentally delayed (these phenotypes can be rescued

by expression of tax-6 from a pan-neuronal promoter) (Kuhara et al., 2002).  These and

our results might indicate that this synthetic phenotype arises from simultaneous

inactivation of both the calcineurin- and Rictor-mediated size/developmental pathways

[although this synthetic interaction contrasts with the effects of simultaneously

inactivating the dbl-1 and Rictor size pathways, in which double mutants show less than

the expected degree of size reduction (Chapter II, Fig. 6)].  Since mutations in CNB1
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suppress Rictor phenotypes in yeast, it would be quite interesting to examine PHS and

ceramide levels in tax-6 and cnb-1 mutants.  The finding that tax-6 acts in the nervous

system to regulate size might however suggest that it is not modulating size by regulating

ceramide levels in a cell-autonomous fashion, as the intestinal cells (not the nervous

system) are though to be the locus for their biosynthesis (it would also be of interest to

determine where tax-6 is acting to regulate Rictor-synthetic growth).  Whatever the

molecular basis for the dramatic, synthetic sickness of tax-6 RNAi and Rictor/sgk-1

mutants, this phenotype might be extremely useful in outcrossing and mapping novel

suppressors of Rictor.

Genetic suppression of the other processes Rictor is known to regulate might also

rescue CeRictor mutants.  Rictor regulates the actin cytoskeleton in many contexts;

correction of defects in actin organization might rescue some aspects of Rictor mutants

(Hagan et al., 2008; Jacinto et al., 2004; Kamada et al., 2005; Sarbassov et al., 2004).  In

many organisms, Rictor is required for generation or maintenance of cell polarity (Chen

et al., 1997; Kamada et al., 2005).  Phalloidin staining, with special examination of the

intestinal cells, would illuminate whether Rictor regulates actin morphology in C.

elegans.  One major question I hoped that genetic screening would answer is how the fat

storage and cell size phenotypes seen in Rictor/sgk-1 mutants are connected.  Fat

storage/size and development can already be genetically dissociated, as development is

regulated in a pathway in parallel with the Akts, whereas fat and size are not.  Are Rictor

mutants small because they lack the ability to mobilize sufficient lipid resources

(especially fatty acids from triglycerides or possibly sphingoid lipids) to support growth?

Is their fat staining phenotype so distinctive because of alterations in cellular morphology
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through abnormal cytoskeletal behavior (or perhaps alterations in cytoskeletal dynamics

could inhibit the use of stored fats to support growth)?  Genetic suppressors whose

identities obviously assign them to one of these pathways and rescue both size and fat

might demonstrate how these pathways are connected.  Alternatively, suppressors that

only suppress fat or size would help to dissociate them.  These suppressors would be

extremely informative in furthering the major aim of studying Rictor in C.

elegans—mapping out the precise connections between fat storage and other resource-

demanding processes like cell size and developmental regulation.

Because of Rictor’s role in activating sgk-1, downstream targets of sgk-1 might be

recovered in screens for mediators of Rictor function.  In mammals, only a handful of

genes acting downstream of SGK are known.  Like AKT, SGK1 phosphorylates members

of the Forkhead famil y of transcription factors, although our genetic data have

established that one Forkhead protein, DAF-16, is unlikely to be a critical mediator of

Rictor signaling in C. elegans (Tessier and Woodgett, 2006).  SGK1 has also been

demonstrated to phosphorylate components of ERK/MAPK signaling, including MEKK3

and B-raf (Tessier and Woodgett, 2006).  A major function of SGK1 in mammals appears

to be the activation of a variety of channels and transporters.  Expression of SGK1

enhances the expression and/or activity of sodium-dependent glucose transporters

(SGLT1), various ion channels (TRPV5, ROMK1, Kv1.3, and others), and other

transporters through direct phosphorylation as well as modulation of regulators that

dictate channel/transporter expression levels and stability (Tessier and Woodgett, 2006).

This effect of SGK1 is best understood in the regulation of epithelial sodium channel

(ENaC) function.  SGK1 promotes ENaC expression by phosphorylating and inhibiting
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the ubiquitin ligase Nedd4-2, which promotes ENaC ubiquitination (Debonneville et al.,

2001).  Nedd4-2 appears to exist in a complex with Raf-1 that decreases ENaC

expression (Soundararajan et al., 2009).  Upon aldosterone stimulation, SGK1 and GILZ

are upregulated, GILZ inhibits Raf-1, and GILZ further recruits SGK1 to this complex,

allowing it to inhibit Nedd4-2 (Soundararajan et al., 2009).  This mechanism allows

inputs from both MAPK and PI3K-dependent signaling to be integrated and regulate

ENaC expression.  Transporters are attractive candidates for downstream mediators of

TORC2/SGK signaling, given the effects of this pathway we observe on growth,

development, and fat uptake, as well as the well-known role of the TOR kinase in

modulating nutrient transport through regulation of specific transporter activities

(Wullschleger et al., 2006).

Variations on this screening strategy might help to uncover more TORC2-

mediated signaling pathways.  Using lpo-6(ft7); akt-1; akt-2; daf-16 as the starting strain

would make genetic selection more stringent.  This might result in stronger suppressors

(possibly a more Rictor-independent gain-of-function sgk-1 mutation), or it might be

overly difficult to suppress a complete loss of Rictor function.  Since, as described

earlier, mapping based on the established strategy is dependent upon Nile Red

suppression, other strategies would be required to identify genes only involving in

developmental progression mediated by Rictor.  This mapping problem would be

obviated entirely by the application of whole-genome sequencing technology to clone

mutants without positional cloning (Sarin et al., 2008).  An easier, but much more

limited, approach would be the application of RNAi.  False-positives would need to be

identified and disregarded by repeated assaying of candidate suppressors, and any
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potential “hits” should be verified if possible by mutant alleles.  One could distinguish

suppressors acting at the level of sgk-1 or above from those acting further downstream by

comparing developmental rate after RNAi treatment of lpo-6(mg360); akt-1; akt-2; daf-

16 and sgk-1(ok538); akt-1; akt-2; daf-16 mutant animals.  Any suppressor not effective

on sgk-1(ok538); akt-1; akt-2; daf-16 could potentially be acting at the level of sgk-1 or

above (although the amorphic sgk-1 allele does display stronger phenotypes than the

hypomorphic lpo-6(mg360), so suppressing it is intrinsically more difficult).  One

candidate that might operate at this genetic position would be a phosphatase that

dephosphorylates the TM and HM motif sites of SGK-1.  One such phosphatase, the PH

domain leucine-rich repeat protein phosphatase (PHLPP), is known to catalyze the

dephosphorylation of the HM motif site of mAkt (Brognard et al., 2007) (RNAi targeting

the closest C. elegans homolog did not have any phenotypes in wild-type or Rictor

mutant backgrounds).  A rotation student in the Ashrafi lab, Joel Haas, has already

screened most C. elegans phosphatases by RNAi and did not identify any suppressors of

the developmental delay of the lpo-6(mg360); akt-1; akt-2; daf-16 strain (J. Haas,

unpublished data).  Upstream regulation of Rictor is particularly interesting because little

is known about the activation of TORC2, whereas many activators of TORC1 have been

described (Bhaskar and Hay, 2007).  Rheb is not required for TORC2 signaling (in

contrast, it is a major regulator of TORC1 and the mediator of much of the activation of

TORC1 activity by amino acids and insulin signaling), but TORC2-mediated

phosphorylation of the HM site of AKT is stimulated in response to serum (Sarbassov et

al., 2005; Yang et al., 2006b).  Screening for enhancers is another classical genetic

method that might aid in discovering new genes acting with Rictor.  Although many
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genes non-specifically increase Nile Red staining and/or slow development, one could

screen by RNAi for any genes that specifically increase fat staining and further slow

development in lpo-6(mg360) or lpo-6(mg360); akt-1; akt-2; daf-16 mutant animals

without having a similar effect (or as dramatic an effect) in a wild-type background (like

tax-6).

Suppression of developmental delay could arise from altering the signaling

downstream of either Rictor or akt-1/2; we do not yet have many tools to distinguish

between these possibilities.  One is Nile Red staining, which is normal in akt-1; akt-2;

daf-16 mutants but increased in lpo-6(mg360); akt-1; akt-2; daf-16.  Another is body

size, which is increased in akt-1; akt-2; daf-16 animals but decreased in lpo-6(mg360);

akt-1; akt-2; daf-16.  Examination of these phenotypes is currently the only way to

distinguish between Rictor and Akt mediators.  One could use microarrays, comparing

gene expression changes in lpo-6; daf-16, akt-1; akt-2; daf-16, and lpo-6; akt-1; akt-2;

daf-16 mutant animals, to identify not only downstream effectors of Rictor and Akt

signaling but also genes that could serve as markers for the activity of these pathways.

Strains bearing the appropriate reporter constructs would allow easy screening for

pathway components, or other pathways that impinge upon the same physiological

processes.  Identifying readouts (transcriptionally-regulated targets, in this case) specific

to Rictor and Akt signaling would allow us to tease apart these two major developmental

pathways and ultimately understand the mechanisms by which these cellular signaling

cascades promote normal growth and development.
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Rictor regulates C. elegans longevity and dauer formation

In order to identify new physiological processes controlled by lpo-6, we started by

asking whether lpo-6 shares any phenotypes that have previously been ascribed to

inactivation of sgk-1.  The only study examining sgk-1 prior to our work claimed that

sgk-1 RNAi treatment results in increased lifespan and enhances the dauer formation

phenotypes of akt-1/2 mutants (Hertweck et al., 2004).  We had also been interested in

studying dauer formation and lifespan in lpo-6 mutants because of the possibility that

Rictor activates the Akt genes, and these are well-studied phenotypes of these mutants as

well (Hertweck et al., 2004; Paradis and Ruvkun, 1998).  After outcrossing the lpo-

6(mg360) mutation four times into isogenic wild-type and daf-16 mutant strains (the

same background used by the Kenyon lab for their lifespan assays), we determined the

lifespans for these strains (these experiments were performed by Malene Hansen,

formerly of the Kenyon lab and now an investigator at the Burnham Institute) (Fig. 14A).

The lpo-6(mg360) mutation results in a significant reduction in lifespan, comparable to

the reduced lifespan of the daf-16(mu86) mutant (Fig. 14A).  The lpo-6(mg360);daf-

16(mu86) double mutant strain displays a lifespan significantly shortened beyond that of

each single mutant strain, demonstrating that Rictor is required for normal lifespan and

regulates lifespan in a pathway parallel to daf-16.  An identical relationship between

Rictor and daf-16 with respect to longevity has also been reported by the Ruvkun lab

(Soukas et al., 2009).  In contrast, simultaneous inactivation of akt-1 and akt-2 by

mutant/RNAi combination (with RNAi starting at L3 stage to avoid dauer formation)

results in a mild increase in lifespan (Hertweck et al., 2004), suggesting that (like fat

storage, size, and development) Rictor does not signal through Akt.
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The short-lived phenotype of the Rictor mutant was somewhat unexpected,

because a previous study had reported that sgk-1 RNAi results in an increased lifespan

(Hertweck et al., 2004).  We therefore examined the regulation of lifespan by sgk-1,

Rictor, and daf-16 using the sgk-1 amorphic allele (Fig. 14B).  Contrary to the previous

study, we found that sgk-1 mutants had a reduced lifespan, and simultaneous abrogation

of both sgk-1 and daf-16 resulted in a slight but significant further lifespan reduction

(Fig. 14B).  lpo-6(ft7) mutants also have a reduced lifespan, and the lpo-6(ft7); sgk-1

double mutant has a lifespan identical to lpo-6(ft7) [although significantly longer than

sgk-1 mutants] (Fig. 14B).  These results should, however, be considered preliminary,

because these strains were not carefully outcrossed to an isogenic background before the

assay.  Highlighting this point, in this experiment the lpo-6(mg360) strain (this was not

the same strain used in Fig. 14A; it had not been outcrossed to the Kenyon background)

had no significant reduction in lifespan (data not shown). These results suggest that

Rictor acts in a pathway with sgk-1, independent of daf-16, to regulate longevity.  Again,

the Ruvkun group also found that sgk-1 mutants have a reduced lifespan and that sgk-1

acts in a linear pathway with Rictor to regulate longevity (Soukas et al., 2009).

We were also interested in examining whether Rictor regulates dauer formation.

Simultaneous inactivation of both Akt genes results in non-conditional dauer arrest, and

this is suppressed by mutations in daf-16 (Hertweck et al., 2004; Paradis and Ruvkun,

1998).  Inactivation of sgk-1 by RNAi enhances the dauer formation of akt-1 RNAi

(Hertweck et al., 2004).  We found no dauer formation in lpo-6(mg360) at temperatures

up to 27°C and no enhancement of dauer formation in response to dauer pheromone

treatment (data not shown).  It was noted, however, that the lpo-6(ft7) mutation strongly
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enhances dauer formation of the daf-7(e1372) mutant (Greer, 2007).  We outcrossed this

mutation and re-paired it with daf-7(e1372).  lpo-6(ft7) enhances dauer formation of the

daf-7(e1372) mutation at both 15 and 20°C (Fig. 15A-B).  We hypothesized that this

synthetic dauer phenotype results from simultaneous inactivation of the TGF-β and

insulin (through Rictor) dauer pathways.  If Rictor is acting in the same pathway with the

daf-2 insulin receptor and downstream signaling, this enhancement should be suppressed

by mutations in daf-16.  As described previously (Larsen et al., 1995), mutations in daf-

16 do not suppress the increased dauer formation of daf-7 mutants (Fig. 15B).

Surprisingly, we found that inactivation of daf-16 completely abolishes the synthetic

dauer phenotype of Rictor and daf-7 (Fig. 15B).  This result demonstrates that with

respect to daf-7-synthetic dauer formation, Rictor acts through inhibition of DAF-

16/FOXO.

Discussion

These experiments describe additional roles for Rictor signaling in modulation of

longevity and dauer formation.  Rictor acts in parallel with daf-16 to enhance longevity in

a pathway with sgk-1.  Our results and subsequent genetic model for TORC2 control of

lifespan are in agreement with another set of analyses based on independent Rictor alleles

and the same amorphic sgk-1 allele (Soukas et al., 2009).  They disagree with a previous

study (Hertweck et al., 2004).  The reason for this discrepancy may be that we used a

deletion allele, whereas Hertweck et al. employed RNAi targeting sgk-1.  RNAi does not

completely abrogate gene function, and it may have especially weak effects on genes that

are expressed in the nervous system or those that act very early in development. At

present, we have no candidates for the downstream targets of this new longevity pathway.
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They could very well be the same targets that mediate Rictor’s effects on fat storage, size,

and development.

Rictor appears to act upstream of daf-16 to regulate synthetic dauer formation

with daf-7.  We hypothesize that Rictor acts in the daf-2/insulin signaling pathway for

this phenotype because its phenotype is completely suppressed by mutations in daf-16,

and daf-2 is known to regulate dauer formation in parallel with daf-7.  Subsequent

experiments should establish whether Rictor signals through sgk-1 for this pathway by

combining sgk-1 gain- and loss-of-function mutations with lpo-6 mutations (as well as

simultaneous inactivation of sgk-1 and daf-16).  The pathway through which Rictor

controls longevity appears to be totally distinct from the pathways by which it regulates

fat storage, size, and development.  Rictor may activate akt-1/2 to control dauer

formation.  Specific antibodies recognizing the phosphorylated HM motif sites of AKT-1

and SGK-1 would help resolve Rictor’s function tremendously.  One such antibody

recognizing AKT-1 phosphorylated at its HM site has recently been described

(Padmanabhan et al., 2009); there is no analogous reagent for SGK-1.  It would be quite

informative to use these antibodies on lysates from Rictor mutants and conclusively

determine whether Rictor activity is required for their phosphorylation in this or any

other context.  Besides acting directly upstream of sgk-1 and akt-1, Rictor might regulate

insulin signaling by a more indirect mechanism.  In S. cerevisiae, AVO3 promotes

phytosphingosine (PHS) levels, and this lipid directly activates both Pkh1 (the closest

homolog of pdk-1) and several AGC kinases, including Ypk2 (Aronova et al., 2008; Liu

et al., 2005).  By increasing the concentration of PHS, Rictor might promote the activity

of the insulin pathway at multiple levels without direct participation.  The direct and
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indirect models of Rictor’s involvement in insulin signaling would be imminently

testable with the appropriate phospho-specific antibodies.  In the direct model, intact

TORC2 signaling would be required for phosphorylation of the HM sites on SGK-1

and/or AKT-1.  In the indirect model, loss of TORC2 would reduce activation loop

phosphorylation of SGK-1/AKT-1 through reduction in PDK-1 activity.  While

antibodies specific for the phosphorylated AKT-1 activation loop and HM site are

available (Padmanabhan et al., 2009), they do not yet exist for SGK-1.  One genetic test

of this model would be to determine whether exogenous supplementation of PHS rescues

the synthetic dauer formation of lpo-6;daf-7 mutants.  Determining the mechanism(s) by

which Rictor regulates dauer formation will hopefully demonstrate why this Rictor

pathway, unlike all others described, requires DAF-16/FOXO.

Analysis of the molecular consequences of the mg360 mutation on Rictor function in

S. cerevisiae

Because almost nothing is known about the molecular nature of the

RICTOR/TOR interaction and the mechanisms by which RICTOR function alters TOR

kinase activity and specificity, we sought to determine the molecular consequences of the

mg360 mutation on RICTOR function.  We chose to examine these issues using S.

cerevisiae as our model system because, unlike C. elegans, it offers much more precise

and quick transgenic rescue methods.  The residue mutated by the mg360 allele is

identically conserved in the S. cerevisiae protein Avo3 (Chapter II, Fig. 1B), and the

surrounding region is also characterized by high homology between S. cerevisiae and C.

elegans proteins.  The mg360 mutation is located in the C-terminal region of RICTOR.

Experiments with S. cerevisiae expressing deletion mutants of AVO3 demonstrated that
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the C-terminal region is essential for Avo3 function (Ho et al., 2005).  The Avo3 protein

is dispensible for Tor2 catalytic activity, but it is required for assembly and stability of

the full TORC2 (Wullschleger et al., 2005).  Based on these findings, we hypothesized

that the mg360 mutation disrupts the binding of RICTOR to TOR and thereby

destabilizes and partially inactivates TORC2.

To study the molecular function of mg360 in S. cerevisiae, we first constructed a

diploid strain in which one copy of AVO3 was deleted and marked with a kanamycin

resistance marker.  After sporulation, this strain will give rise to tetrads in which the two

haploids that contain the wild-type AVO3 grow on YPD, and the two haploids with the

avo3Δ allele do not.  We then constructed a centromeric plasmid expressing various open

reading frames from the strong ADH1 promoter (this plasmid is marked with URA3).  We

first wanted to establish whether lpo-6 and AVO3 are similar enough to complement.

Expression of either empty vector or wild-type lpo-6 resulted in only two viable haploids

per tetrad, indicating lethality (Fig. 16A).  Given that lpo-6 fails to complement AVO3,

we then introduced the analogous mg360 mutation into AVO3.  Expression of either

AVO3 or AVO3(mg360) rescued the lethality of the avo3 deletion, demonstrating that

both proteins are able to function normally enough to support viability (Fig. 16A).  By

replica plating, we can prove that some haploids [from either the AVO3- or

AVO3(mg360)-expressing strains] are viable even though they contain avo3Δ (marked by

kanamycin resistance), but importantly all of these surviving avo3Δ  cells are covered by

the rescuing plasmid (marked by URA3) (Fig. 16B-C).  These results establish that the

mg360 mutation, even though it mutates a highly conserved residue, does not abrogate

AVO3 function in S. cerevisiae.  They also demonstrate that the Avo3 and LPO-6 proteins
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are sufficiently divergent to fail complementation.  Even though this residue is identically

conserved in both proteins, its relative importance may not be equivalent.  It is also

possible that this mutation does eliminate some functions of AVO3 outside of normal

growth on YPD.  We grew a haploid strain bearing both an avo3 deletion and a rescuing

AVO3(mg360) plasmid at various temperatures and saw no temperature-sensitivity (data

not shown).  If AVO3(mg360) was not able to rescue growth, we would have been able to

test via co-immunoprecipitation or another protein-protein interaction assay whether this

mutant protein had a defect in binding to Tor2 (clearly this would have to be

accomplished using an inducible promoter system).  If this mutation does not affect the

binding of RICTOR to TOR, it might be involved in interactions between TOR and its

substrates.  Perhaps future analyses in another model system (possibly a cell line) could

establish the functional consequences of the mg360 mutation.

Examining TORC2/SGK signaling in mammals

Since the discovery that TORC2 is the missing kinase that supplies the previously

unidentified PDK2 activity (phosphorylation of the HM site) for Akt (Sarbassov et al.,

2005), HM phosphorylation of Akt has become the gold standard for TORC2 activity.

While under all but a few conditions studied (Bentzinger et al., 2008) Akt is lacking HM

site phosphorylation in the absence of TORC2 activity, and both TORC2 and Akt

signaling are important for cellular growth, these observations do not establish Akt as the

relevant mediator of TORC2 signaling.  In fact, when this relationship has been tested

genetically, HM phosphorylation is not required for normal Akt signaling under normal

growth conditions (Hietakangas and Cohen, 2007).  Moreover, our data point toward

SGK as an important mediator of TORC2 signaling.  We therefore wished to test whether
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TORC2 regulates SGK for any aspects of SGK-mediated processes.  Some emerging data

from mammalian studies indicate at least that SGK1 can serve as a substrate for TORC2

(Garcia-Martinez and Alessi, 2008; Peterson et al., 2009).  We did not simply wish to

examine SGK HM site phosphorylation, however; we wanted to demonstrate whether

upstream activation by TORC2 is required for SGK function in vivo.

Because of the general lethality of TORC2 abrogation observed in mammals

(Guertin et al., 2006; Shiota et al., 2006), we wished to take another approach to studying

TORC2 signaling in a physiological context.  Chemical inhibitors can be powerful tools

for the study of genetic pathways because they allow acute inhibition to bypass

developmental phenotypes and dose-responsiveness to allow for a spectrum of inhibition.

Recently, the Shokat group and others have described molecules that selectively inhibit

the TOR kinase (by ATP-competitive inhibition, unlike rapamycin) with superb

specificity (Apsel et al., 2008; Feldman et al., 2009; Garcia-Martinez et al., 2009;

Thoreen et al., 2009).  These compounds inhibit both TORC1 and TORC2 signaling, and

furthermore they inhibit TORC1 more potently than rapamycin (Apsel et al., 2008;

Feldman et al., 2009; Garcia-Martinez et al., 2009; Thoreen et al., 2009).  Paired with

rapamycin, these compounds allow the resolution of TORC1 and TORC2 targets.

Phosphorylations mediated by TORC1 will be inhibited by both rapamycin and the

active-site inhibitor, whereas TORC2-mediated phosphorylations will only be affected by

active-site inhibition.  We therefore initiated a collaboration with the Pearce group at

UCSF, whose primary interest is SGK1-mediated regulation of salt homeostasis and

blood pressure and who had already begun studies along these lines.  All of the following

work using mammalian cell lines was performed by members of the Pearce laboratory.
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  There are three SGK genes with diverse expression patterns in mammals.

SGK1, which is closest in homology to C. elegans SGK-1 (data not shown), is controlled

both by insulin and the principal blood pressure-regulating hormone, aldosterone.

Through its potent stimulatory effect on the epithelial Na+ channel, ENaC, SGK1 plays a

central role in sodium balance and blood pressure regulation (Chen et al., 1999); indeed,

Sgk1-deficient mice display aldosterone resistance, which manifests in a lethal inability to

maintain blood pressure when sodium intake is restricted (Wulff et al., 2002). We

therefore asked whether mTOR inhibition affects SGK1 phosphorylation in mpkCCD

cells, a cell line which is derived from the kidney’s cortical collecting duct (CCD) and

retains the molecular machinery required for hormone-regulated transepithelial sodium

transport, when grown on ion-permeable filters (Bens et al., 1999).  In these cells, SGK1

phosphorylation is stimulated by insulin, and its expression is markedly increased by

aldosterone, through effects on SGK1 gene transcription (Wang et al., 2001). We first

examined SGK1 expression using a highly sensitive and specific antibody, which

recognizes both the phosphorylated and unphosphorylated forms of SGK1 (Buse et al.,

1999). In the presence of aldosterone and insulin, multiple SGK1 bands were detected,

the uppermost of which was eliminated by the pan-PI3K family inhibitor LY294002 (Fig.

17A). Previous work strongly supports the identification of this upper band as the

hyperphosphorylated form of SGK1, phosphorylated in both the HM and activation loop

(Park et al., 1999; Wang et al., 2001).  Rapamycin had no effect (Fig. 17A), while PP242

(the Shokat group’s active-site TOR inhibitor) blocked the appearance of the upper band

at concentrations of 0.2-0.3 µM, which do not inhibit the other relevant kinases, notably

PI3K and PDK1 (Apsel et al., 2008; Feldman et al., 2009). Treatment of extracts with
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lambda phosphatase eliminated the uppermost band, further supporting the conclusion

that it represents phosphorylated SGK1 (Fig. 17A).   As confirmation that mTORC1 is

expressed in these cells and inhibited by rapamycin, we examined the phosphorylation

state of a prototypical mTORC1 substrate, p70S6K (Kuo et al., 1992; Price et al., 1992).

Rapamycin, LY294002 and PP242 all eliminated the band detected by anti-phospho

p70S6K antibody (Cell Signaling Technology), indicative of an mTORC1-mediated

effect. Importantly, p70S6K phosphorylation was fully abrogated at a concentration at

which rapamycin treatment failed to alter appearance of the hyperphosphorylated form of

SGK1 (Fig. 17A).  As a control to demonstrate that PP242 inhibits TORC2 activity at the

relevant doses, we examined Akt phosphorylation at the HM site using a phospho-

specific antibody (anti-Akt-pS473) and found that PP242 treatment abolishes this

phosphorylation (Fig. 17A).  Together, these data suggest that SGK1 phosphorylation is

dependent upon mTORC2, but not mTORC1.

In order to look directly at SGK1 HM phosphorylation, we attempted to use a

commercially available antibody raised against SGK1 pS422 (Santa Cruz

Biotechnology). Despite multiple attempts using varying conditions, we were unable to

detect a specific band consistent with endogenous SGK1 (data not shown). Rather, a band

was detected by anti-pS422 at 70 kD, which co-migrated precisely with phospho-p70S6K

(as detected by the Cell Signaling antibody), and was abrogated by rapamycin, in

addition to PP242 and LY294002 (data not shown). We conclude that this species likely

represents phosphorylated p70S6K and clearly does not represent pHM-SGK1. Using a

different commercial antibody, raised against a phospho-peptide containing a degenerate

consensus HM sequence (Cell Signaling Technology), we detected a signal, which
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migrated at approximately 55 kD, and was abrogated by LY294002 and PP242, but not

rapamycin (Fig. 17A). PP242 inhibition of this band occurred at the same concentrations

required to inhibit phospo-SGK1, as detected by the holo-SGK1 antibody (Fig. 17A).

However, this band co-migrated with a band detected with a highly sensitive and specific

antibody to phosphorylated Akt HM (Fig. 17A), and slightly higher than the

phosphorylated form of SGK1 (as detected by anti-holo-SGK1). Thus, the major band

detected with the anti-pHM antibody likely represents Akt, not SGK1.  Although not

effective in our hands for detection of endogenous HM phosphorylated SGK1 in CCD

cells, it then seemed feasible that anti-SGK1 pS422 would detect tagged SGK1

immunoprecipitated from transfected cell lysates. Since mpkCCD cells are poorly

transfected, we used FLAG-SGK1-transfected HEK-293 cells.  Cells were treated with

insulin followed by PP242, LY294002 or rapamycin, and whole cell lysates were

subjected to immunoprecipitation with anti-FLAG antibody.  In immunoblots stained

with anti-pS422, a band was detected, which was consistent with pS422-SGK1: it

depended on the presence of SGK1 expression vector, and co-migrated with the upper

band detected with either anti-holo-SGK1 or anti-FLAG antibody (Fig. 17B and data not

shown). This band was abrogated by PP242 and LY294002, but not by rapamycin (Fig.

17B). These data strongly support the conclusion that phosphorylation of transfected

SGK1 is mTORC2—and not mTORC1—dependent in HEK-293 cells, and further

support the identification of the shifted species detected by holo-SGK1 antibody in CCD

cell lysates as HM-phosphorylated SGK1 (and not SGK1 phosphorylated only at the

activation loop by PDK1). Taken together with previously published work, our present

data support the conclusion that mTORC2, but not mTORC1, regulates phosphorylation
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of both SGK1 and Akt, and that although mTORC1 is expressed in CCD cells, it does not

phosphorylate SGK1 or Akt at the HM motif site.

The best-characterized function of SGK1 in mammals is to mediate aldosterone-

induced ENaC-dependent Na+ transport. The fundamental role of SGK1 in ENaC

regulation has been demonstrated in numerous different systems, including a variety of

cultured cells, Xenopus oocytes, and knockout mice (Debonneville et al., 2001; Wang et

al., 2001; Wulff et al., 2002). In order to determine if mTORC2 activity is important for

Na+ transport, we next examined the effect of PP242 on Na+ currents in mpkCCD cells

grown on Transwell filters (Wang et al., 2001). PP242 completely blocked aldosterone-

induced current with an IC-50 of approximately 0.2 µM, while rapamycin, at

concentrations that fully blocked mTORC1 had no effect (Fig. 17D). The IC-50 for

PP242 inhibition of Na+ current was comparable to the concentration required to inhibit

mTORC2-dependent SGK1 phosphorylation (compare Fig. 17A and C), and well below

the IC-50 for the other relevant kinases, including PI3K (Apsel et al., 2008). The effect of

PP242, like that of LY294002, was rapid (T1/2 of approximately 15 minutes), reversible,

and occurred without any significant drop in electrical resistance, a sign of tight junction

integrity and cell health.  It should be noted that prolonged rapamycin treatment (>16 h)

does inhibit Na+ current, an effect that has been attributed to blockade of

mineralocorticoid receptor function (Edinger et al., 2002). It also should be noted that

treatment with PP242 or LY294002 for > 24 h diminishes electrical resistance and causes

morphological changes (e.g. blebbing) in cells, consistent with a toxic effect (Wang and

Pearce, unpublished data).
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To confirm the relevance of mTORC2 in regulating SGK1 function in vivo, we

also used shRNAs to knockdown expression of Raptor and Rictor in HEK293 and

mpkCCD cells.  Preliminary results indicate that knockdown of Rictor, but not Raptor,

abrogates both SGK1 HM phosphorylation and ENaC-dependent sodium transport (data

not shown).  We also attempted co-immunoprecipitation experiments to assay whether

SGK1 directly binds TORC2.  After immunoprecipitating FLAG-tagged SGK1, we used

antibodies to probe for TOR, Raptor, and Rictor.  We detected strong signals using TOR

and Rictor antibodies, and a faint signal with Raptor (data not shown). Taken together,

these data strongly support the idea that mTORC2—but not mTORC1—is required for

SGK1 HM phosphorylation and acute control of transepithelial sodium current in

mammalian kidney collecting duct cells, and they confirm that TORC2 regulation of

SGK signaling is evolutionarily conserved across phyla.

Discussion

These results establish that TORC2 is a physiologically relevant regulator of

SGK1 HM site phosphorylation and activity in mammalian cells.  Acute inhibition of all

TOR kinase activity, but not TORC1 alone, eliminates phosphorylation of SGK1, as well

as HM site phosphorylation of Akt, the canonical readout for TORC2 activity.  Similarly,

inhibition of TOR, but not TORC1, reduces aldosterone-induced sodium transport, which

is mediated by ENaCs (and this activity is known to be dependent upon SGK1 function).

Furthermore, preliminary data suggest that specific knockdown of Rictor, but not Raptor,

mimics both of these effects, confirming the specificity of our drug treatment.  We can

also detect an interaction between TORC2 components and SGK1.  This chemical

genetic approach to resolving TORC1 and TORC2 outputs has the potential to aid
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tremendously in discovering novel targets of TORC2 signaling, in the same way that

rapamycin aided the discovery of TORC1 substrates.  This approach has already been

used by another group to establish substrates of TORC2 (Peterson et al., 2009).

Consistent with previous studies showing no effect of rapamycin on SGK1

hyperphosphorylation (Park et al., 1999), we found that rapamycin treatment did not alter

patterns of SGK-1 phosphorylation or sodium transport.  It is notable in the present

context that two recent reports have come to contradictory conclusions regarding the

TOR complex required for SGK1 phosphorylation in mammalian cells (Garcia-Martinez

and Alessi, 2008; Hong et al., 2008).  In one report, Hong et al. concluded that SGK1

HM phosphorylation is mTORC1-dependent in WM-35 cells (Hong et al., 2008), based

in part on rapamycin inhibition of a band detected in Western blots probed with the Santa

Cruz pS422 antibody. In a more recent report, Garcia-Martinez and Alessi refuted these

findings and proposed that HM-domain SGK1 phosphorylation is mTORC2-dependent

(Garcia-Martinez and Alessi, 2008). This conclusion was based on experiments

performed on transfected SGK1 in multiple cell lines, including mouse embryonic

fibroblasts derived from Rictor knockout mice (Garcia-Martinez and Alessi, 2008).

Similar to our results in mpkCCD extracts, these authors were not able to unequivocally

detect the phosphorylated form of endogenous SGK1 with the Santa Cruz antibody.

Furthermore, as in our study, the Santa Cruz antibody was reported to detect a

rapamycin-inhibited species with characteristics of p70S6K. In overexposed blots, we

also detect a rapamycin-inhibited band that co-migrates with phospho-p70S6K (data not

shown). These data further support the conclusion that mTORC2 is the central mediator

of SGK1 HM motif phosphorylation in most mammalian cells.  Alternatively, as Hong
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and colleagues have suggested, the discrepancy in the results could be due to cell type-

specific use of mTORC1 such that rapamycin-sensitive regulation of SGK-1 may be

specific to regulation of p27, a cell cycle component (Hong et al., 2008).

We are quite interested in establishing whether TORC2 acts through SGK for any

of its previously characterized functions.  Whereas the C. elegans genome contains a

single SGK gene, mammals have three.  Sgk1 and Sgk3 knockout mice have surprisingly

mild phenotypes, possibly due to redundant functions of SGKs.  Sgk2 null mice have not

yet been reported.  Sgk3 null mice display a transient growth delay and defects in hair

follicle development, while Sgk1 null mice are defective in salt balance under a salt-

deficient diet and their glucose uptake by various tissues post glucose load is blunted

(McCormick et al., 2004; Wulff et al., 2002).  We are naturally interested in the

possibility that TORC2 regulates some aspect of lipid storage through SGK; thus far a

potent phenotype with respect to lipid metabolism has not been observed in the

conditional deletion of Rictor (Bentzinger et al., 2008; Cybulski et al., 2009).  The roles

of TORC2 and SGK in size regulation in mammals are also still unclear.  Whole-animal

deletion of Rictor results in small embryos that die before birth, and adipose-specific

deletion of Rictor yields mice that are larger than wild type due to increased IGF-I

secretion from this mutant adipose tissue (Cybulski et al., 2009; Guertin et al., 2006;

Shiota et al., 2006).  One function of TORC2 that has rightfully gained much attention is

its contribution to cancer progression.  Knockdown of Rictor impairs the ability of PTEN-

deficient human prostate cancer epithelial cells to form solid tumors, but importantly it

does not interfere with the normal development of the prostate epithelium (Guertin et al.,

2009).  This demonstrates a specific role for TORC2 signaling in carcinogenesis.
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Deletion of a single Rictor allele also protects against prostate cancer and extends the

lifespan in Pten+/- mice (Guertin et al., 2009).  While Akt signaling is disrupted in these

cells (Guertin et al., 2009), this has not been established as causal for these phenotypes.

Future experiments should aim to establish whether any or all of the mammalian Sgk

genes mediates TORC2 oncogenic signaling in these models.  This could be done by

inactivation of Sgk genes (this might be technically quite complicated, due to potential

redundancy), examination of known Sgk targets, or expression of SGK or AKT proteins

with phospho-mimicking amino acid substitutions at their HM sites (one could then look

for rescue of oncogenic potential).

These experiments also demonstrate the power of genetic analysis in model

organisms.  Through the awesome power of C. elegans genetics (apologies to the late Ira

Herskowitz), we were able to conduct a number of forward and reverse genetic strategies

to establish sgk-1, and not akt-1/2, as the critical mediator of Rictor signaling.  Our

experiments using mammalian cells illustrate that this regulatory interaction has been

retained by evolution over considerable phylogenetic distance.  While it should no longer

be surprising that model organism genetics can inform our knowledge of the workings of

mammals, it is striking to note the diversity of functions that have come under the control

of this pathway.  We could not have predicted that by following the increased-fat

phenotype of a worm mutant we would learn a new pathway critical for kidney function.

Future experiments will trace out this pathway and determine its extent of conservation in

a variety of contexts.  This surprising connection should serve as a reminder that model

organism genetics should not be discounted as unappealing to a wide audience, because it

continues to uncover fundamental aspects of biology, and it is ignored at one’s own peril.
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I hope that the strategy we have mapped out here, using C. elegans genetic approaches to

delineate Rictor-mediated pathways and employing targeted experiments in mammalian

cells to test their conservation, will continue to illuminate the functions of this fascinating

and widely relevant pathway.

126



0

25

50

75

100

125

150

175

wild
type

lpo-6
(mg360)

lpo-6
(ft7)

sgk-1

R
el

at
iv

e 
B

O
D

IP
Y

 F
lu

o
re

sc
en

ce

n.s.
*

**

wild type lpo-6(mg360)

lpo-6(ft7) sgk-1

A

B

Figure 1

127



Figure 1:  Analysis of Rictor and sgk-1 mutants using vital BODIPY staining

A.  Images of BODIPY (conjugated to 12-carbon fatty acid) staining of lipids in anterior

intestinal cells of adult wild type, lpo-6(mg360), lpo-6(ft7), and sgk-1(ok538)  strains.

Representative images are shown.  In each image, anterior of the animal is to the right.

B.  Quantification of BODIPY staining.  Mean fluorescence intensity is reported as a

percentage of the mean for wild-type animals (error bars indicate s.e.m.).  * indicates a p

value <0.05, and **indicates p value <0.01 (wild type vs. mutant, two-tailed t-test, n=4-

6).  lpo-6(mg360) does not differ significantly from wild type (p=0.11).
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Figure 2:  sgk-1 mutants have increased Sudan Black lipid staining

Images of Sudan Black B staining in wild type and sgk-1(ok538) strains.

Representative images are shown.  Both genotypes were fixed and stained in the same

tubes according to our previously described protocol (Greer et al., 2008; Srinivasan et al.,

2008).
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Figure 3:  Examination of fat storage by Oil Red O staining

A.  Representative images of wild-type animals (day one gravid adults) stained with Oil

Red O according to published protocol (Soukas et al., 2009).  Note high degree of

variation (all worms shown here were stained in the same tube).

B.  Whole-animal image of Oil Red O staining.  Strong staining is consistently observed

in the posterior intestinal cells (open arrowhead), while dimmer and less consistent

staining is seen in the anterior intestine (filled arrowhead).

C.  Representative images showing staining of lpo-6(ft7) mutants.

D.  Representative images showing staining in sgk-1(ok538) mutants.
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Figure 4:  Preliminary data on de novo fat synthesis rates of lpo-6(mg360) mutants

Rates of de novo synthesis for various lipid species as measured by 13C isotope

labeling.  Compare wild type (N2, blue) with lpo-6(mg360) (green).  These experiments

were performed by members of the Van Gilst lab (Fred Hutchinson Cancer Research

Center).
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Figure 5:  PUFA composition of Rictor mutants and genetic suppression of PUFA-

related phenotypes by Rictor mutants

A.  Abundance of specific lipid species, expressed as a percentage of total isolated lipids,

in wild type and lpo-6(mg360) mutants.  Values are expressed as means calculated from

three replicate measurements taken from the same lipid extraction of single samples

(errors bars represent standard deviation).  These experiments were performed by

Jennifer Watts (Washington State University).

B.  Images of Nile Red staining of lipids in anterior intestinal cells of adult wild type and

lpo-6(mg360) strains grown on control or fat-7 RNAi.  Representative images are shown.

In each image, anterior of the animal is to the right.

C.  Quantification of Nile Red staining of adult wild type and lpo-6(mg360) strains grown

on control or sbp-1 RNAi. Mean fluorescence intensity is reported as a percentage of the

mean for wild type animals (error bars indicate s.e.m.).  * indicates a p value <0.05, and

**indicates p value <0.01 (wild type control vs. experimental condition, two-tailed t-test,

n=7-8).  lpo-6(mg360) treated with control and sbp-1 RNAi do not significantly differ

(p=0.41, two-tailed t-test, n=7).
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Table 1:  lpo-6(mg360) partially suppresses the sterility of fat-2 RNAi treatment

Genotype # progeny laid overnight
Wild type, control 128
lpo-6(mg360), control 68
Wild type, fat-2 RNAi replicate 1 0
Wild type, fat-2 RNAi replicate 2 0
Wild type, fat-2 RNAi replicate 3 28
lpo-6(mg360), fat-2 RNAi replicate 1 36
lpo-6(mg360), fat-2 RNAi replicate 2 37
lpo-6(mg360), fat-2 RNAi replicate 3 46
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Figure 6:  lpo-6(mg360) does not suppress phenotypes of PUFA biosynthesis mutants

by rescuing defects in PUFA levels

 A.  Abundance of specific lipid species, expressed as a percentage of total isolated lipids,

in wild type and lpo-6(mg360) mutants treated with control or fat-7 RNAi.  Values are

derived from single measurements. All experiments in this figure were performed by

Jennifer Watts (Washington State University).

B.  Abundance of specific lipid species, expressed as a percentage of total isolated lipids,

in wild type and lpo-6(mg360) mutants treated with control or sbp-1 RNAi.  Values are

derived from single measurements.

C.  Abundance of specific lipid species, expressed as a percentage of total isolated lipids,

in wild type and lpo-6(mg360) mutants treated with control or fat-2 RNAi.  Values are

derived from single measurements.
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Figure 7:  Rictor/sgk-1 mutants do not have decreased energy expenditure

Measurement of oxygen consumption, performed essentially as described in

(Srinivasan et al., 2008).  Values are expressed as means of four replicates from single

experiment (error bars represent standard error). * indicates a p value <0.05 (wild type vs.

mutant, two-tailed t-test, n=4).
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Figure 8:  Preliminary results on ceramide levels in Rictor/sgk-1 mutants

Measurement of total ceramides (expressed as µg ceramides/µg total protein, as

assayed by Bradford method) in wild type and various mutant animals.  Values are

expressed as means of three replicate measurements of a single sample (error bars

represent standard error).  150-200 µL packed worms (L4 stage) were used per condition.

* indicates a p value <0.05 (wild type vs. mutant, two-tailed t-test, n=3).  These

experiments were performed by members of the Faergeman lab (University of Southern

Denmark).
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Table 2:  Gene inactivations epistatic to lpo-6(mg360) mutants with respect to Nile

Red staining

Gene name Molecular function

elo-2 fatty acid elongase, converts palmitic acid to stearic acid

nsh-1 nuclear helicase, DEAD-box family

rab-7 rab GTPase, important for early to late endosome transition

apm-3 adaptin, part of AP-3 complex (also a glo gene)

apb-6 adaptin, part of AP-3 complex (also a glo gene)

elo-5 fatty acid elongase, required for monomethyl branched-chain fatty acids

acs-1 acyl-CoA synthetase

F54C8.1 3-hydroxyacyl-CoA dehydrogenase
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Figure 9: Analysis of sgk-1 versus akt-1 gain-of-function mutations on lpo-6(mg360)

fat staining

 A.  Images of Nile Red staining of lipids in anterior intestinal cells of adult wild type and

various labeled mutant strains.  Representative images are shown.  In each image,

anterior of the animal is to the right.  sgk-1(gf) refers to the sgk-1(ft15) allele [this strain

also contains a linked akt-2(tm812) mutation]; akt-1(gf) refers to akt-1(mg144).

B.   Images of BODIPY staining of lipids in anterior intestinal cells of adult wild type and

various labeled mutant strains.  Representative images are shown.  In each image,

anterior of the animal is to the right.  sgk-1(gf) refers to the sgk-1(ft15) allele [this strain

also contains a linked akt-2(tm812) mutation]; akt-1(gf) refers to akt-1(mg144).

C.  Quantification of Nile Red staining. Mean fluorescence intensity is reported as a

percentage of the mean for wild-type animals (error bars indicate s.e.m.).  *indicates a p

value <0.05 (wild type vs. mutant strain, two-tailed t-test, n=5-7).  sgk-1(gf) and sgk-

1(gf);lpo-6(mg360) do not differ significantly (p=0.27).

D.  Quantification of BODIPY staining. Mean fluorescence intensity is reported as a

percentage of the mean for wild-type animals (error bars indicate s.e.m.).  None of the

strains differ significantly from wild type. sgk-1(gf) and sgk-1(gf);lpo-6(mg360) do not

differ significantly (p=0.45). akt-1(gf) and akt-1(gf);lpo-6(mg360) do not differ

significantly (p=0.38).
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Figure 10:  Analysis of Rictor/sgk-1 mutants grown on OP50 and HB101 E. coli

strains

A. Images of Nile Red staining of lipids in anterior intestinal cells of adult wild type

grown on OP50 and HB101 and Rictor/sgk-1 mutant strains grown on HB101.

Representative images are shown.  In each image, anterior of the animal is to the right.

B.  Images of BODIPY staining of lipids in anterior intestinal cells of adult wild type

grown on OP50 and HB101 and Rictor/sgk-1 mutant strains grown on HB101.

Representative images are shown.  In each image, anterior of the animal is to the right.

C.  Quantification of Nile Red staining. Mean fluorescence intensity is reported as a

percentage of the mean for wild-type animals grown on HB101 (error bars indicate

s.e.m.).  *indicates a p value <0.05 (wild type on HB101 vs. mutant strain, two-tailed t-

test, n=5-6).  lpo-6(mg360) and sgk-1(ok538) do not differ significantly from wild type

(p=0.16 and 0.07, respectively).

D.  Quantification of BODIPY staining. Mean fluorescence intensity is reported as a

percentage of the mean for wild-type animals grown on HB101 (error bars indicate

s.e.m.).  None of the mutant strains grown on HB101 differs significantly from wild type.

148



younger than L4
L4
young adult

0

20

40

60

80

100
A

n
im

al
s 

at
 g

iv
en

 s
ta

g
e,

 %

A2 sgk-1
(ft15)

C7 G2 H5 O4--

Suppressor Mutation

Figure 11

m; lpo-6(mg360); 
akt-1; akt-2; daf-16

lpo-6(mg360) X

F1 progeny F1 progeny

X

lpo-6(mg360)

F1 progeny

m; lpo-6(mg360)

Screen for 
dominant suppression

of Nile Red 

Screen for 
recessive suppression of Nile Red 

Map outcrossed suppressors 

Outcross away 
akt-1, akt-2, and daf-16 mutations

A

B

149



Figure 11:  Isolation of genetic suppressors of lpo-6(mg360)

A.  Developmental timing of starting strain [lpo-6(mg360); akt-1; akt-2; daf16] and

unoutcrossed suppressors.  Animals were grown from synchronized L1’s for 69 hours at

20°C; individuals were then scored for developmental stage.  77-191 animals were used

for each strain.

B.  Schematic of strategy for outcrossing and mapping novel suppressors.
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Figure 12:  Novel mutations suppress increased Nile Red staining of lpo-6(mg360)

and sgk-1 RNAi

A.  Images of Nile Red staining of lipids in anterior intestinal cells of lpo-6(mg360); akt-

1; akt-2; daf-16 (starting strain) and unoutcrossed suppressors.  Suppressors were grown

for approximately 72 hours at 20°C, and starting strain was allowed to grow 24 hours

longer to make up for developmental delay.  Representative images are shown.  In each

image, anterior of the animal is to the right.

B.  Images of Nile Red staining of lipids in anterior intestinal cells of lpo-6(mg360); akt-

1; akt-2; daf-16 (starting strain) and unoutcrossed suppressors on control and sgk-1

RNAi.  Suppressors and starting strain were all grown for 96 hours at 20°C, so

comparison across strains are not valid.  Note that within strains, sgk-1 RNAi has mild

fat-increasing effect on starting strain, a more dramatic effect on the sgk-1(ft15)

suppressor, and little to no effect on other suppressors.  Representative images are shown.

In each image, anterior of the animal is to the right.
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Figure 13:  tax-6 RNAi causes decreased size and slight developmental delay

synthetic with Rictor/sgk-1 mutations

DIC images of wild type, Rictor, and sgk-1 mutants grown for 72 hours at 20°C

on control or tax-6 RNAi.  RNAi was induced for only one generation.  All images are

shown at an identical scale, and images were not cropped.  Note that tax-6 RNAi also

results in clear intestinal phenotype in Rictor/sgk-1 mutants.
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Figure 14:  Pathway analysis of longevity in Rictor/sgk-1 mutants

A.  Lifespans of wild type, lpo-6(mg360), daf-16(mu86), and daf-16(mu86);lpo-6(mg360)

strains (all strains were outcrossed 4X to an isogenic background).  Experiment was

repeated twice, and similar results were obtained from both trials.  98-107 animals were

used per genotype.  Mean lifespans ± standard error were as follows: wild type 21.7±0.2

days, daf-16 14.0±0.2 days, lpo-6 14.1±0.2 days, and daf-16;lpo-6 10.8±0.1 days.  All

strains are significantly different from wild-type, and lpo-6 and daf-16 are significantly

different from daf-16;lpo-6 (all p<0.0001).  These experiments were performed by

Malene Hansen (Burnham Institute).

B.  Lifespans of Rictor/sgk-1 mutants in combination with daf-16(mgDf47) (strains were

not outcrossed).  Experiment was performed once.  80 animals were used per genotype.

Mean lifespans ± standard error were as follows: wild type 18.0±0.1 days, sgk-1(ok538)

13.5±0.1 days, daf-16;sgk-1(ok538)12.4±0.1 days, daf-16 13.3±0.1 days, lpo-6(ft7)

15.0±0.1 days, and lpo-6(ft7); sgk-1(ok538) 15.7±0.3 days.  All strains differ

significantly from wild type (p<0.002).  lpo-6(ft7) and lpo-6(ft7);sgk-1(ok538) differ

significantly from sgk-1(ok538) (p<0.025).  lpo-6(ft7) and lpo-6(ft7);sgk-1(ok538) do not

differ significantly (p=0.39).  daf-16;sgk-1(ok538) and daf-16;lpo-6(ft7) both differ

significantly from daf-16 (p<0.02).
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Figure 15:  Rictor regulates dauer formation in parallel with daf-7/TGF-β and

upstream of daf-16/FOXO

A.  Dauer formation (expressed as % dauers out of total animals) of mutant strains.

Synchronized animals were grown at 15°C for approximately 120 hours.  110-166

animals were used per genotype.

B.  Dauer formation (expressed as % dauers out of total animals) of mutant strains.

Synchronized animals were grown at 20°C for approximately 72 hours.  142-364 animals

were used per genotype.
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Figure 16:  Molecular analysis of Rictor function in S. cerevisiae

A. Tetrads derived from sporulation of AVO3/avo3Δ diploids were dissected, and

haploids were allowed to grown on standard YPD plates.  Diploids had been transformed

with a centromeric plasmid expressing the listed insert from the ADH1 promoter.

B.  Tetrads derived from sporulation of AVO3/avo3Δ diploids transformed with a

centromeric plasmid expressing AVO3 were dissected, and haploids were allowed to

grown on standard YPD plate.  These were replica-plated to select for the avo3Δ allele

(kanamycin resistance) and the rescuing plasmid (ura-).  Note that all avo3Δ haploids also

bear the rescuing plasmid.

C.  Tetrads derived from sporulation of AVO3/avo3Δ diploids transformed with a

centromeric plasmid expressing AVO3(mg360) were dissected, and haploids were

allowed to grown on standard YPD plate.  These were replica-plated to select for the

avo3Δ  allele (kanamycin resistance) and the rescuing plasmid (ura-).  Note that all avo3Δ

haploids also bear the rescuing plasmid.
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Figure 17:  SGK1 phosphorylation and ENaC-dependent Na+ current are

mTORC2-dependent in mouse kidney cells and transfected HEK 293 cells

A. Western blots using mpkCCD cell lysates probed with holo-SGK1, anti-phospho-

hydrophobic motif (pHM), anti-Akt p-S473 and anti-phospho-p70S6K antibodies.

mpkCCD cells were grown on Transwell filters and treated with aldosterone and insulin

for 4 h, followed by treatment with inhibitors as shown for 1 h additional.  α-tubulin is

shown as loading control. For phosphatase treatment cells were grown in the same

manner, and whole cell lysates were treated with λ-phosphatase (lambda-PPase) prior to

being subjected to Western blot.  All experiments in this figure were performed by

members of the Pearce lab.

B.  Immunodetection of HM phosphorylation of transfected SGK1. HEK-293 cells were

transfected with FLAG-mSGK1 or vector control and treated with insulin followed by

inhibitors, as shown (doses used were as follows: 1 µM PP242, 20 µM LY294002 and

0.1 µM rapamycin). FLAG-SGK1 was immunoprecipitated using anti-FLAG antibody,

and immunoblot was performed using SGK1 anti-pS422 antibody. α-tubulin is shown as

loading control. LY: LY294002; Rap: Rapamycin; WCL: whole cell lysate; Vec: vector.

C.  Dose response of ENaC-dependent Na+ current inhibition by PP242. mpkCCD cells

were grown and treated with inhibitor as described in (A).  Error bars represent standard

error.

D.  Time course of inhibitor effects on ENaC-dependent Na+ current in mpkCCD cells. .

mpkCCD cells were grown and treated with inhibitor as described in (A), and equivalent

current was determined at times shown. LY: LY294002; Rap: Rapamycin.
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Chapter IV: A conserved role for lms-1 in promoting longevity and

resistance to oxidative stress
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Abstract

Mitochondrial dysfunction and excessive reactive oxygen species have been

implicated in a range of disease states.  Understanding the mechanisms cells use to

prevent these deleterious conditions may therefore yield insights that could be applied

widely to common diseases.  Recently, the Rutter group identified a gene required for

proper stress resistance and longevity in S. cerevisiae, which they called LMS1 (Lifespan-

associated Mitochondrial Stress-responsive 1).  Although they possess a normal growth

rate under standard growth conditions, cells lacking this protein are sensitive to many

stress agents, including hydrogen peroxide, rapamycin, and caffeine.  Interestingly, under

all conditions where lms1 mutants are sensitive, the Lms1 protein translocates from the

cytosol to the mitchondria, suggesting its activity is responsive to stress conditions and

required for normal stress resistance.  We show that the essential features of this protein

are conserved in C. elegans.  Eliminating gene function by RNAi or a deletion mutation

results in sensitivity to hydrogen peroxide.  RNAi targeting Celms-1 results in decreased

lifespan, and lms-1 appears to act downstream or in parallel with daf-16, the major

mediator of insulin signaling’s effects on stress resistance and longevity.  Furthermore,

CeLMS-1 translocates to the mitochondria in sensory neurons under conditions of

oxidative stress.  These results demonstrate a novel mechanism, conserved from fungi to

a metazoan, that protects cells against oxidative damage and promotes a normal lifespan.

Summary of Rutter lab’s results

Because of the relevance of mitochondrial function in numerous disease states

and physiological processes, extensive efforts have been made to identify conserved

proteins present in the mitochondrion across eukaryotes (Prokisch et al., 2006; Prokisch
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et al., 2004).  The Rutter group sought to use S. cerevisiae as a model system to examine

many of these genes that appeared to be conserved widely, and they found some

intriguing phenotypes associated with mutations in one of these, encoded by LMS1 (yeast

ORF YDR049W).  Deletion of this gene by homologous recombination has no effect on

growth in rich or synthetic glucose medium, but it causes profound sensitivity to a

number of cellular stressors—rapamycin, ZnCl2, FeCl2, hydroxyurea, caffeine, EDTA,

SDS, calcium, and, importantly, hydrogen peroxide.  This last result suggests a function

of LMS1 in protection of mitochondria from oxidative damage, and this role is made

more evident by the fact that combining an lms1 mutation with a mutation in sod2 (yeast

superoxide dismutase homolog) results in potent, synthetic defects in oxygen

consumption, hydrogen peroxide resistance, and acontiase activity.  As mitochondrial

function has been connected to longevity, the chronological lifespan (defined as viability

over time in chronic stationary phase) of lms1 mutants was measured and found to be

reduced, and again the loss of sod2 greatly exacerbated the phenotype of lms1 mutants.

These results suggested a role for LMS1 in maintaining the health of mitochondria, and

this function appears to be conserved across eukarya, as expression of either the yeast or

human LMS1 homolog from a centromeric plasmid was able to at least partially rescue

the lms1 mutant’s growth defect on rapamycin.  The mechanism by which Lms1 protects

against stress was unclear, as it contains four recognizable domains (a zinc-finger

domain, coiled coil, SCOP family ankyrin repeat, and a highly conserved domain of

unknown function—see Fig. 1A), none of which possesses an obvious catalytic activity.

To verify the mitochondrial localization of Lms1, the Rutter group examined the

subcellular localization of a C-terminally GFP-tagged Lms1 that was able to rescue the
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defects of the mutant.  Surprisingly, in synthetic glucose medium Lms1 was found to be

exclusively cytoplasmic in 95% of cells.  In the remaining 5%, a fraction of Lms1 protein

was found to colocalize with mito-RFP.  Strikingly, however, the addition of rapamycin

to the growth medium resulted in a redistribution of Lms1 protein to the mitochondria in

all cells.  Exposure to hydrogen peroxide, inactivation of sod2, and prolonged stationary

phase all force Lms1 to localize to the mitochondria, and all of these are conditions under

which lms1 mutants are sensitive, suggesting that this colocalization is important for the

endogenous function of Lms1.  Antimycin plus oligomycin treatment, as well as the loss

of mtDNA, reduce mitochondrial membrane potential and promote Lms1 mitochondrial

localization as well.  In sum, these results imply that Lms1 is able to sense mitochondrial

dysfunction and, in response, migrate to the mitochondria.

To determine the mechanism of Lms1 translocation to the mitochondria, a series

of deletions in lms1 were constructed, and the localization of the resultant proteins was

assessed.  Deletions of the ankyrin repeat and coiled coil domains had no effect on the

ability of Lms1 to migrate to the mitochondria (although they, as well as the other two

domains, were all required for Lms1 function in vivo).  Removal of a highly conserved

domain in the center of the protein completely abolished mitochondrial localization, even

under rapamycin treatment.  A mutant containing only this region was constitutively

found at the mitochondria (this domain was named the mitochondrial targeting domain,

or MTD).  Removal of the zinc finger domain also resulted in constitutive mitochondrial

localization.  This suggested the possibility that the zinc finger domain serves to inhibit

the ability of the MTD to force mitochondrial translocation via intramolecular, direct

interaction (Lms1 was found to be exclusively monomeric by gel filtration
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chromatography).  In support of this hypothesis, these two domains were found to

interact, both by a yeast two-hybrid system and direct immunoprecipitation in vivo.

While useful in determining how Lms1 localization is regulated, the domain

structure of Lms1 offered no hints as to the mechanism of protection from oxidative

stress.  Because of this, the Rutter group used a TAP-tagged form of the protein (which

was functional in vivo) to identify binding partners.  After pull-down, a band that

associated stably with Lms1 was found, and by mass spectrometry this was determined to

represent Cdc48, a major component of the ERAD system [one of the major pathways

that serves to maintain endoplasmic reticulum function by targeting misfolded proteins

for degradation by the proteasome (Hampton, 2002)].  These two proteins were found to

co-immunoprecipitate in vivo under normal growth conditions and under rapamycin

treatment.  A mutation in CDC48 known to cause sensitivity to oxidative stress (Braun et

al., 2006) was found to act in the same genetic pathway as LMS1 to promote hydrogen

peroxide resistance, and importantly this mutation was also found to diminish binding

between Cdc48 and Lms1.  Because Cdc48 is a known participant in quality control

processes in the endoplasmic reticulum, the Rutter lab proposed a model whereby Lms1

responds to mitochondrial damage or dysfunction by translocating to the mitochondria

and recruiting Cdc48 to help remove damaged proteins (a mitochondrial system

analogous to ERAD).

In sum, these results demonstrated a novel system for protecting against oxidative

stress in the mitochondria mediated by LMS1.  Because the Lms1 protein is highly

conserved across eukaryotes, the Rutter group was interested in determining whether it

might operate by a common mechanism in metazoa.  C. elegans seemed to be an ideal
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model system for testing this hypothesis.  The worm is not only a tractable system that

makes analysis of the physiological role for lms-1 in an intact organism possible and

expeditious, but it has also been developed as a major model organism for the study of

stress resistance and longevity.  I was intrigued by the prospect of studying a totally novel

mechanism for oxidative stress resistance.  While this project is somewhat divergent from

my work on TORC2 and other fat-regulatory genes, it does relate in substantive ways.

The mitochondrion is a key player in fat metabolism, as it is a major site for the oxidation

of fatty acids, and the TOR pathway is a well-known regulator of mitochondrial

biogenesis (although this function has been ascribed predominantly to TORC1).  Lms1

also played into my interests because of its likely role as part both of the apparatus that

senses cellular damage or mitochondrial output and of the machinery that contributes to

the response to damage.  A fascinating aspect of lipid metabolism is the sensation of

stored or ingested nutrients and the dynamic response that allows an organism to

maintain homeostasis in the face of changes.  The Lms1 story seemed to present an

analogous paradigm, but substituting oxidative stress resistance in place of fat

metabolism.

C. elegans lms-1 is required for normal hydrogen peroxide resistance

As described earlier, LMS1 is a member of a highly conserved family, which

extends throughout eukaryotes.  To determine whether Lms1 functions similarly in higher

eukaryotes, we examined lms-1 function in the nematode C. elegans (the C. elegans

genome contains a single LMS1 homolog encoded by K06H7.3).  Either of two non-

overlapping RNAi constructs targeting lms-1 caused a marked reduction in viability in

response to treatment with hydrogen peroxide (Fig. 1B).  The surviving lms-1-depleted
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individuals were dramatically more lethargic than controls.  These RNAi results were

confirmed by examination of a mutant line harboring a deletion of the majority of the

LMS-1 protein, including the MTD domain (Fig. 1D), which also displayed reduced

viability upon hydrogen peroxide treatment.  lms-1 mutants and RNAi-treated animals

appeared healthy with normal morphology and development, suggesting a specific defect

in oxidative stress resistance rather than a generalized decrease in viability.

Insulin signaling is a well-characterized determinant of C. elegans stress

sensitivity (Martin et al., 1996).  Activation of numerous stress-response genes, including

the mitochondrial superoxide dismutase genes sod-2 and sod-3, is dependent on the

function of the insulin-regulated FOXO transcription factor DAF-16 (Murphy et al.,

2003; Oh et al., 2006).  Mutations in daf-16 suppress the increased stress resistance of

mutants in daf-2, the C. elegans insulin receptor homolog (Henderson and Johnson, 2001;

Martin et al., 1996).  Moreover, like LMS-1, DAF-16 undergoes a subcellular migration

under stress conditions that activate it, moving from the cytoplasm into the nucleus and

potentiating changes in gene expression that protect the organism from oxidative stress

(Henderson and Johnson, 2001).  As expected, daf-16 mutant animals were sensitive to

hydrogen peroxide treatment (Fig. 1C).  We therefore sought to determine the genetic

relationship between lms-1 and insulin signaling in the response to oxidative stress.

Treatment of daf-16 mutants with lms-1 RNAi caused hypersensitivity of similar relative

magnitude to wild-type animals (Fig. 1C), suggesting that lms-1 acts in parallel with or

downstream of daf-16 in protection from oxidative stress.

lms-1 is required for normal lifespan and regulates longevity in parallel with or

downstream of daf-16
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Since LMS1 is required in S. cerevisiae for normal chronological lifespan, we

sought to determine whether this function was conserved in C. elegans.  As expected,

both RNAi constructs targeting lms-1 resulted in a significant and reproducible decrease

in lifespan (Fig. 2).  Furthermore, lms-1 appeared to act in parallel with or downstream of

daf-16 in regulating lifespan, as both RNAi constructs shortened the already attenuated

lifespan of this strain (Fig. 2).  These results demonstrate that lms-1 promotes stress

resistance and longevity in C. elegans, and it appears to regulate both of these processes

in combination with insulin signaling.  As insulin signaling is a metazoan-specific

adaptation, we hypothesize that the lms-1 pathway is a more ancient pathway acting

directly at the mitochondria to reduce damage from stress and promote longevity, and

that insulin signaling represents a more evolutionarily recent, organismal response to

oxidative stress that likely acts through a different mechanism.

LMS-1 is normally cytoplasmic but colocalizes with mitochondria under oxidative

stress

Next we sought to determine the subcellular and organismal expression pattern of

lms-1.  We generated a C. elegans line wherein a C-terminally GFP-tagged form of LMS-

1 was expressed from the putative lms-1 promoter.  LMS-1::GFP is expressed broadly

during embryonic development, but its expression pattern becomes more restricted in

larval stages and in adults (data not shown).  It is expressed in the cells of the intestine

and in specific neurons in the head, tail, and the ventral nerve cord (Fig. 3A).  The head

neurons appear to be a subset of amphid neurons, but the identity of these cells was not

determined.  Under normal growth conditions, LMS-1::GFP is localized to the cytoplasm

in intestinal cells and neurons (see control in Fig. 3B and Fig. 4A).  LMS-1::GFP is
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localized uniformly along the dendritic processes of amphid neurons.  LMS-1::GFP

appears to be excluded from mitochondria, as shown by lack of co-localization with a

pan-neuronally-expressed (using the egl-3 promoter) fusion of the mitochondrial protein

DIC-1 and mCherry (Han et al., 2006; Kass et al., 2001) (untreated in Fig. 3B).  This

pattern of subcellular localization is consistent with the results from S. cerevisiae grown

under normal conditions.

Upon treatment with hydrogen peroxide, however, we observed a striking change

in the subcellular localization of LMS-1.  Similar to what was noted in S. cerevisiae,

under oxidative stress LMS-1 appeared to aggregate in punctae that colocalized precisely

with our mitochondrial marker, suggesting a translocation to the mitochondria (Fig. 3B).

This occurred rapidly (within one hour) when treated with concentrated hydrogen

peroxide.  This subcellular localization was especially apparent in the dendritic processes

of the sensory neurons expressing LMS-1.  As mentioned previously, in these cells LMS-

1::GFP is normally found in a uniform distribution throughout dendritic processes (with

the exception that it seems to be excluded from mitochondria).  LMS-1::GFP was found

nearly exclusively in punctae, which colocalized with a mitochondrial marker, with

hydrogen peroxide exposure (Fig. 3B). This pattern of regularly spaced punctae in

dendrites is identical to that seen for other mitochondrial proteins expressed in similar

neurons (Hu and Barr, 2005; Lee et al., 2003).  As a control, I treated a strain expressing

GFP fused to the tub-1 promoter with the same hydrogen peroxide exposure.  tub-1 is

expressed in all amphid neurons, in which lms-1 is also expressed (Mak et al., 2006).  We

observed many qualitative differences between this strain and the one expressing LMS-

1::GFP.  With LMS-1::GFP, nearly all animals displayed a punctate distribution in the

179



amphid neurons after hydrogen peroxide treatment; Ptub-1::GFP in most animals (~60-

80%) still remained in a smooth, cytoplasmic distribution (data not shown).  Some

animals in this condition did, however, display a punctate distribution of GFP, but this

distribution differed from that of LMS-1 in several important ways.  The spacing between

punctae was much less regular that that of LMS-1 and known mitochondrial markers.

The size of punctae was also significantly more variable with Ptub-1::GFP than with LMS-

1::GFP, which displayed nearly uniform puncta size.  Finally, the punctae seen with Ptub-

1::GFP were much dimmer in fluorescence than those of LMS-1::GFP.  They bleached

much more quickly than LMS-1::GFP under the fluorescence microscope, suggesting that

the amount of GFP in these punctae was lower in the Ptub-1::GFP-bearing strain (although

total fluorescence under normal conditions was comparable).  For these reasons, and the

striking colocalization with a well characterized mitochondrial marker, we argue that the

change in localization seen with LMS-1::GFP in neurons is not a non-specific effect of

cellular toxicity, but rather (as seen in S. cerevisiae) a regulated translocation to the

mitochondria.  In intestinal cells, LMS-1::GFP also appeared to transition from smooth,

cytoplasmic localization to a noticeably more punctate distribution under the same

conditions (Fig. 4A-B), but we are not able to state whether these punctae correspond to

mitochondria, as this strain did not express a mitochondrial marker in the intestinal cells

(I also did not examine localization in the intestinal cells with the same frequency that I

examined the neurons).  Taken together, these results argue that the translocation of

LMS-1 from the cytoplasm to the mitochondria under oxidative stress is a conserved

feature of this protein.
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Discussion

 My work, combined with the extensive work from the Rutter lab, comprises the

initial characterization of a novel protein required for protection from oxidative stress and

longevity.  Our results demonstrate some fundamentally conserved features of this

protein: it promotes resistance to oxidative damage by hydrogen peroxide, facilitates a

normal lifespan, and under conditions in which it is required to maintain viability, the

protein itself translocates from the cytosol to the mitochondria.  Work in yeast was able

to describe each of these characteristics in greater mechanistic detail.  LMS1 is required

for resistance not just to hydrogen peroxide but a bevy of cellular stressors.  It regulates

lifespan and stress resistance in parallel with superoxide dismutase, because the

combined loss of both results in a profound, synthetic decrease in viability.  Interestingly,

in C. elegans daf-16 positively regulates the expression of the superoxide dismutase

genes sod-2 and sod-3, thus suggesting one explanation for the genetic interaction

between daf-16 and lms-1 for stress resistance and lifespan.  Mechanistic studies on Lms1

ascribed functions to the MTD and zinc finger domains in regulating its subcellular

localization.  The MTD seems to drive translocation to the mitochondria, while the zinc

finger domain inhibits this function in cis, likely through direct interaction.  Finally, the

interaction between Lms1 and Cdc48 suggests a possible mechanism for the protective

effects of Lms1 at the mitochondrion—it may promote protein quality control in a

manner similar to the ERAD system.

These studies have sketched a basic framework for Lms1 function and regulation;

many interesting problems await further discoveries.  Because conditions that cause

oxidative stress and decrease mitochondrial membrane potential force Lms1
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translocation, the Rutter group argues that Lms1 is responsive to mitochondrial

dysfunction, and not oxidative damage or free radicals per se.  Oxidative damage is

known to decrease mitochondrial function through a variety of mechanisms—direct

damage to proteins, mutations in mtDNA, etc.  What is the precise stimulus upstream of

Lms1?  Is Lms1 itself the sensor, or is it regulated by another protein that directly senses

mitochondrial function?  How is the binding between the MTD and zinc finger domains

regulated in a dynamic way?  Determining the precise mechanism used by Lms1 to sense

and respond to mitochondrial perturbations will be essential to understanding its

physiological activities.

Another interesting question raised by these studies is whether the effects LMS1

has on lifespan are by-products of its protection from oxidative damage, or whether the

two functions are independent.  The relationship between oxidative damage and longevity

has been controversial.  While it is true that many genes, notably daf-16, regulate both

processes (Martin et al., 1996), the extent to which they are connected is not clear.

Mitochondrial output influences lifespan (Felkai et al., 1999; Feng et al., 2001), although

it is not certain whether this is due to the production of reactive oxygen species.  Deletion

of the five superoxide dismutase genes in C. elegans has either no significant effect or in

some cases increases longevity, even though oxidative damage is more extensive in these

animals (Doonan et al., 2008; Van Raamsdonk and Hekimi, 2009).  In these mutants,

therefore, oxidative damage does not correlate with diminished longevity, although the

direct consequences of oxidative damage could be masked by compensatory changes in

the organism resulting from the loss of sod gene activity.  Recent work has indeed

suggested a hormetic effect of reactive oxygen species—at low levels they can induce a
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stress response that boosts longevity, and administration of antioxidants can actually

reduce longevity in this situation (Schulz et al., 2007).  Understanding the ultimate

mechanisms by which Lms1 protects from oxidative stress and promotes longevity (as

well as whether these are one and the same) may help shed light on the complicated

relationship between these two physiological processes.

Many questions regarding the function of lms-1 in C. elegans remain as well.  The

gene is expressed in many tissues of the animal, but what are the relative contributions of

its activity in each tissue towards overall stress resistance and longevity?  To address this,

future experiments could assess whether the Plms-1::LMS-1::GFP transgene is able to

rescue the hydrogen peroxide sensitivity and likely decreased lifespan of the lms-

1(tm3229) mutant.  If it is indeed able to do so, one could then use tissue-specific

promoters to rescue lms-1 function in the tissues where it is found to determine the

answer.  Conclusive determination of the identity of cells expressing lms-1 would be

essential for these experiments (a good start would be to look at the various dye-filling

assays and expression of reporter gene constructs coincident with LMS-1::GFP to

identify the neurons in which it is expressed).  One could also look for genetic

interactions between lms-1 and mitochondrial function (through use of the isp-1 and clk-1

mutations), superoxide dismutases (through use of sod gene mutations), and the caloric

restriction paradigms to determine how this gene fits in with the known regulators of

stress response and lifespan.  Would expressing a constitutively mitochondrial form of

LMS-1 (through deletion of the zinc finger domain) protect animals from stress and

extend lifespan?  One could also use tissue-specific expression to probe the relevant

tissues for these phenotypes as well.  Does lms-1 perform the same protective functions
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in the amphid neurons that it does in the intestine, i.e., are all functions of lms-1 cell-

autonomous and identical across tissues, or has it been adapted for unique purposes in

different tissues in metazoans?  The mechanistic functions of lms-1 at a subcellular level

will certainly be answered more easily using S. cerevisiae, but for probing the relevance

of lms-1 across an entire metazoan, C. elegans should prove an ideal model system.  The

far-reaching influence of mitochondrial function and oxidative stress resistance over

numerous pathological states should also ensure far-reaching interest in these future

studies.

184



control RNAi 1 RNAi 2
0

10

20

30

40

50

60

70

80

%
 s

ur
vi

vi
ng

**

**

0

10

20

30

40

50

60

70

80

%
 s

ur
vi

vi
ng

control RNAi 1 RNAi 2

**

*

0

10

20

30

40

50

60

70

80

%
 s

ur
vi

vi
ng

*

wild type lms-1(tm3229)

B

C

D

Zn F MTD SCOP CC

A
N C

Figure 1

185



Figure 1: lms-1 is required for normal resistance to hydrogen peroxide

A.  Schematic representation of the domain structure of LMS-1.  LMS-1 contains a zinc

finger domain (ZnF), mitochondrial targeting domain (MTD), SCOP family ankyrin

repeat (SCOP), and a predicted coiled-coil region (CC).

B. Wild-type (N2) worms were grown to the first day of egg-laying on bacteria

expressing vector control or either of two independent lms-1 RNAi constructs, and their

survival was scored after 5 h in 20mM H2O2 at room temperature.  Results shown are the

average ± s.d. of three replicate experiments comprised of 100 animals each. * p<0.05

and ** p<0.01.

C. daf-16(mu86) worms were grown to the first day of egg-laying on bacteria expressing

vector control or either of two independent lms-1 RNAi constructs, and their survival was

scored after 5 h in 20mM H2O2 at room temperature.  Results shown are the average ±

s.d. of three replicate experiments comprised of 100 animals each. * p<0.05 and **

p<0.01.

D. Wild-type (N2) and lms-1(tm3229) worms were grown to the first day of egg-laying

on HT115 bacteria, and their survival was scored after 5 h in 20mM H2O2 at room

temperature.  Results shown are the average ± s.d. of three replicate experiments

comprised of 100 animals each. * p<0.05 and ** p<0.01.
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Figure 2:  lms-1 is required for normal longevity and regulates lifespan in parallel

with or downstream of daf-16

Wild-type (N2) or daf-16(mu86) mutant worms grown on bacteria expressing

vector control or either of two independent lms-1 RNAi constructs were assayed for

lifespan. Mean lifespans were as follows: wild type on vector control was 18.0±0.09 d,

wild type on RNAi 1 was 15.5±0.12 d (p<0.0001), wild type on RNAi 2 was 15.0±0.15 d

(p<0.0001), daf-16 on vector control was 12.1±0.09 d, daf-16 on RNAi 1 was 10.3±0.06

d (p<0.0001), and daf-16 on RNAi 2 was 9.3±0.05 d (p<0.0001).  p values reflect

statistical significance of each RNAi treatment compared to vector control for each strain.
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Figure 3:  Expression pattern of lms-1 and mitochondrial translocation under

oxidative stress

A. Expression pattern of LMS-1::GFP expressed under lms-1 promoter in a wild-type

background.  Fluorescence and DIC images have been merged. Above picture is

representative of expression pattern for lms-1 at all post-embryonic stages of

development.  Intestinal expression showed similar subcellular localization to other

tissues, but the increased level of expression at the posterior end of the gut could be due

to the use of the unc-54 3’UTR.

B. Subcellular localization of LMS-1::GFP in dendritic processes of amphid neurons was

imaged in worms co-expressing Plms-1::LMS-1::GFP and the mitochondrial marker (Pegl-

3::DIC-1::mCherry).  Worms were treated for one hour in either M9 (control-top) or

200mM H2O2 dissolved in M9 (bottom).  Representative images for each population are

shown.  Note exclusion of LMS-1::GFP from mitochondria in control treatment

(arrowheads) and predominantly mitochondrial localization after hydrogen peroxide

treatment.
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Figure 4: Subcellular localization of LMS-1 in intestinal cells under normal growth

and oxidative stress conditions

LMS-1::GFP expressed from the lms-1 promoter was imaged in the posterior-

most intestinal cells. Worms were treated for one hour in either M9 (A) or 200mM H2O2

dissolved in M9 (B).  Note extensive graininess of LMS-1::GFP after hydrogen peroxide

treatment.  Whether this shift represents a translocation to the mitochondria, as seen in

Fig. 3B in amphid neurons, remains to be determined.
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Chapter V: Dissecting a network of nuclear receptors and a cytochrome

P450 that regulates fat staining
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Abstract

The cytochrome P450 family of monooxygenase enzymes is present from bacteria

to humans and is utilized for an extremely broad set of functions.  The C. elegans genome

contains 81 predicted cytochrome P450 enzymes, but the physiological roles of the vast

majority of these genes have remained unknown.  Two genes, cyp-35A5 and cyp-35A3,

are required for normal fat staining by Nile Red.  One of these, cyp-35A5, is expressed in

the intestinal cells throughout development and is regulated by a set of nuclear receptors,

a family of transcription factors known to govern cytochrome P450 transcription.

Interestingly, while Nile Red staining is dramatically reduced and qualitatively altered by

cyp-35A5 RNAi, fat content appears normal by other means of assessment.  These results

indicate that cyp-35A5 and its regulatory network identified here are unlikely to be major

regulators of adiposity in C. elegans, but they are critically important for vital lipid

staining by Nile Red and may represent a major component of the xenobiotic clearance

machinery.

Introduction

Cytochrome P450 enzymes are hemoproteins that catalyze the addition of a single

oxygen to their substrates.  In animals, most members of this family are found in

microsomal membranes and require a partner (usually a cytochrome P450 reductase) to

supply reducing power and allow them to complete their catalytic cycle.  Cytochrome

P450 enzymes are characterized by their ability to reduce substrates at specific sites, even

though their large active sites allow them to catalyze the oxidation of an extremely broad

repertoire of compounds (Schoch et al., 2004).  Because of their ability to oxidize a wide

variety of substrates, P450s are used for a diverse set of functions.  The best-
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characterized function of P450 enzymes is the elimination of xenobiotic compounds.  In

humans, P450s are the major players in phase I drug metabolism (occurring

predominantly in the liver); it is estimated that P450s are responsible for half of all drug

elimination, including 80% of oxidative drug metabolism (Wilkinson, 2005).  P450

functions in drug metabolism comprise an enormous area of pharmaceutical research

because many adverse drug interactions stem from how compounds are metabolized by

P450s, and because human polymorphisms in P450 genes are thought to contribute to

individual variety in drug response (Wilkinson, 2005).  P450s also act on a number of

endogenous substrates important for numerous physiological processes, including

cholesterol synthesis (Pikuleva, 2006), production of steroid hormones (Simpson et al.,

2002), and production of arachidonic acid metabolites that control vasodilation and ion

transport (Zeldin et al., 1995).  Remarkably, even single enzymes function in all of these

P450-mediated processes—human CYP2C8, the human P450 most similar to worm

CYP-35A5, acts upon both endogenous substrates such as arachidonic acid and estradiol

and xenobiotic compounds such as warfarin, taxol, and multiple thiazolidinediones

(Rendic, 2002).  Because individual P450s could potentially act on so many different

substrates, we thought it compelling to examine the specific role of cyp-35A5 in

regulating fat metabolism because it could potentially convert an endogenous lipid into a

signaling moiety.

Although the C. elegans genome contains 81 putative cytochromes P450, nearly

all of these have uncharacterized physiological functions.  Many are thought to

participate in clearance of xenobiotic compounds.  In response to specific xenobiotics,

mammalian nuclear receptors induce expression of P450s that metabolize them, as well
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as ABC transporters that remove them from cells (Chawla et al., 2001).  In the worm, the

CYP35A family, including cyp-35A5, is transcriptionally upregulated in response to

multiple xenobiotic compounds, including ß-naphthoflavone, lansoprazole, and atrazine

(Menzel et al., 2001; Menzel et al., 2005).  Exposure to polychlorinated biphenyls results

in upregulation of several nuclear receptor and P450 genes (Menzel et al., 2007). Since

the C. elegans genome contains many P450s and more than five times the number of

nuclear receptors as humans, the worm is likely to possess an extensive xenobiotic

response network.

Only one P450 in C. elegans, DAF-9, has been characterized in significant depth.

daf-9 mutants were originally isolated in screens to identify genes regulating dauer

formation and morphology (Albert and Riddle, 1988).  Several lines of evidence

indicated that daf-9 acts to produce a hormone that modulates nuclear receptor activity to

transduce developmental signals throughout the organism.  daf-9 is expressed in a small

subset of cells in the worm, but its dauer-constitutive (daf-c) phenotype is suppressed by

mutations in daf-12, a nuclear receptor that acts in multiple tissues to coordinately

regulate all the requisite processes needed to remodel a larval animal into a dauer

(Gerisch and Antebi, 2004; Gerisch et al., 2001; Mak and Ruvkun, 2004).  Furthermore,

extreme cholesterol deprivation results in phenotypes similar to those of daf-9 mutants,

suggesting that the product of daf-9 is a steroid hormone (Gerisch et al., 2001).  Whereas

loss-of-function alleles of daf-12 are dauer-defective (daf-d) and suppress the daf-c

phenotype of daf-9, three independently isolated alleles of daf-12 result in a daf-c

phenotype and map to the same amino acid in the ligand-binding domain, suggesting that

they enable daf-12 to function independent of ligand input (Antebi et al., 2000).  This
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model was confirmed by the discovery of DAF-9 products (sterol-derived metabolites)

that directly bind the ligand-binding domain of DAF-12 and transactivate it in reporter-

based assays (Motola et al., 2006).  This work definitively described the first P450-

mediated hormonal signaling in C. elegans and represents the first de-orphanizing of a

nematode nuclear receptor.  Interestingly, certain P450s in mammals are also known to

produce ligands for nuclear receptors, including PPARα, an important regulator of lipid

metabolism (Cowart et al., 2002).  It has been extremely difficult, however, to

demonstrate the physiological relevance of these ligands in mammals in a manner as

elegant and convincing as the work on daf-9.

Our interest in P450 function in C. elegans arose because RNAi-mediated

inactivation of two P450 genes, cyp-35A3 and cyp-35A5, results in a profound reduction

in Nile Red staining, as well as a dramatic change in the appearance of staining (from a

punctate pattern to a hazy, diffuse one) (Ashrafi et al., 2003).  P450 enzymes have not

been implicated directly in the regulation of fat storage.  Because of this, combined with

the precedents discussed above for P450 production of lipid- and sterol-derived signaling

hormones, we hypothesized that these P450s might produce a signal from dietary or

stored lipids that is required for proper fat storage.  While several other metabolic assays

failed to support this hypothesis, we did uncover a set of nuclear receptors and other

genes that regulate the expression of one of these P450s, cyp-35A5.  This regulatory

network is likely to function in xenobiotic defense and could offer a genetic system with

which to elucidate conserved principles of xenobiotic clearance.
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Results

cyp-35A5 is required for normal Nile Red staining but not for normal fat content, as

assayed by other staining methods

cyp-35A5 and cyp-35A3 were originally identified in an RNAi-based screen for

genes that affect Nile Red staining, and both were noted as having dramatically reduced

Nile Red staining in all backgrounds tested (Ashrafi et al., 2003).  Although it is likely

that both genes regulate Nile Red staining, we cannot rule out the possibility that RNAi

against either may reduce expression of both, or that both RNAi treatments inactivate a

non-specific gene or the other P450, causing Nile Red reduction by an off-target effect.

Since these experiments, a strain bearing a deletion in cyp-35A5 has become available,

but this strain has not been examined by Nile Red staining.  Of the two genes, cyp-3A5

was selected for future study.  Treatment with cyp-35A5 RNAi leads to a dramatic

reduction in Nile Red fluorescence, as well as a change in the appearance of staining.

Nile Red no longer localizes predominantly to discrete punctae, but instead it fills the

animal with a low fluorescence intensity haze (Fig. 1A).  cyp-3A5 RNAi does not result

in any other apparent phenotypes (morphological, developmental, or behavioral).  On the

basis of its Nile Red phenotype, we hypothesized that cyp-35A5 is critically important for

normal fat content.

To confirm a reduced-fat phenotype, we examined cyp-35A5 RNAi-treated

animals by other fat-staining methods.  Surprisingly, vital staining twelve-carbon fatty

acid-conjugated BODIPY was normal in treated animals (Fig. 1B).  Although BODIPY

stains some fat stores that Nile Red does not (such as those in hypodermal cells), the two

dyes generally give very similar phenotypes; their overlap is more extensive than the
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overlap between Nile Red and fixation-based staining methods (like Sudan Black).  In

fact, Nile Red and BODIPY stain nearly identical compartments in intestinal cells (Jones

and Ashrafi, 2009).  As a second confirmation, we assessed fat content in RNAi-treated

animals with Sudan Black B, a dye used to stain fixed worms.  Again we noted no

difference between control and cyp-35A5 RNAi-treated animals (Fig. 1C).  These results

suggest that cyp-35A5 RNAi-treated animals are defective in Nile Red staining and not in

overall stored fat.  The fact that they are seemingly healthy, with normal brood size,

intestinal appearance, developmental rate, and size, would also seem to argue against a

dramatic alteration in lipid metabolism.  Finally, we failed to detect any significant

changes in the expression of more than 90 metabolic genes upon treatment with RNAi

(data not shown).  While not all strains with altered fat content have dramatic changes in

metabolic gene transcription, these results are consistent with the hypothesis that

inactivation of cyp-35A5 fails to disrupt endogenous fat metabolism.

cyp-35A5 is expressed in intestinal cells throughout development

We next wanted to determine the spatial and temporal aspects of cyp-35A5’s

expression.  We engineered a transgene expressing the genomic cyp-35A5 locus under the

control of 2617 base pairs of the presumed endogenous promoter and fused to GFP and

the unc-54 3’ UTR at the C-terminus (see Materials and Methods for details).  Expression

was noted from eggs into adult animals.  In transgenic animals, expression was restricted

to the intestinal cells at all stages of development (Fig. 2).  This expression pattern is

exactly the same as what has been reported for another member of the CYP35 family of

genes, cyp-35A2 (Menzel et al., 2001).  Importantly, the intestinal cells are the site of

Nile Red staining, as well as a major tissue involved in the removal of xenobiotic
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compounds.  We did not assay subcellular localization of CYP-35A5::GFP with any

markers for endoplasmic reticulum or other microsomal compartments.  GFP was visible

throughout the intestinal cells, except for the nucleus (Fig. 2).  The expression pattern

observed for cyp-35A5 is consistent with roles in Nile Red staining and xenobiotic

clearance.

cyp-35A5 expression is regulated by a set of nuclear receptors

In order to identify genes that regulate cyp-35A5 expression, we undertook an

RNAi-based screen for gene inactivations that alter expression of cyp-35A5::GFP.  We

screened this strain using all RNAi clones previously identified to regulate Nile Red

staining (Ashrafi et al., 2003) in order to find genes that regulate both Nile Red staining

and cyp-35A5 expression.  We identified 19 RNAi clones that potently and reproducibly

(these clones were screened a total of three times and sequenced) altered cyp-35A5

expression (Table 1).  These 19 genes represent proteins that span a wide range of

functions, from transcription factors to metabolic enzymes (as well as several with

unknown functions, and interestingly another cytochrome P450 enzyme).  As this screen

utilized a full-length GFP fusion reporter, we do not know whether these genes affect

cyp-35A5 transcription or regulate its protein abundance through post-transcriptional

mechanisms.  We also cannot rule out the possibility that a decrease in GFP signal results

from a general sickness or non-specific lowering of intestinal gene expression.  This can

easily be addressed by testing other intestinal GFP constructs or by monitoring transcript

levels of multiple intestinally expressed genes.  Interestingly, almost every RNAi clone

identified in this screen reduced the expression of cyp-35A5, but a single clone
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(corresponding to nhr-88) increased expression.  This subset of genes likely includes

many endogenous regulators of cyp-35A5 function in vivo.

Of these 19 genes, we were particularly interested in three nuclear receptors that

emerged from this screen.  Nuclear receptors are known to be major regulators of P450

gene expression in a variety of physiological contexts (Chawla et al., 2001).  Knockdown

of these genes by RNAi also resulted in potent expression phenotypes (Fig. 3).  RNAi-

mediated inactivation of nhr-8 and nhr-10 both resulted in decreased cyp-35A5

expression, while inactivation of nhr-88 potently increased expression (Fig. 3).  We are

not able to state whether any of these nuclear receptors acts directly on the cyp-35A5

promoter.  This screen also identified two other transcription factors: sbp-1 (homolog of

Srebp/ADD1, a major regulator of adipogenesis and fat synthesis) and ztf-27 (nematode-

specific transcription factor with a zinc finger domain) (Fig. 3).  Although later evidence

(Figs. 1B-C) argued against a role for cyp-35A5 in fat storage, it now seems much more

likely that cyp-35A5 functions in xenobiotic clearance in vivo; its expression has been

shown to be responsive to the administration of toxic compounds (Menzel et al., 2001;

Menzel et al., 2005).  Since nuclear receptors are known to mediate xenobiotic defense,

this newly identified network of nuclear receptors and cyp-35A5 may function to protect

the animal from exogenous toxins.

Discussion

This work describes the phenotypes associated with inactivation of cyp-35A5 by

RNAi.  The only phenotype that differs significantly from wild type is a severe reduction

in Nile Red fluorescence and an overall hazy appearance of staining.  This staining

phenotype apparently does not correlate with an alteration in fat storage, as vital staining
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with fatty acid-conjugated BODIPYand fixed staining with Sudan black both reveal

normal fat stores.  cyp-35A5 is expressed in intestinal cells throughout development, and

a screen for regulators of its expression revealed a set of 19 genes that affect both CYP-

35A5::GFP and Nile Red staining.  Intriguingly, this set includes three nuclear receptors:

nhr-8, nhr-10, and nhr-88.  The latter seems to inhibit cyp-35A5 expression, while the

others positively regulate expression.

Because of the well-known role of certain nuclear receptors in upregulating P450

expression in response to xenobiotic exposure, this network of genes is likely to serve as

a portion of the xenobiotic clearance machinery.  In fact, one of these nuclear receptors,

nhr-8, has already been shown to act with an ABC transporter to protect from colchicines

and chloroquine (Lindblom et al., 2001).  nhr-88 and nhr-10 are two of the many

nematode nuclear receptors most similar to the hepatocyte nuclear factor (HNF)-4 family

in mammals (a family of nuclear receptors not known to be a major contributor to

xenobiotic responses).  It would be interesting to establish whether either of these

transcription factors plays a role in xenobiotic defense.  It is similarly unknown whether

cyp-35A3 is regulated by the same components and whether both P450s act on any other

xenobiotic compounds.  Because of the ease of RNAi-based screening in C. elegans, one

could easily inactivate each P450 and assay sensitivity to a variety of toxic compounds; it

would then be possible to group the P450s into functionally similar classes and determine

whether their expression might be regulated by shared components (one could also take

the same approach for nuclear receptors and ABC transporters).  C. elegans could

represent a genetically tractable system to examine the organization of xenobiotic defense
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networks, and with its extensive set of P450s and nuclear receptors, C. elegans is sure to

possess a robust system for elimination of toxic compounds.

This work also illuminates some important and unexpected aspects of vital fat

staining by Nile Red.  Why are cyp-35A3 and cyp-35A5 required for normal Nile Red

staining?  Oxidation by P450s is not likely to be required for staining of fats by Nile Red.

Oxidation by P450s aids drug clearance by increasing the solubility of compounds in

aqueous solution; Nile Red only fluoresces strongly in a hydrophobic environment

(Greenspan et al., 1985).  While Nile Red could be considered a xenobiotic compound, it

is surprising from this perspective that the loss of two P450s would cause a decrease in

staining.  Inactivation of either P450 might cause a compensatory upregulation of another

P450, which then might act to oxidize Nile Red and lead to diffuse, low-fluorescence

staining.  It seems most likely that the effects of cyp-35A3/5 inactivation are specific to

the Nile Red dye itself and not due to altered uptake of fats, because fatty acid-conjugated

BODIPY staining, which is present in the same particles that store Nile Red in the

intestine, is normal.  For this reason, genetic manipulations that alter Nile Red and not

BODIPY staining are relatively rare; other examples are select compounds identified by

George Lemieux (unpublished data).  It is of great importance to the use of Nile Red to

understand why its staining might be selectively altered in these backgrounds; these

instances might offer unique insights into the physiological processing of this important

reagent.  At least in these few cases, Nile Red seems to be processed in a manner distinct

from both dietary fats and fatty acid-conjugated BODIPY.  Studying cyp-35A5 might

therefore be quite useful in elucidating the reasons behind this difference.
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Figure 1: cyp-35A5 rnai has reduced Nile Red staining but otherwise normal fat

content

A. Images of Nile Red staining of lipids in anterior intestinal cells of adult wild type

animals treated with vector control or cyp-35A5 RNAi.  Representative images are shown

for each condition.  In both images, anterior of the animal is to the left.  In all

experiments using this RNAi, clone from the Ahringer feeding library was used (Kamath

et al., 2003).

B. Images of twelve-carbon fatty acid-conjugated BODIPY staining of lipids in anterior

intestinal cells of adult wild type animals treated with vector control or cyp-35A5 RNAi.

Representative images are shown for each condition.  In both images, anterior of the

animal is to the left.

C.  Images of Sudan Black B staining in L4 wild type animals treated with vector control

or cyp-35A5 RNAi. Representative images are shown for each condition.  In both images,

anterior of the animal is to the left.
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Figure 2
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Figure 2: cyp-35A5 is expressed in intestinal cells

Representative image of expression pattern of Pcyp-35A5::CYP-35A5::GFP.  Note

that expression is seen exclusively in the intestinal cells in adult animals, but that some

GFP is also visible in the fertilized embryos that have yet to be laid.  GFP also appears to

be excluded from the nucleus.
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Table 1: Gene inactivations that alter cyp-35A5 expression and reduce Nile Red

staining

Gene ID Molecular function Effect on cyp-35A5
expression

Effect on Nile
Red staining*

lpd-3 Novel protein required for fat
storage

Reduced Reduced

acs-19 Acyl-CoA synthetase Reduced Reduced
nsh-1 Nuclear DEAD-box helicase Reduced Reduced
uso-1 Vesicle-tethering protein

involved in ER-Golgi
transport

Reduced Slightly reduced

hhat-2 Protein-cysteine N-
palmitoyltransferase

Reduced Slightly reduced

elo-2 Palmitic acid elongase Reduced Reduced
sbp-1 SREBP homolog Reduced Reduced
nhr-8 Nuclear receptor Reduced Increased
C01G6.5 Contains forkhead-associated

domain
Reduced Reduced

nhr-10 Nuclear receptor Reduced Reduced
ztf-27 Transcription factor Reduced Reduced
nhr-88 Nuclear receptor Increased Dramatically

reduced
cyp-35b1 Cytochrome P450 Reduced Slightly reduced
T07C12.11 Unknown Reduced Reduced
tbc-18 Unknown, contains TBC,

SH3, RUN domains
Reduced Reduced

T10C6.10 Unknown, contains F-box Reduced Reduced
acp-5 Lyosomal acid phosphatase Reduced Dramatically

reduced
glo-3 Unknown, required for gut

granules
Reduced Dramatically

reduced
C30G4.5 Unknown Reduced Slightly reduced
*Phenotypes taken from (Ashrafi et al., 2003).
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Figure 3: cyp-35A5 expression is regulated by set of nuclear receptors

Representative images of wild-type, adult animals expressing Pcyp-35A5::CYP-

35A5::GFP and grown on vector control or given RNAi clone.  For all experiments in

this figure, clones from the Ahringer feeding library were used (Kamath et al., 2003).

Images were taken with identical exposure times and camera settings.
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Chapter VI:  C. elegans as a model system for examining the regulation

of SREBP activation
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Abstract

SREBP (sterol regulatory element binding protein) exerts a powerful influence

over lipid storage through its control of fatty acid and cholesterol biosynthesis.  The basic

machinery that controls SREBP activation has been well characterized and appears to be

widely conserved.  Activation requires multiple steps and allows for upstream regulatory

inputs and feedback circuits at many levels, allowing SREBP to function dynamically to

promote lipid and sterol homeostasis.  How this basic machinery fits in with the larger

network of pathways that govern organismal metabolism is less well understood.  We

undertook a series of experiments to establish a working system to examine the

regulation of SREBP activation in C. elegans.  Because of its inherent genetic tractability,

C. elegans may offer a tremendous opportunity to uncover new inputs into the SREBP

pathway.  Here we describe our methodology for establishing a model system to examine

SREBP in C. elegans, consisting of a reporter strain amenable to genetic screening,

Western blotting to confirm effects on SREBP processing, and a group of target genes to

examine the output of SREBP activation.  While the original reporter strain may not be

usable, we have engineered a pair of transgenes that could be made into suitable reporter

lines.  This system holds great promise to help elucidate the genetic components that

allow SREBP to be regulated in the context of organismal fat storage.

Introduction

The basic mechanism of SREBP activation, widely conserved across eukaryotes,

is an elegant pathway that has evolved to permit homeostatic maintenance of proper lipid

and sterol levels (Rawson, 2003).  A string of truly insightful and creative experiments

(indeed one of the preeminent stories in mammalian genetics) revealed how SREBP is
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activated and suggested means for homeostatic feedback regulation.  SREBP was first

isolated as a protein that bound to regulatory motifs found in the promoters of various

genes controlling sterol synthesis and transport (Briggs et al., 1993; Wang et al., 1993).

Interestingly, this transcription factor is first translated as a membrane-bound protein

resident in the ER.  Upon activating conditions, two sequential proteolysis reactions

liberate the N-terminal portion, which is then able to potentiate gene transcription in the

nucleus (Sakai et al., 1996).  The three proteins essential for this process were all cloned

through genetic analyses and complementation cloning in mammalian cell lines deficient

in sterol synthesis (Hua et al., 1996; Rawson et al., 1997; Sakai et al., 1998).  SCAP

(SREBP cleavage-activating protein) binds SREBP and retains it in the ER.  SCAP also

contains a sterol-sensing domain that allows its activity to be modulated by the

composition of the ER membrane in which it resides.  Under low sterol conditions, SCAP

releases SREBP, which is then trafficked to the Golgi, where it undergoes sequential

proteolysis steps catalyzed by the Site-1 and Site-2 proteases.  The sterol-sensing domain

of SCAP is a key player in this pathway.  It changes conformation depending upon its

membrane environment, directly allowing sensation of the cellular lipid and sterol

composition.  It also interacts with the Insig proteins, which bind the SREBP-SCAP

complex under high sterol conditions and retain it in the ER (Yang et al., 2002).  These

unique properties allow SREBP activation to be coupled directly to cellular membrane

composition.

While the basic mechanism was discovered by examining sterol synthesis, the

SREBP pathway controls other aspects of metabolism as well.  Mammals express three

SREBP isoforms: SREBP-1a, -1c, and –2.  While SREBP-2 is the major regulator of
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sterol synthesis, SREBP-1c controls lipid synthesis, and SREBP-1a appears to fulfill both

functions (Rawson, 2003).  The importance of SREBP-1c in lipid metabolism is

highlighted by the fact that it was originally cloned as ADD1, a factor required for

adipogenesis (Kim and Spiegelman, 1996; Tontonoz et al., 1993).  How does the elegant

mechanism of sterol-responsiveness described earlier apply to fat synthesis?

Experiments from a wide range of eukaryotes have demonstrated that the SREBP

pathway has been adapted to sense a number of metabolites, not just sterols (this and the

following were mentioned briefly in Chapter I).  In Drosophila, SREBP processing is

governed by the amount of palmitate and possibly other fatty acids after their conversion

to phosphatidylethanolamine (Dobrosotskaya et al., 2002; Seegmiller et al., 2002).  The

predominant function of SREBP in flies is to promote lipid synthesis in the fat body and

midgut during larval development (Kunte et al., 2006).  In S. pombe, SREBP is used to

monitor oxygen levels because sterol synthesis becomes limited by oxygen under

hypoxic conditions (Hughes et al., 2005).  Presumably, levels of both

phosphatidylethanolamine and cholesterol modulate the phase of lipid bilayers, and

changes in phase result in alterations to the local environment monitored by the sterol-

sensing domain of SCAP.  Because a number of metabolites (like oxygen) are required

for the synthesis of these compounds, the SREBP pathway is able to gauge and modulate

the levels of many cellular components.  Since SREBP is a major player in fat synthesis

and adipogenesis, one might expect that its activity is regulated not just by ER membrane

composition, but that major lipid regulatory pathways would also influence SREBP

activation.  Indeed, nuclear receptors, insulin signaling, and other factors have all been

shown to regulate SREBP at multiple levels (transcription, proteolysis, and stability of
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SREBP protein) (Hegarty et al., 2005; Sundqvist et al., 2005).  The upstream regulation

of SREBP in controlling lipid metabolism appears to be quite complex and is not nearly

as well understood as SREBP function in sterol synthesis.

The functions of SREBP in C. elegans (sbp-1) have only recently been examined,

but it appears to be required for proper regulation of lipid synthesis and composition.

Amorphic mutations in sbp-1 result in early larval lethality (McKay et al., 2003).

Inactivation of sbp-1 by RNAi results in pale, thin worms (strongly resembling starved

worms) that have low levels of Sudan Black and Nile Red staining (Ashrafi et al., 2003;

McKay et al., 2003), as well as slow growth and reduced fecundity (Kamath et al., 2003;

Rual et al., 2004).  These animals also contain half the normal amount of triglycerides as

a percentage of total lipids (Yang et al., 2006) and have altered levels of multiple fatty

acid species (Kniazeva et al., 2004; Yang et al., 2006).  A few metabolic enzymes have

been shown to be regulated by SREBP activity; these include the fatty acid delta-9

desaturases fat-6 and fat-7 and the fatty acid elongases elo-5 and elo-6 (Kniazeva et al.,

2004; Yang et al., 2006).  elo-5 and elo-6 synthesize monomethyl branched-chain fatty

acids that are required for progression past the L1 stage (Kniazeva et al., 2004).  fat-6 and

fat-7 are required (along with fat-5) to make nearly all polyunsaturated fats, which are

used for a variety of physiological functions in the worm, including regulation of fat

storage capacity, chemosensation, longevity, and recruitment of sperm to oocytes (Brock

et al., 2006; Kahn-Kirby et al., 2004; Kubagawa et al., 2006; Van Gilst et al., 2005a).

Overall polyunsaturated fat composition is tightly balanced in C. elegans, and the loss of

one or two delta-9 desaturases leads to compensatory upregulation of the other (loss of all

three is lethal) (Brock et al., 2006).  These results all indicate that sbp-1 is critically
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important for proper lipid storage and composition, which is in turn tightly kept in

balance.  Unlike mammals (and more like flies), sbp-1 is likely not as important in sterol

regulation.  C. elegans is unable to fully synthesize cholesterol (it is a cholesterol

auxotroph that requires exogenous supplementation for proper growth) and requires so

little cholesterol that it has been suggested the main role of cholesterol in the worm is not

to maintain membrane fluidity but to contribute to signaling hormone(s) (Braeckman et

al., 2009; Kurzchalia and Ward, 2003).  A group of cholesterol-derived hormones, the

dafachronic acids, has in fact been identified, and their main role is to modulate the

activity of DAF-12, a nuclear receptor (described in greater detail in Chapter V) (Motola

et al., 2006).

If sbp-1 is predominantly a regulator of lipid metabolism in C. elegans, then what

aspects of lipid composition is it able to sense and govern?  As the above experiments

suggest, we have a general idea of the main functions of sbp-1 and a list of likely

downstream targets, but next to nothing is known about what functions upstream to

impose control over SBP-1 activation.  The goal of this project was to develop a system

to identify factors acting to regulate SBP-1 activation and physiological function.  By

using a reporter that allows the visual assessment of SBP-1 processing in intact

organisms, we could devise a number of genetic screening approaches to uncover the

physiological regulators of SBP-1.  What are the endogenous lipids to which SBP-1

responds?  Are these lipids produced by genes that are regulated by SBP-1, thereby

creating a negative feedback loop similar to the regulation of SREBP-2 in mammals?

Are there signaling pathways that regulate lipid metabolism in part by activating or

inhibiting SBP-1?  By understanding more about the function of SBP-1, we would likely
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also learn more about the control of fatty acid synthesis in C. elegans; very few pathways

have been linked to fat synthesis thus far (Greer et al., 2008; Perez and Van Gilst, 2008).

Finally, since many of the functions of SREBP are conserved between worms and

mammals, its upstream regulation might also be conserved; these studies might therefore

yield new insights into the regulation of SREBP and its place in the network of pathways

that control lipid metabolism.

Outline of Methodology

Our system for studying SBP-1 consists of a few basic assays.  First, an SBP-1

reporter is used to monitor SBP-1 processing in vivo; this transgene expresses SBP-1

from its endogenous promoter with GFP fused to the N-terminus.  As described above,

the N-terminal portion of SBP-1 contains the DNA binding domain and translocates to

the nucleus after proteolysis.  An N-terminal GFP fusion would therefore allow the

visualization of both unprocessed (residing in the ER) and processed (in the nucleus)

forms of SBP-1.  This reporter would be used to identify genetic or environmental

conditions in which SBP-1 activation is altered.  Western blotting (with a primary

antibody recognizing GFP) could be used to confirm alterations in processing by

resolving processed and unprocessed SBP-1 peptides.  We also identified a number of

genes whose transcription was regulated by SBP-1 activity.  These could serve as

readouts of SBP-1 function, and we could monitor their expression both by qRT-PCR and

GFP reporter fusions.  This system would be able to comprehensively assess SBP-1

function at many levels: a GFP-based reporter for localization, an assay to examine

processing of SBP-1 directly, and a number of downstream targets.  Importantly, this
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basic system is highly adaptable for large-scale screening to capitalize on the inherent

advantages of C. elegans genetics.

Results

SREBP function and processing machinery appear to be conserved in C. elegans

Previous studies have shown that sbp-1 inactivation results in decreased Nile Red

and Sudan Black staining, as well as a decrease in overall triglyceride content (Ashrafi et

al., 2003; McKay et al., 2003; Yang et al., 2006).  We verified the role of sbp-1 in fat

storage by examining lipid staining by three independent methods.  RNAi against sbp-1

causes a reduction in vital lipid staining, as well as an altered staining morphology, as

shown both by Nile Red (Fig. 1A) and fatty acid-conjugated BODIPY (Fig. 1B).  RNAi-

treated animals were dramatically more clear than control-treated worms; this has been

interpreted in the past as a “lipid-depleted” phenotype (McKay et al., 2003).

Morphological changes in fat staining may reflect gross abnormalities in intestinal cell

morphology present in these animals; we observed that sbp-1-depleted intestinal cells are

nearly devoid of intracellular vesicles, and the ones present are those that stain with Nile

Red (normally intestinal cells are totally packed with mixture of vesicles hetergenous in

both size and coloration, only some of which are labeled with Nile Red). We also verified

that sbp-1 RNAi causes the disappearance of lipids stained by Sudan Black (Fig. 1C).

RNAi-treated worms were markedly thinner than wild type and slightly developmentally

delayed.  Previous work demonstrated that sbp-1 is an essential gene in C. elegans by

analysis of a deletion allele (McKay et al., 2003).  Since these experiments were done,

two deletion alleles have been made publicly available (tm2904 by the National

Bioresource Project and ok2363 by the C. elegans Gene Knockout Consortium), and both
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are lethal and maintained by a balancer chromosome.  A third allele (ep176), thought to

be hypomorphic, results in a temperature-sensitive larval lethality and clear phenotype

(the precise molecular lesion in this strain has not been reported).  Together, these

phenotypes indicate that the inactivation of sbp-1 results in dramatic depletion of stored

fat and subsequent diminishment of viability and fecundity.

If SREBP function is conserved in C. elegans, then presumably the mechanism of

its activation is also conserved.  The C. elegans genome contains clear homologs of

SCAP (scp-1) and Site-2 protease (Y56A3A.2) but no obvious homolog of Site-1 protease.

While SREBP is cleaved twice in all organisms studied, in some conditions other

proteases can compensate for the loss of at least Site-2 protease (Amarneh et al., 2009).

In C. elegans, another protease might be used as the Site-1 protease, or the Site-1

protease might be somewhat more divergent from its orthologs than the other processing

components.  We observed no phenotypes associated with inactivation of scp-1 by RNAi,

although the efficacy of knockdown was not analyzed.  Previously, however, RNAi

against scp-1 (delivered by soaking) was noted as causing embryonic lethality (Maeda et

al., 2001).  After two-generational RNAi against Y56A3A.2, we observed an impenetrant

(20-25%) sbp-1-like phenotype (thin, clear worms with low Nile Red staining); the

remaining worms appeared healthy with only a mild decrease in Nile Red staining (data

not shown).  These phenotypes are presumably due to an inefficient reduction in

transcript levels by RNAi, but again mRNA levels were not measured.

Certain features of SREBP should also be present in SBP-1 if it is processed in

the same way as in mammals.  The overall topology of mouse (Fig. 2A) and worm (Fig.

2B) SREBPs is highly similar, as judged by transmembrane segment prediction patterns.
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Importantly, both proteins contain two hydrophobic peaks, corresponding to the

transmembrane segments, at nearly identical positions.  Site-1 cleavage occurs in the loop

between these helices, and Site-2 cleavage occurs within the first transmembrane segment

(Sakai et al., 1996).  Site-2 is well conserved in C. elegans; the obligatory asparagine-

proline sequence is present (Fig. 2C), as is the leucine residue whose peptide bond is

cleaved (although interestingly the specific residue at this site has been shown to be

unimportant for cleavage by S2P) (Ye et al., 2000).  Interestingly, Site-1 is not conserved

in C. elegans—the essential RxxL motif is completely absent (Fig. 2C) (Duncan et al.,

1997).  In mammals, cleavage of Site-1 is thought to be required before Site-2 can be

processed.  C. elegans might utilize a distinct protease that recognizes a different motif

altogether; this speculation is especially tempting because of the lack of an obvious Site-1

protease homolog.  It is not known whether any other protease can act on Site-1 in

mammals, but intriguingly a liver-specific disruption of S1P has weaker phenotypes than

the corresponding loss of SCAP, hinting that another protease might act semi-redundantly

(Yang et al., 2001).  In conclusion, CeSBP-1 is highly similar to its mammalian

homologs, and Site-2 protease (the protein product of Y56A3A.2) is both functionally

important and should seemingly recognize its proper substrate within SBP-1.  The

relevance of SCAP and the existence of a Site-1 protease remain to be demonstrated.

Preliminary characterization of an SBP-1 reporter strain

We received from Exelixis a strain bearing an SBP-1 transgene, expressed under

its endogenous promoter, with an N-terminal GFP fusion.  The exact sequence of this

transgene and its method of cloning are unknown.  I integrated this transgene using the

UV/TMP method (see Materials and Methods for details).  GFP expression was noted in
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animals at all stages of development, and it was confined to the intestinal cells at all

stages (Fig. 3A).  Previous reports have noted either an exclusively intestinal expression

pattern for sbp-1 (McKay et al., 2003) or intestinal plus amphid neuron expression

(Kniazeva et al., 2004).  Expression, however, was faint; it was barely visible under

fluorescence microscopy, but at a level of expression sufficient to notice changes.  Within

intestinal cells, under well-fed conditions GFP was visible throughout the cytoplasm and

within the nucleus (Fig. 3B).

To determine whether this construct would allow for the dynamic visualization of

SBP-1 activation, we subjected the strain to environmental and genetic conditions that are

known to affect SBP-1 processing in mammals.  In mouse liver, fasting causes a

reduction in fully processed, nuclear SREBP-1 within three hours and eliminates it by

nine hours (Horton et al., 1998).  Similarly, we observed a reduction in nuclear GFP after

a 90-minute fast (Fig. 3C) and a greater reduction after a three-hour fast (Fig. 3D).  It is

important to note, however, that the subcellular distribution of GFP was quite

heterogeneous among animals and even between single cells in the same tissue.  Still, we

hypothesized that this change represented a reduction in SBP-1 cleavage.  In nuclei with

reduced GFP, we often noted an increase in GFP encircling the center of the nucleus.

This might represent a retention of SBP-1::GFP in the ER, but it was also suggested that

this area might correspond to the nucleolus (C. Kenyon, personal communication).  DAPI

staining, as well as ER and nucleolar markers, might be employed to resolve this issue.

We also observed a similar reduction in nuclear GFP after treatment with Y56A3A.2

RNAi (Fig. 3E).  Site-2 protease activity is required for processed, nuclear SREBP in

mammalian cells (Rawson et al., 1997).  The similarity in the phenotypes of fasted and
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Site-2 protease-reduced animals was promising and suggested to us that this reporter

might be reflecting changes in endogenous SBP-1 processing.

Identification of reporters for sbp-1 activity

We next sought to identify genes whose expression is dependent upon sbp-1

signaling as another readout of sbp-1 activity.  Given the role of sbp-1 in metabolic

regulation, we screened a panel of more than 90 conserved metabolic genes using qRT-

PCR for those whose expression is modulated by RNAi-mediated knockdown of sbp-1

activity.  This set of genes has already yielded targets for other transcription factors

participating in metabolic control (Van Gilst et al., 2005a).  We found a handful of genes

whose transcription is regulated by sbp-1 (Fig. 4A), although it is important to note that

we cannot distinguish between direct transcriptional targets of sbp-1 and genes whose

expression is affected indirectly by sbp-1.  As expected, the transcription of all three

delta-9 desaturases is dependent upon sbp-1 (we were usually unable even to detect

transcripts for fat-5 and fat-7 with sbp-1 RNAi treatment).  In addition to these genes, we

also found a gene involved in beta-oxidation of fats, acdh-1, that is strongly

downregulated when sbp-1 activity is reduced by RNAi.  Importantly, another study

(Taubert et al., 2006) has shown that acdh-1 transcription requires the mdt-15 mediator

subunit, a coactivator known to be required for SREBP-mediated gene transcription in

both C. elegans and mammals (Yang et al., 2006).  Finally, we identified an acyl-CoA

synthetase, acs-2, whose expression increases dramatically upon sbp-1 RNAi.

Interestingly, expression of acs-2 has been shown to be rapidly induced upon fasting and

maintained at a higher level of expression throughout twelve hours without food (Van

Gilst et al., 2005b).  These results suggest either that sbp-1 and fasting both
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independently regulate acs-2 expression or that fasting mimics depletion of sbp-1 in some

way that results in similar effects on acs-2.  We also examined the transcript levels for all

of these genes under Y56A3A.2 RNAi treatment.  While we did not observe all of the

same changes associated with sbp-1 RNAi, we did observe that fat-5 expression was

consistently reduced more than four-fold compared to vector control (data not shown).  It

is important to note, however, that a single-generation treatment with this RNAi clone

does not mimic the full sbp-1 phenotype, suggesting either that Y56A3A.2 is not

completely required for SBP-1 activation or that (and perhaps more likely) this RNAi

clone does not induce a complete and penetrant elimination of Y56A3A.2 function.

 We then utilized GFP reporters as a way to visualize dynamic changes in the

expression of select sbp-1 target genes.  We obtained a full-length, C-terminal GFP

fusion transgene of FAT-7 expressed under its endogenous promoter (gift of J. Watts).

We observed a consistent and potent reduction in expression of this reporter upon sbp-1

RNAi treatment (Fig. 4B).  Previous studies had indicated that a GFP reporter of the fat-7

promoter is dramatically reduced upon sbp-1 RNAi (Yang et al., 2006).  We also

constructed a GFP reporter for the promoter of acs-2.  Under normal conditions, this

reporter is expressed in the intestinal cells (Fig. 4C).  When sbp-1 activity is reduced by

RNAi, we observed a massive increase in GFP in intestinal cells as well as other tissues,

including pharynx, body wall muscle, and hypodermis (Fig. 4C).  How the loss of sbp-1

activity in the intestinal cells is communicated to other tissues and results in upregulation

of their expression of acs-2 remains an open and fascinating question.  The same

phenomenon has been reported under fasting conditions (Van Gilst et al., 2005b).  In

conclusion, these two reporters represent a useful tool to examine sbp-1 activity in living
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animals.  Because sbp-1 RNAi causes one reporter to decrease and one to increase its

expression, it is less likely that false positives will emerge due to non-specific sickness or

inability to support proper expression.

A pilot screen for genes that affect SBP-1 processing

Armed with vital reporters of both sbp-1 activity and downstream gene

expression, we conducted a small, RNAi-based screen for genes that regulate SBP-1

processing and activation.  Given the well-established role for sbp-1 in lipid metabolism,

we decided to screen RNAi clones that had already been shown to decrease fat storage as

assayed by the vital dye Nile Red (Ashrafi et al., 2003).  This subset includes several

hundred genes, many of which have not been characterized in any depth.  From these

genes, we identified 28 that reproducibly alter SBP-1 expression and/or localization

(Table 1).  All of these RNAi clones result in decreased levels of nuclear SBP-1.  At this

level of analysis, we cannot confidently state whether these gene inactivations reduce the

overall level of sbp-1 expression or specifically impair the ability of SBP-1 to enter the

nucleus.  Interestingly, these genes represent a wide range of physiological functions,

ranging from lipid and sterol metabolism to signal transduction.  We also do not know

whether the effect of these genes on SBP-1 localization is cell autonomous.  To

demonstrate that these genes are required functionally to regulate sbp-1, we examined the

RNAi clones with the most robust SBP-1::GFP phenotypes for their effects on fat-7 and

acs-2 expression (Table 1).  While most did not recapitulate the phenotype of sbp-1

RNAi on these reporters, RNAi against C15C7.5 and obr-2 did affect their expression in

the same manner as sbp-1.  Intriguingly, the closest homolog of obr-2 in S. cerevisiae,

SWH1/OSH1, localizes to the Golgi and is required for normal sterol homeostasis (Beh et
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al., 2001; Levine and Munro, 2001).  This gene is a promising candidate for an

endogenous regulator of sbp-1 function in C. elegans.

Western blotting to detect processed SBP-1

We also sought to establish a means for direct measurement of processed and

unprocessed forms of SBP-1.  SDS-PAGE could allow for the separation of processed

and unprocessed peptides by their molecular weights, and GFP provides a convenient

antigen for Western blotting.  We therefore attempted to visualize SBP-1 processing

directly by Western blotting using extracts from the reporter strain described above.  We

were, however, consistently unable to detect proteins migrating at the expected weights

of the processed and unprocessed forms of SBP-1 fused to GFP (approximately 84 and

152 kD, respectively) (Fig. 5).  We tried various lysis buffers containing NP-40 and SDS

to make sure we were able to extract membrane-bound proteins, but no extraction

procedure was able to yield bands of the expected sizes.  The predominant bands detected

by Western blotting were routinely around the size expected for GFP alone

(approximately 30 kD), suggesting that the fluorescent signal visible by microscopy

might be heavily comprised of truncated proteins, not full length SBP-1 (although the

positive control extracts, expressing ELT-2::GFP, also gave consistently abnormal bands,

but these ran too high for either GFP alone or GFP fused to ELT-2).  Since we did not

construct the transgene in this strain, we cannot be sure that it would express full-length

SBP-1.  We also cannot rule out the possibility that the initial formation of an

extrachromosomal array or the subsequent integration of the array led to rearrangements

in the SBP-1 open reading frames such that a truncated protein product was expressed.
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For these reasons, the best course of action seemed to be the construction of new sbp-1

reporter transgenes.

New reporters for SBP-1 processing and activation

Using Gateway cloning techniques and vectors (Invitrogen), we engineered two

reporters for sbp-1 expression and proteolysis (Fig. 6A-B).  Each of these expresses the

sbp-1 open reading frame under five kilobases of the endogenous upstream sequence with

an in-frame, N-terminal GFP fusion.  One construct is designed for visualization of SBP-

1, as it contains a C-terminal mCherry fusion (Fig. 6A).  Expression of this construct

would be expected to produce full-length SBP-1 labeled with both GFP and mCherry and

processed forms expressing one or the other.  This construct might make nuclear GFP

more distinct by labeling the ER-residing SBP-1 as yellow and red.  The other construct

is designed for detection of processed and unprocessed peptides by SDS-PAGE and

Western blotting (Fig. 6B).  This transgene would result in expression of SBP-1 that is

labeled with antigens at either end: GFP at the N-terminus and FLAG and S probe at the

C-terminus.  This dually-tagged SBP-1 would be particularly amendable to Western

blotting—unprocessed SBP-1 would be visible with both GFP and FLAG or S probe

antibodies, whereas the processed forms would be labeled with either GFP or FLAG/S

probe.  If the first transgene is too confusing for visual screening with its three colors, this

second construct could be utilized for both screening and blotting.  The major downside

of these constructs is that since GFP was fused to the promoter sequence, rather than the

open reading frame, it is not easy to express sbp-1 from a heterologous promoter

(although most evidence points to the intestinal cells as the only relevant site of sbp-1

activity).
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We attempted many injections of these transgenes into nematodes, but we never

were able to isolate stable lines expressing them (we never even found F2 progeny that

expressed GFP).  We injected the mCherry construct at concentrations ranging from 1-50

ng/µL and the FLAG/S probe construct at 10 ng/µL into wild type animals.  These

consistently yielded very few transgenic progeny, and most of these progeny arrested

before hatching.  Surviving animals had no visible GFP and did not transmit the

transgene.  We also injected the mCherry construct at 10 ng/µL into daf-2(e1370)

mutants.  These injections yielded more transgenic F1 progeny, but again very few had

any visible GFP, and none transmitted their transgenes to their progeny.  We cannot

determine whether the increased frequency of transgenic F1s was due to the daf-2 mutant

background or maintenance of these strains at 15°C (in any case, these injections still

failed to yield transgenic F2 progeny).  Injections into balanced, sbp-1 deletion mutants

or animals treated with sbp-1 RNAi were not attempted.  At this time, it is uncertain

whether overexpression of SBP-1 at a level high enough to detect by fluorescence

microscopy would be tolerated in C. elegans.  One could express SBP-1 with a point

mutation in the DNA-binding domain (essentially an inactive reporter), but it would be

impossible to demonstrate that this transgene behaved like endogeous sbp-1 (as it could

not rescue mutants).  More injections at varying concentrations or injections into strains

simultaneous with sbp-1 RNAi treatment might facilitate the isolation of stable transgenic

lines.

Discussion

These experiments establish an experimental framework for examining the

upstream regulation of sbp-1 in C. elegans.  While technical problems prevented the
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ultimate use of this methodology to study sbp-1 signaling, they might be overcome with

the new reporters described herein.  Several key issues have already been resolved.  sbp-1

has already been established as a critical regulator of adiposity and fatty acid metabolism

in C. elegans.  While previous work has demonstrated its role in maintenance of fat

storage through control of fatty acid elongases and desaturases (Kniazeva et al., 2004;

Yang et al., 2006), it would be interesting to examine whether sbp-1 also regulates fatty

acid synthesis by isotope labeling (Perez and Van Gilst, 2008) and measuring expression

of fasn-1 (fatty acid synthase).  The downstream reporters of sbp-1 (fat-5, fat-6, fat-7,

acdh-1, and acs-2) are strongly regulated by sbp-1 activity and have all been linked to

sbp-1 activity directly (as with the delta-9 desaturases), indirectly (as with acdh-1,

through its regulation by mdt-15), or have been linked to nutritional status (as with acs-

2).  The preliminary results with SBP-1 localization are tantalizing, but optimism should

be tempered by my inability to detect full-length protein in this strain.  The pilot RNAi

screen for sbp-1 regulators yielded some interesting genes, including what seems to be

quite a likely candidate in obr-2, but this screen should be repeated with any new reporter

because of concerns that the original strain merely expressed GFP from the sbp-1

promoter.

Many important questions still remain and should be addressed to fully set up this

model.  The evidence that Y56A3A.2 acts as the C. elegans Site-2 protease is still quite

preliminary (we cannot demonstrate that RNAi against this gene results in most of the

changes in gene expression seen with sbp-1 RNAi, nor have we shown a defect in SBP-1

peptide processing).  We have even less evidence that scp-1 acts as the single C. elegans

SCAP homolog.  Both of these problems might be solved with mutant alleles, or at the
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very least RNAi clones that give stronger, sbp-1-like phenotypes.  More puzzling are the

apparent lack of a C. elegans Site-1 protease and its corresponding cleavage site on SBP-

1.  If Site-1 protease activity is supplied by a single gene in the worm, this gene should

emerge in any screen for genes required for sbp-1 activation.  To look specifically for a

worm Site-1 protease, one could engineer an alkaline phosphatase-based reporter with the

worm sbp-1, express it in the SRD-12B cell line, and clone the worm Site-1 protease by

complementation cloning with a worm cDNA library, using the same methodology

originally used to clone a mammalian S1P (Sakai et al., 1998).  This assumes that the

worm even has an S1P homolog; if it does, this protease must recognize a sequence

distinct from the mammalian S1P (or its substrate sequence might be located at a

different position in worm sbp-1, such that the S1P site does not align properly with its

murine counterpart).  We hope that the major problem with this model, the lack of an

SDS-PAGE-based assay for SBP-1 processing, would be solved with new reporter

constructs that would hopefully express only full-length, tagged SBP-1 easily resolvable

by Western blotting.

Once the full methodology and reagents are in place, many interesting questions

regarding sbp-1 function in C. elegans would be immediately addressable.  The most

obvious is the identity of the metabolite(s) sensed by sbp-1.  Since worms lack significant

amounts of cholesterol in their cell membranes and the ability to synthesize cholesterol, it

seems likely that sbp-1 would respond to a lipid like phosphatidylethanolamine, as in

Drosophila (which also lack the ability to synthesize cholesterol), rather than sterols.  To

find the metabolites that regulate sbp-1, one could feed worms bearing an sbp-1 reporter

a panel of candidate metabolites and determine which, if any, alter SBP-1 activation or
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expression.  This approach would be limited by the inability of many metabolites to be

taken up by the worm.  Perhaps a better approach would be based on our knowledge of

SREBP signaling from other systems.  In mammals, SREBP-2 activation is negatively

regulated by the metabolites whose biosynthetic machinery is expressed under its control,

such that a negative feedback loop is formed (Goldstein et al., 2006).  Under this

paradigm, metabolic genes that have already been established as sbp-1 targets would be

prime candidates for producers of sbp-1-inhibitory metabolites; these metabolites would

include those derived from polyunsaturated fats (especially the products of delta-9

desaturases) and monomethyl branched-chain fatty acids.  One could easily screen by

RNAi all known targets of sbp-1 (from previous work or these experiments) and assay

SBP-1 activation and expression.  A list of sbp-1 targets would likely be enriched for

proteins that synthesize the metabolites sensed by sbp-1.

Another fascinating question that could be addressed with this methodology is

whether any signal transduction pathways modulate SBP-1 activity as part of an overall

regulation of lipid metabolism and storage.  This methodology would only detect

pathways that impinge upon sbp-1 activation or expression, but the reporters of sbp-1

activity might also be able to identify genes that regulate sbp-1 activation through

phosphorylation or other post-translational modifications.  It is likely, however, that

metabolic regulatory networks might exert control over SREBP processing and

expression; as stated earlier, the insulin pathway and nuclear receptors have already been

shown in mammals to regulate these aspects.  Screens designed like the pilot screen

described here would identify genes required for SBP-1 activation; this would include the

complete machinery required directly to process SBP-1 (e.g., the proteolytic enzymes and
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proteins required for proper ER-to-Golgi trafficking of SBP-1, as well as regulated

retention of SBP-1 in the ER) and signaling components that modulate the activity of this

machinery.  It would also be expected to identify proteins making metabolites that

regulate SBP-1, as discussed above.  Furthermore, if these preliminary results are correct,

sbp-1 expression and/or activation seem to be altered even by short-term fasting.  In

mammals, the only known inhibitors of SREBP processing under fasting conditions are

the Insig family of proteins, but the C. elegans genome lacks any obvious Insig homolog.

This raises the interesting possibility that another type of protein fulfills this inhibitory

function in C. elegans; if so, does this protein have a homolog that functionally regulates

SREBP signaling in mammals?  One could easily identify inhibitors of SBP-1 processing

with reporter strains, either by screening for mutants with more nuclear GFP under fed

conditions or, better still, mutants that fail to inhibit SBP-1 processing and nuclear

localization upon fasting.  This approach would identify Insig-like proteins and signaling

pathways that regulate their activity in vivo.  While this methodology would allow the

discovery of pathways regulating sbp-1 signaling, one could also screen candidate

pathways and signaling components.  These would include insulin signaling, PKA,

GSK3, and nuclear receptors, as all of these have been posited as regulators of SREBP

activity and/or expression in mammals (Raghow et al., 2008; Rosen et al., 2000).

Regulators of fat synthesis in C. elegans might also be good candidates for regulators of

sbp-1; this would implicate insulin and TGF-β pathway components (specifically one

could examine SBP-1 activity in daf-2 and daf-7 mutants).

In conclusion, the methodology outlined here has the potential to illuminate

physiological regulators of SREBP signaling using C. elegans.  Because of the
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importance of SREBP in maintaining normal lipid metabolism in mammals, and the fact

that examining SREBP function in model organisms has just begun, our system holds

tremendous promise for uncovering new genes that might play pivotal roles in

mammalian lipid homeostasis and pathophysiology.  Thus far, model organism-based

inquiry into SREBP signaling has not been aimed at identifying new genes that govern it.

An enormous opportunity therefore exists to discover the links between the networks that

regulate lipid metabolism and the machinery that physically processes SREBPs.  Fitting

SREBP into the broader context of organismal lipid homeostasis is a problem that is

immediately relevant to human health and tailor-made for the advantages of worm

genetics.
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Figure 1:  sbp-1 is required for normal fat content in C. elegans

A.  Representative images showing Nile Red staining of intestinal lipids in control and

sbp-1 RNAi-treated animals.  First-day gravid animals are shown.

B.  Representative images showing fatty acid-conjugated BODIPY staining of intestinal

and hypodermal lipids in control and sbp-1 RNAi-treated animals.  First-day gravid

animals are shown.

C. Representative images showing fixed Sudan Black staining of intestinal lipids in

control and sbp-1 RNAi-treated animals.  Early L4-stage animals are shown.
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Figure 2:  Some features of mammalian SREBPs are conserved in CeSBP-1

A.  Prediction of transmembrane domains of mouse SREBP-1 using Dense Alignment

Surface (DAS) method (Cserzo et al., 1997).

B.  Prediction of transmembrane domains of C. elegans SBP-1 using Dense Alignment

Surface (DAS) method (Cserzo et al., 1997).

C.   Alignment of human, mouse, and C. elegans SREBP proteins.  The small region

shown includes the Site-1 and Site-2 protease substrate motifs.  Features of the Site-2

protease site—leucine at the cleavage site (filled arrowhead) and asparagine-proline motif

(open arrowhead)—are indicated by arrows.  Site-1 protease site is shown within the

bracket.
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Figure 3:  Expression and subcellular localization of SBP-1 reporter

A.  Expression of SBP-1 with N-terminal GFP fusion in an adult animal.  The only tissue

with consistently expression of visible GFP is the intestine.  Expression was seen in the

intestinal cells from embryos to adults.  Anterior of the animal is at the lower left corner.

B.   Expression of SBP-1 with N-terminal GFP fusion in anterior intestinal cells in an

adult animal under well-fed conditions (grown on HT115 bacteria bearing control L4440

plasmid).  Anterior of the animal is at the lower left corner.  Note bright nuclear GFP

signal.

C. Expression of SBP-1 with N-terminal GFP fusion in anterior intestinal cells in an adult

animal under 90 minute fast.  Anterior of the animal is at the lower left corner.  Note an

exclusion of GFP from the center of nuclei, particularly in more posterior cells.

D. Expression of SBP-1 with N-terminal GFP fusion in anterior intestinal cells in an adult

animal under three hour fast.  Anterior of the animal is at the lower left corner.  Note an

exclusion of GFP from the center of nuclei.

E. Expression of SBP-1 with N-terminal GFP fusion in anterior intestinal cells in an adult

animal under well-fed conditions and Y56A3A.2 RNAi treatment.  Anterior of the animal

is at the lower left corner.  Note an exclusion of GFP from the center of nuclei.
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Figure 4:  Identification of genes whose expression is regulated by sbp-1

A.  Fold expression changes of transcript levels of selected genes with sbp-1 RNAi

treatment (compared to expression in control-treated animals).  Asterisks indicate a

consistent failure to detect transcript in RNAi-treated animals.

B.   Expression of Pfat-7::FAT-7::GFP in control- and sbp-1 RNAi-treated animals.

Representative images of first-day adult animals are shown.  Expression is confined to

intestinal cells, and anterior of animals is at the upper left corner.

C. Expression of Pacs-2:: GFP in control- and sbp-1 RNAi-treated animals.  Representative

images of first-day adult animals are shown.  Expression is confined to intestinal cells in

control-treated animals, but RNAi treatment results in expression in other tissues, such as

hypodermis, pharynx, and body wall muscle.  Anterior of animals is on the left side.
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Table 1: Gene inactivations that reduce visible SBP-1 nuclear localization

Gene ID Molecular function FAT-7::GFP
phenotype

Pacs-2::GFP
phenotype

Y105E8B.5 Hypoxanthine
phosphoribosyltransferase

N/S N/S

C16A11.3 Protein kinase - +
B0207.9 Integral membrane protein N/S N/S
his-14 H4 histone N/S N/S
F08F8.2 HMG-CoA reductase + +
C42C1.6 unknown N/S N/S
F20D12.2 Nuclear export factor N/S N/S
apm-3 adaptin N/S N/S
T11F9.10 unknown N/S N/S
glo-4 Guanine nucleotide exchange

factor
N/S N/S

obr-2 Oxysterol-binding protein ++ ++
Y41D4A.6 amidase N/S N/S
H27A22.1 Glutaminyl cyclase N/S N/S
srx-96 7-transmembrane receptor - +
C15C7.5 Unknown and nematode-

specific; at one time
annotated as Golgin-245
homolog

++ ++

sptl-2 Serine palmitoyltransferase - -
F28H7.6 Integral membrane protein + -
B0310.1 Nematode-specific integral

membrane protein
+ -

C23H3.2 Integral membrane protein - +
F28H6.2 Contains homeobox domain N/S N/S
tnt-3 Troponin-T N/S N/S
T09B4.8 Alanine-glyoxylate

aminotransferase
N/S N/S

C30G4.5 Unknown + +
W04A4.5 Similar to integrator complex

subunit 4
N/S N/S

tag-212 Synaptobrevin-like N/S N/S
T10E9.6 Integral membrane protein N/S N/S
T05C12.1 Casein kinase - +
psa-3 Required for asymmetric cell

division of T hypodermal
cell; regulated by POP-1/TCF

N/S N/S

  + indicates reporter phenotypes (decrease in FAT-7::GFP and increase in Pacs-2::GFP)
between that of control and sbp-1 RNAi treatments.
++ indicates reporter phenotypes resembling sbp-1 RNAi treatment.
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Figure 5:  Western blotting fails to resolve full-length SBP-1

Western blot taken from animals expressing SBP-1::GFP fusion.  α-GFP was

used for primary antibody (SDS-PAGE was run on 4-12% Bis-Tris gradient gel, and blot

was imaged using LiCor Odyssey system).  Lanes are labeled as follows:

1. N2 lysate, extracted in lysis buffer with 0.1% SDS

2. KQ377 lysate (integrated SBP-1 GFP fusion), 0.1% SDS

3. MR142 lysate (integrated ELT-2 GFP fusion), 0.1% SDS

4. N2 lysate, extracted in lysis buffer with no SDS (only 1% NP-40 as detergent)

5. KQ377 lysate, no SDS

6. MR142 lysate, no SDS

Ladder is labeled with molecular weight of each standard (expressed in kD).  Expected

molecular weights were 152 kD for full-length SBP-1 fused to GFP, 84 kD for cleaved

N-terminus fused to GFP, and 30 kD for GFP alone.
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Figure 6:  New reporter constructs for SBP-1 activity

A.  SBP-1 reporter with visual tags (pKA940).  This transgene expresses the sbp-1 open

reading frame, under control of 5 kb endogenous upstream sequence, with in-frame N-

terminal GFP and C-terminal mCherry tags.  Transgene also contains the unc-54 3’ UTR.

B.  SBP-1 reporter with visual and affinity tags (pKA941).  This transgene expresses the

sbp-1 open reading frame, under control of 5 kb endogenous upstream sequence, with in-

frame N-terminal GFP and C-terminal S probe and FLAG tags.  Transgene also contains

the unc-54 3’ UTR.
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Nile Red staining

Nile Red staining and image analysis were performed as described previously

(Husson et al., 2007; Srinivasan et al., 2008).  1 µL of 500 µM Nile Red (in acetone) was

diluted in 250 or 500 µL PBS and applied per 6cm plate (these were usually then dried

under a laminar flow hood).  Plates were stained on the day of use.  For all experiments,

worms were synchronized by hypochlorite treatment of adults and imaged at the onset of

egg-laying.  All comparisons were conducted on animals that were at the same

developmental stage.  Due to the delay in developmental rate, strains containing lpo-

6(mg360) were imaged 4-6 hours later than wild type, strains containing lpo-6(ft7) or sgk-

1 were imaged 9-10 hours later than wild type, and lpo-6(mg360);akt-1;akt-2;daf-16

worms were imaged ~20 hours later than wild type.  Because of suppression of the

developmental delay phenotype of lpo-6(mg360), the lpo-6(mg360);sgk-1(ft15) was

plated at the same time as sgk-1(ft15) and wild type.  Because the sgk-1(ft15) mutation

does not fully suppress the developmental delay of lpo-7(ft7), the lpo-6(ft7) and lpo-

6(ft7);sgk-1(ft15) strains were plated at the same time.

For image preparation and quantitation, images were taken with identical

exposure times and below saturation of pixel intensity (either 1 or 2ms exposure times).

The first 3 pairs of anterior intestinal cells were selected (note that the first two pairs of

intestinal cells lie on top of one another).  Using ImageJ software, Nile Red-stained

particles were enhanced by the SpotTracker Gaussian filter, a mask was created to

remove background signal and fluorescence intensity was measured.  Thresholding was

gauged by eye at a consistent level.  To prepare images for figures, contrast was

enhanced in the OpenLab program, and settings were saved and applied identically to all
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images.  Black and white images were also changed to red (“red palette” false-coloring)

in this program.  Brightness and contrast were enhanced in Adobe Photoshop, and

identical settings were applied to all images in the same figure.  Representative images

from single experiments are shown; each experiment was repeated on variably numerous

occasions but at least twice.  In each experiment 5-10 animals were quantified per

genotype.

BODIPY staining

Animals were stained with BODIPY 500/510 C1,C12 in the same manner as that

described for Nile Red, but the concentration was different: 1 mg/mL BODIPY in DMSO

stock was diluted 1:2,500 then 0.5 mL were added to 6 cm NGM plates seeded with

OP50).  Quantitation of total fluorescence was performed in the same manner as

described for Nile Red staining.  Representative images from single experiments are

shown; each experiment was repeated on variably numerous occasions but at least twice.

In each experiment 5-10 animals were quantified per genotype.

Sudan Black staining

Sudan Black B staining was performed essentially as described (Greer, 2007).

Briefly, for each comparison one genotype was washed off plates with M9 and allowed to

feed on OP50 plates stained with FITC (dilute stock 1:5 in M9 and add 250 µL/ 6cm

plate) for 15-30 minutes (please note that for experiments done in Chapter V, each strain

was fixed in a separate tube and FITC was not used).  All animals were then rinsed and

washed once with M9 (S-basal and water will also work) and transferred to 1.5 mL

Eppendorf tubes (in 1 mL total volume).  They were incubated on ice for 10 minutes,

then 50 µL 10% paraformaldehyde was added and tubes were immediately frozen in a
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dry ice and ethanol bath.  Tubes were thawed and re-frozen three times in a room

temperature beaker of water (liquid was barely thawed—perhaps only 100 µL of liquid

visible at bottom of tube).  Tubes were then allowed to thaw resting on ice for 30-40

minutes.  After complete thawing, worms were washed three times in cold PBS (spun in

tabletop centrifuge for 30sec at 4,500x g).  Worms were then dehydrated in a series of

25%, 50%, and 70% ethanol, allowing tubes to incubate at each step for two minutes.

Then worms were spun down and ~300 µL was left in tube.  250 µL saturated Sudan

Black B solution in 70% ethanol was then added (solution was 16 mg/mL and filtered

through a 0.22 µm filter to remove particulates) and left to incubate rocking overnight at

room temperature.  The next day, worms were washed once in 70% ethanol and mounted

on a 2% agarose pad for imaging.  Sudan Black staining phenotypes were scored first

with light microscopy, then genotype was assessed with fluorescent FITC staining.

Oil Red O staining

Staining was performed as described previously (Soukas et al., 2009).  3,000

animals that had just begun egg-laying were used per condition.  These were collected,

washed twice in PBS, and transferred to 1.5 mL Eppendorf tubes.  Worms were

centrifuged for one minute at 4,500x g on a tabletop centrifuge, and all but 100 µL

volume was aspirated.  To this was added 100 µL 2X modified Ruvkun witches’ brew

and 50 µL 10% paraformaldehyde, and tubes were frozen immediately in a dry ice and

ethanol bath.  Tubes were thawed and refrozen for three cycles (thawing is much

different from Sudan black staining.  Tubes were thawed under warm tap water, and they

were thawed until nearly totally liquid (this is very important), then centrifuged for 30

seconds at 14,000x g on a tabletop centrifuge.  Worms were washed with 0.5 mL PBS
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and centrifuged again at same speed.  Worms were then washed in 60% isopropanol

(after being allowed to incubate for at least one minute) and centrifuged for one minute at

4,500x g.  Then worms were stained with 1 mL Oil Red O solution (0.5% Oil Red O

solution in 60% isopropanol was made and allowed to rest on bench for a couple days.

On the day of staining, 6 volumes of dye were added to 4 volumes of water and filtered

through a 0.22 µm syringe filter.) overnight rocking at room temperature.  The next day,

worms were washed once with 500 µL PBS with 0.01% Triton X-100, centrifuged for

one minute at 4,500x g, and mounted on a 2% agarose slide for imaging.  For pictures, a

color camera mounted on a Zeiss Axioplan II was used (thanks to the Kenyon lab for use

of their microscope).

Body size measurements

Images of adult worms were taken at 5X magnification, and perimeter was traced

and measured using Openlab software (Improvision, Waltham, MA, USA).  Pixel

measurements were converted to microns by calibration using a stage micrometer.

Animals were measured at the onset of egg-laying; developmental timing differences

were adjusted as described above.  Single experiments are shown—each experiment was

performed at least twice, and in each experiment 10-20 animals were measured per

genotype.

RNAi

For all experiments using RNAi, RNAi was induced by incubating bacteria on

plates containing IPTG overnight at 37ºC the day before use.
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Chapter II

RNAi by feeding was performed as described previously (Timmons and Fire,

1998).  RNAi clone against C10H11.8 (lst-8 homolog) from the Ahringer feeding library

was used (Kamath et al., 2003).  RNAi was induced for two generations (synchronized

adults were grown from L1s on HT115 expressing RNAi or L4440, then eggs were

harvested by hypochlorite treatment.  Synchronized progeny were plated on RNAi plates

with Nile Red and analyzed as adults.  For sgk-1 RNAi experiments, the RNAi clone

against W10G6.2 (sgk-1) from the Vidal feeding library was used (Rual et al., 2004).  In

these experiments, RNAi was induced for one generation, starting as synchronized L1s.

Chapter III

RNAi by feeding was performed for one generation as described previously using

clones from the Ahringer feeding library (Kamath et al., 2003; Timmons and Fire, 1998).

Chapter IV

To generate RNAi constructs, 2 non-overlapping regions from genomic DNA

corresponding to the K06H7.3 coding region were amplified using PCR with HindIII

sites flanking either side and cloned into the vector L4440 (Timmons and Fire, 1998)

using standard cloning techniques.  Both RNAi constructs, as well as empty vector, were

transformed into competent HT115 cells (generously provided by Stefan Taubert).

Transgenic constructs

Chapter II

Entire genomic locus of lpo-6 (F29C12.3) plus 1039 base pairs of upstream

sequence was amplified in 3 PCR fragments overlapping by 1 kilobase.  The last

fragment contained a polycistronic sequence fused to GFP and the unc-54 3’UTR (gift of
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G. Brown) by PCR fusion.  All three fragments were injected at 10ng/µL into the gonad

of lpo-6(mg360) adults.   For expression pattern, rescuing promoter was amplified by

PCR, cloned into Gateway vector (Invitrogen, Carlsbad, CA, USA), and fused in-frame

to GFP with the unc-54 3’ UTR.  Plasmid was injected into N2 animals at 100ng/µL with

Podr-1::RFP as a coinjection marker.

Chapter IV

GFP and mCherry fusions were generated using Gateway (Invitrogen) reagents.

The lms-1 (encoded by K06H7.3) promoter, consisting of 739 bp immediately upstream

of the start of the operon containing lms-1, was amplified by PCR from genomic DNA.

egl-3 promoter was generated in the same way and includes 2000 bp upstream of the

transcriptional start.   lms-1 and dic-1 open reading frames were amplified by PCR from

cDNA generated from mixed-stage worm extracts using protocol as described later in this

section.  Purified plasmids were injected into gonads of N2 animals to obtain transgenic

lines.  Plms-1::LMS-1::GFP and Pegl-3::DIC-1::mCherry were injected at 10 and 50 ng/µL,

respectively.

Chapter V

Entire genomic locus of cyp-35A5 plus 2617 bp upstream sequence were

amplified and fused to GFP(S65C) and the unc-54 3’ UTR by the soe PCR fusion method

(Hobert, 2002).  Final PCR product was co-injected with rol-6(su1006) into gonad of

wild type animals.

Chapter VI

Five kb of sbp-1 upstream sequence was fused by soe PCR fusion (Hobert, 2002)

to the coding sequence for GFP(S65C) such that this reporter would be expressed in-
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frame.  This PCR fragment was cloned into the Gateway (Invitrogen) entry vector P4-

P1R.  The sbp-1 ORF was cloned from cDNA and into the Gateway entry vector ???.

This ORF was sequenced, and non-silent mutations introduced by PCR were corrected

using the Quikchange kit according to protocol (Stratagene).  Final constructs were made

by joining these constructs with plasmids for expressing C-terminal mCherry (pKA674)

and FLAG/S probe (pKA329) fusions using the Gateway LR reaction.

For Pacs-2::GFP, 2 kb of upstream acs-2 sequence were amplified and fused to GFP

using soe PCR fusion.  This construct was injected at 5 ng/µL with 14 ng/µL rol-

6(su1006) into N2 animals.

UV/TMP Integration of Extrachromosomal Arrays

Fifty late L4-staged, transgenic animals were picked onto a plate and collected

with M9 media.  They were washed and resuspended in 1 mL M9.  20 µL of 15 mg/mL

trimethylpsoralen in DMSO solution was added, and worms were incubated in this

solution in the dark for 15 minutes.  Worms were then collected by light centrifugation

and transferred to an unseeded 6 cm plate.  Worms were irradiated with UV [Stratalinker

2400 with 254nm bulb at setting 300 (x100 uJ)].  75 µL OP50 were then added to the

plate, and worms were left to grow overnight at 20°C.  Worms were then picked onto

new plates (10 worms/plate) and transferred to new plates every day until egg-laying had

ceased.  500 F1 progeny were picked from these plates with a bias towards later

offspring.  These were singled, and from each 2 F2 progeny were singled.  The progeny

of these were screened for clones that gave rise to 100% transmission.  Integrated lines

were outcrossed 4X to N2 to get rid of background mutations.

261



Feeding Rate Measurements

Experiments were performed as described previously (Greer et al., 2008;

Srinivasan et al., 2008).  Egg-laying adults were measured in each experiment; strains

were adjusted for developmental differences as indicated above.

Measurement of Oxygen Consumption

Relative rates of oxygen consumption were assayed as described previously

(Srinivasan et al., 2008).

EMS Mutagenesis

EMS mutagenesis was performed as described previously (Brenner, 1974).

Mutagenesis was carried out in two batches, totaling approximately 60,000 F1s and

300,000 F2s.  For each batch of EMS treatment, mutagenized lpo-6(mg360); akt-1; akt-2;

daf-16 animals were allowed to grow to adulthood, and their progeny were collected by

sodium hypochlorite treatment in eight separate pools.  These were allowed to grow to

adulthood, whereupon their progeny were collected in the same manner.  Synchronized

F2s were then allowed to grow for approximately 72 hours at 20°C (because of their

developmental phenotype, lpo-6(mg360); akt-1; akt-2; daf-16 animals grown as

described were an asynchronous mix of animals, none of which was older than very early

L4 stage) then screened for the rare young or gravid adult animals.  Potential suppressor

lines were then retested on plates containing Nile Red, and only those whose

developmental suppression was reproducible and further suppressed the increased

staining of the original lpo-6(mg360); akt-1; akt-2; daf-16 strain were selected for future

study.
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Bona fide suppressors were then outcrossed to the lpo-6(mg360) strain, and

mutations were followed by their ability to suppress the Nile Red phenotype of lpo-

6(mg360).  Since these suppressors were known to suppress the further fat-increasing

effects of sgk-1 RNAi, outcrossed suppressors were also screened on sgk-1 RNAi to

further enhance the phenotypes of the non-suppressed animals.  Potential outcrossed

suppressors were then genotyped for the akt-1(mg306), akt-2(tm812), and daf-

16(mgDf47) mutations.

Lifespan analysis

Synchronized L1 worms generated by hypochlorite treatment of gravid adults

were grown on control or RNAi plates to adulthood at 20°C, then transferred to new

control or RNAi plates and allowed to lay eggs for 1 day.  When these progeny reached

late L4 stage, they were picked onto control or RNAi plates containing 0.1 mg/mL FUDR

(Sigma) and scored every 2-3 days on the bench or at 20ºC.  Worms were scored as dead

when they were completely immotile, even after prodding with a platinum wire on the

nose.  Lifespan was defined as the time from when worms were picked onto FUDR plates

(day 0) until death.   Each experimental condition was comprised of 50-100 worms, and

animals that exploded, crawled off plates or became contaminated were censored.  Each

lifespan experiment was performed 2 independent times, and statistics for each

experiment were produced using Stata 8 software (Statacorp, College Station, TX, USA).

P-values were determined using the logrank (Mantel-Cox) method.

Dauer assays

Synchronized L1 larvae were harvested by hypochlorite treatment of adults.  They

were plated onto 6cm NGM plates seeded with 200 µL OP50 at a target density of 300
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animals per plate (some strains did not have enough larvae present, so their numbers were

lower, but always above100 animals per plate).  Animals were grown at 15, 20, or 25°C

until hatched L1s were visible on plates with wild type animals (amount of time was

obviously dependent upon growth temperature).  Worms were then scored for

developmental stage and quantified as either “dauer” or “non-dauer.”  Non-dauer animals

were always significantly older than the L3 stage.

Hydrogen peroxide survival

Synchronized L1 worms generated by hypochlorite treatment of gravid adults

were grown on plates seeded with empty vector or RNAi plates for ~72 hours at 20°C.

Adult worms were picked into the wells of a 96-well tissue culture plate (10 worms per

well, 100 worms per condition) containing 50µL of 20mM H2O2 dissolved in M9 media.

Worms were incubated for 5 hours on the bench, and death was then scored by a

complete lack of movement, even when agitated by tapping against the side of the plate.

Experiments in each strain background were performed on the same day in triplicate.  In

experiments with mutant strains, mutants and wild type controls were both grown on

HT115 bacteria with empty vector. For subcellular imaging, mixed-stage transgenic

worms were collected from plates and washed once with M9.  Pelleted worms were

added (using minimal volume) to wells of a 24-well tissue culture plate containing 500

µL of either M9 or 200mM H2O2 dissolved in M9.  Worms were incubated for 1 hour at

room temperature, mounted on slides with 2% agarose and sodium azide and imaged

immediately using a digital CCD camera (Hamamatsu ORCA-ER) attached to a Ziess

Axioplan II microscope equipped with FITC/GFP (525-50nm emission) and

TRITC/Rhodamine (630-75nm emission) filters.
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SDS-PAGE and Western blotting

Approximately 20,000-60,000 synchronized L4 animals (or 20,000 adult animals)

were used per sample.  Worms were collected in water, washed twice in Western lysis

buffer (50mM Tris-HCl,pH 8.0, 150mM NaCl, 1mM EDTA, 1% Triton X-100 or NP-

40), frozen with liquid nitrogen, and stored at –80ºC until use.  Western lysis buffer (with

one tablet Roche Complete Protease Inhibitor Cocktail added per 10 mL buffer) was

added to pellets at a volume equivalent to pellet size.  Worms were disrupted by

sonication at 4ºC (40% output, 10 pulses per pass, 3-4 passes per sample).  Samples were

cleared by centrifugation on a tabletop centrifuge (13,000 rpm for 5 minutes at 4ºC).

Protein concentration was determined by the Bradford method (samples were diluted 1:4

in 50mM Tris-HCl, pH 8.0, 0.3M NaCl first, and 3 µL of this was used in 1mL diluted

Bradford reagent), and approximately 50 µg protein was loaded per well.  Samples were

diluted in 2X sample buffer and boiled for five minutes.

After boiling, samples were centrifuged for five minutes at 13,000 rpm on a

tabletop centrifuge.  For SDS-PAGE, extracts were typically run on a 4-12% gradient

Bis-Tris gel (a 7.5% Bis-Tris gel was used to resolve AKT or SGK-1 proteins) for 30-60

minutes at either 170 V or 35 mA per gel.  Transfer was done wet in phosphate buffer

either at 1 A for 2.5 hours or overnight at 30 V.  Ponceau staining was performed to

check efficiency of transfer.

For most experiments, LiCor Odyssey system was used (thanks to Lim and

Weissman labs for use of instrument).  Blocking was performed using LiCor blocking

reagent (diluted in equal volume PBS) for 2 hours-overnight.  Primary antibody

incubation was performed for 2 hours in 1X TBS-Tween (10 mM Tris-HCl, pH7.9,
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0.25mM EDTA, pH8.0, 150mM NaCl, 0.05% Tween-20) shaking (following

concentrations were used: Roche α-GFP mAb mixture 11814460001, 1:5000; Chemicon

α-actin MAB1501R, 1:1000; Cell Signaling α-Akt polyclonal 1:1000).  Blots were

washed in TBS-Tween, then incubated in secondary antibody (appropriate LiCor IR

antibodies, 1:10,000) for 1.5-2 hours.  Blots were then washed in TBS-Tween, then

washed in PBS, then imaged using the LiCor Odyssey instrument.

qRT-PCR

30,000 control and RNAi-treated animals (N2) were grown for 48 hours at 20°C

from a synchronized egg preparation.  sbp-1 RNAi phenotype was verified by clear

intestinal cells and thin morphology, as well as a test sample grown on the same plates

with Nile Red (controls were also assayed).  Worms were collected and washed three

times in ddH2O, transferred to 1.5 mL Eppendorf tubes, then frozen in liquid nitrogen

with pellets as dry as possible (pellets were stored at -80°C until RNA extraction).

Pellets were thawed at 65°C for five minutes, then resuspended in 1 mL Trizol reagent.

Samples were left at room temperature for 20 minutes, then 0.1 mL 1-bromo-3-

chloropropane was added, samples were vortexed vigorously and incubated at room

temperature for 15 minutes.  Samples were centrifuged for 15 minutes at 12,000 x g at

4°C.  Upper, aqueous phase was transferred to a new 1.5 mL Eppendorf tube, mixed with

0.5 mL isopropanol, and incubated for 10 minutes at room temperature.  Samples were

centrifuged for 8 minutes at 12,000 x g at 4°C.  Pellet was washed with 75% ethanol,

centrifuged for 5 minutes at 12,000 x g at 4°C, dried by air for 10 minutes at room

temperature, and resuspended in 100 µL nuclease-free water (samples were incubated at

65°C for 10 minutes to dissolve RNA).
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Rneasy Mini kit (Qiagen) was used to purify RNA and digest DNA in samples.

RNA concentration was then measured.  First strand synthesis kit (New England Biolabs)

was used to synthesize cDNA.  100 µL reactions were made from each sample

(generating at least two reactions per sample), using 5 µg of RNA per reaction.  Random

primers were used in the first strand synthesis.

For each primer set, 30 µL reactions were used.  Each reaction was made of 27

µL, consisting of 1.5 mM MgCl2 (final concentration), 12µM total dNTPs, 5nL cDNA,

1nL SYBR green, and 5nL Taq polymerase, and 3 µL of a mix of 2.5 µM each primer.

The following reaction cycle was used: 95°C for 5 min, 40 cycles of 95°C for 30 s, 60°C

for 30 s, 72°C for 1 min, and 78°C for 10 s (fluorescence was scanned at this step), and

then a melting curve.  All conditions to be compared were run on the same plate with the

same set of primers to ensure equal conditions.  Samples were then normalized for

differences in RNA levels by taking the average cycle threshold for each sample with

each primer set and adjusting so that each sample would have an equal average over all

primer sets.  Experiments were conducted with at least three biological replicates, and

reported changes were seen with at least 2 replicates.

cDNA synthesis and subsequent amplification for cloning open reading frames

Total RNA was extracted as above, minus the Rneasy cleanup kit.  20 µL

reactions were made.  1 µL RNA was used (typically near 2 µg/µL).  To this, 1 µL dNTP

mix, 1 µL of 10 µM gene-specific primer, and 10 µL water were added, then heated to

65°C for five minutes.  4 µL of 5X buffer, 1 µL 0.1M DTT, 1 µL Rnase inhibitor (New

England Biolabs), and 1 µL Superscript III reverse transcriptase (Invitrogen) were then

added to the previous mix, incubated for one hour at 55°C, heated to 70°C for 15
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minutes, then cooled to 20°C.  To each, 1 µL Rnase H (5U/µL) was added and incubated

for 20 minutes at 37°C, then heated to 95°C for five minutes.

After cDNA synthesis, Platinum high-fidelity Taq (Invitrogen) was used to

amplify from this template with PCR conditions according to protocol.  Following PCR

reactions were used: 50µL total, 2 µL cDNA, 5 µL 10X buffer, 2 µL 50mM MgSO4, 1

µL 40mM dNTPs, 0.2 µL each of 100 µM primers, and 0.5 µL Platinum HiFi Taq.  30

cycles of amplification were used.  PCR purification kit (Qiagen) was used to isolate

DNA for cloning after running a small portion of reaction products on gel to confirm

specific amplification.
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N2 Bristol was used as wild type strain for all experiments.

Chapter II

LG I

daf-16(mgDf47) I  KQ134

 daf-16(mgDf47) I;lpo-6(mg360) II  KQ487

 daf-16(mgDf47) I;lpo-6(mg360) II;akt-1(mg306) V;akt-2(tm812) X KQ659

 daf-16(mgDf47) I;lpo-6(mg360) II;akt-1(mg306) V;akt-2(tm812),sgk-1(ft15) X  KQ1524

 daf-16(mgDf47) I;akt-1(mg306) V;akt-2(tm812) X  KQ609

 daf-16(mgDf47) I;akt-1(mg306) V;akt-2(tm812),sgk-1(ok538) X  KQ1248

 daf-16(mgDf47) I;sgk-1(ok538) X  KQ1155

LG II

 sma-6(wk7) II  LT186

 sma-6(wk7) II;lpo-6(mg360) II  KQ848

 lpo-6(mg360) II  KQ6

 lpo-6(mg360) II;lon-1(e185) III  KQ566

 lpo-6(mg360) II;egl-4(ad450sd) IV KQ556

 lpo-6(mg360) II;egl-4(n478) IV  KQ907

 lpo-6(mg360) II;dbl-1(nk3) V  KQ583

 lpo-6(ft7) II  KQ970

 lpo-6(mg360) II;akt-2(tm812),sgk-1(ft15) X  KQ1324

 lpo-6(ft7) II;akt-2(tm812),sgk-1(ft15) X  KQ1327

 lpo-6(ft7) II;sgk-1(ok538) X  KQ1151
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LG III

 lon-1(e185) III  CB185

LG IV

 egl-4(ad450sd) IV  DA521

 egl-4(n478) IV  MT1073

LG V

 dbl-1(nk3) V  NU3

LG X

 akt-2(tm812),sgk-1(ft15) X  KQ1323

 sgk-1(ok538) X  KQ1120

Transgenic strains

N2;ftEx645[Plpo-6::GFP; Podr-1::RFP]  KQ1158-1164

lpo-6(mg360) II; ftEx560[Plpo-6::lpo-6genomic::polycis-GFP; pMYO-2::mCherry]

KQ1012, KQ1013

Chapter III

LG I

daf-16(mgDf47) I;daf-7(e1372) III  KQ1521

daf-16(mgDf47) I;lpo-6(ft7) II;daf-7(e1372) III  KQ1520

daf-16(mgDf47) I;lpo-6(mg360) II;akt-1(mg306) V;akt-2(tm812),sgk-1(ft15) X  KQ1524

LG II

sma-6(wk7) II  LT186

lpo-6(mg360) II  KQ6
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lpo-6(mg360) II (outcrossed 8X into CB4856)  KQ1206

lpo-6(mg360) II;akt-1(mg144) V  KQ1602

lpo-6(mg360) II;akt-2(tm812),sgk-1(ft15) X  KQ1324

lpo-6(ft7) II  KQ1366

lpo-6(ft7) II;daf-7(e1372) III  KQ1430

LG III

daf-7(e1372) III  CB1372

LG IV

egl-4(ad450sd) IV  DA521

LG V

dbl-1(nk3) V  NU3

akt-1(mg144) V  GR1310

LG X

akt-2(tm812),sgk-1(ft15)  KQ1323

sgk-1(ok538) X  KQ1120

Chapter IV

LG I

daf-16(mu86) I  CF1037

LG III

 K06H7.3(tm3229) III  KQ1140

Transgenic Strain

 N2; ftEx687[Plms-1::LMS-1::GFP; Pegl-3::DIC-1::mCherry]  KQ1204, KQ1205
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Chapter V

Transgenic Strain

N2; ftEx2[Pcyp-35A5::CYP-35A5::GFP; rol-6(su1006)]  KQ14

Chapter VI

Transgenic Strains

N2; ftIs7 [epEx307[unc-119(+); Psbp-1::SBP-1::GFP]  KQ377

lin-15(n765) X; waEx15[Pfat-7::FAT-7::GFP]  BX114

N2; ftEx241 [Pacs-2::GFP; rol-6(su1006)]  KQ467

cdc25.1(rr31) I; rrIs1[elt-2::GFP]  MR142
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