Genetic Regulation of Dietary Restriction-Induced Longevity
in Caenorhabditis elegans

by
Nicholas A. Bishop

B.A. Biochemistry
Rice University

Submitted to the Department of Biology
in partial fulfillment of the requirements
for the degree of

DOCTOR OF PHILOSOPHY IN BIOLOGY
at the
Massachusetts Institute of Technology
June, 2007
© 2007 by Nicholas A. Bishop. All rights reserved.

The author hereby grants to MIT permission to reproduce
and distribute publicly paper and electronic copies of this
thesis document in whole or in part.

VY e s - -

Signature of Author ‘ -

Department of Biology
Vs f; % ==

Certiﬁed by = wrf - e N
v Leonard Guarente
Novartis Professor of Biology
Thesis Supervisor

<
Accepted by : e J
g

Stephen Bell

\ Chairman, Biology Graduate Committee
MASSACHUSETTS INSTITUTE
OF TFCHNOLOGY ‘

- ~1—-—-_._.

JUN 0 5 2007 'a
e ARCHIVES







Genetic Regulation of Dietary Restriction-Induced Longevity
in Caenorhabditis elegans

Nicholas A. Bishop

Submitted to the Department of Biology on May 4, 2007 in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in Biology
at the Massachusetts Institute of Technology

ABSTRACT

Dietary restriction (DR), the limitation of food intake below the ad libidum (AL)
level without malnutrition, extends mean and maximum lifespan in every organism in
which it has been tested. Perhaps even more significantly, DR has also been shown in
animal models to slow progression of, or even prevent entirely, an array of age-dependent
pathologies, including cardiovascular disease, multiple types of cancer, several
neurodegenerative disorders, and diabetes. Short-term DR also reduces the risk of
coronary disease and stroke in humans. Clearly, identification of the genetic mechanisms
underlying these protective effects of DR would have profound implications for the
development of novel medical interventions affecting diseases of aging.

Recent studies of model organisms have revealed many genetic pathways that
control the physiological rate of aging. However, advances in understanding DR
longevity have lagged behind, especially in metazoans. Here, I use the roundworm C.
elegans as a model of DR longevity and identify some of the underlying genetic
mechanisms.

DR profoundly alters endocrine function in mammals, but no causal role of any
hormonal signal in DR longevity has been demonstrated. I show that increased longevity
of diet-restricted C. elegans requires the transcription factor skn-1 acting specifically in
the ASIs, a pair of neurons in the head. DR activates skn-1 in the ASIs, which signals
peripheral tissues to increase metabolic activity. These findings demonstrate that
increased lifespan in a diet-restricted metazoan depends on cell-nonautonomous signaling
from central neuronal cells to non-neuronal body tissues, and suggest that the ASIs
mediate dietary restriction-induced longevity by an endocrine mechanism.

Next, I identify sek-1, a conserved stress-responsive MAPKK, as essential for
DR-induced longevity and several other physiological responses to DR. 1 show that sek-1
acts in the ASI neurons to maintain skn-/ expression and mediate the DR longevity
response. sek-1 functions downstream of the MAPKKK nsy-1 during DR. Thus,
activation of a stress-sensitive MAPK pathway in the brain may be a crucial initial event
in DR-induced longevity.

To summarize, I have established a three-member genetic pathway that mediates
DR longevity by acting in the ASI neurons of C. elegans.
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CHAPTER 1

Dietary Restriction-Induced Longevity in Model Organisms

and the Hypothesis of Neuroendocrine Control

Portions of this chapter will be submitted for publication. The authors will be Nicholas

A. Bishop and Leonard Guarente.
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Dietary restriction: an intervention that extends healthy lifespan

Dietary restriction (DR), the limitation of food intake below the ad libidum (AL)
level without malnutrition, extends mean and maximum lifespan in every organism in
which it has been tested, including yeastl, wormsz, flies®, and rodents*. Studies are
presently underway to test the effect of DR on lifespan in primates, with promising
preliminary results’. Perhaps even more significantly, DR has also been shown in animal
models to slow progression of, or even prevent entirely, an array of age-dependent
pathologies, including cardiovascular disease®, multiple types of cancer’, several
neurodegenerative disorders™”, and diabetes'®. Short-term DR also reduces the risk of
coronary disease and stroke in humans®. Clearly, identification of the genetic
mechanisms underlying these protective effects of DR would have profound implications
for the development of novel medical interventions affecting diseases of aging. DR
induces alterations in the physiology of many organ systems in rodents, which have been
characterized extensively over the last several decades''. However, which of these
myriad changes are causally relevant in the increased longevity and improved health of

DR animals has remained elusive.

Studies in model organisms can identify single genes controlling aging

In contrast to the limited progress on DR longevity specifically, the last fifteen
years have seen a great deal learned about the general genetic regulation of aging in

model organisms, principally the yeast S. cerevisiae, the worm C. elegans, and the
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fruitfly D. melanogaster. Studies of these organisms have revealed that aging is not
simply an inevitable “wearing out” of the body with time, but a regulated process
controlled by a few critical genetic pathways. The rate of physiological aging can be
modulated by a relatively small set of regulatory genes, defining several general
pathways of lifespan control, many of which are conserved across taxa even unto
mammals (Figure 1). A very well-characterized and conserved longevity intervention is
reduced insulin-IGF axis signaling. Insulin signaling was first determined to be a
lifespan control pathway when the worm gene daf-2, mutation of which was known to
cause increased lifespan, was cloned and found to encode a homologue of the insulin
receptor'>. Reduced insulin-IGF axis signaling has since been shown also to extend
lifespan in flies and mice'. Most other interventions that extend lifespan have also first
been identified in C. elegans, including germline ablation', sensory neuron defects'”, and
reduced mitochondrial function during development'®, among others. The worm model
permits systematic whole-genome RNAi screens for genes affecting longevity'” '8, the
results of which have led some investigators to suggest that “we may now be aware of
most of the major biological pathways in C. elegans that, when inhibited, can produce
large extensions in lifespan'®.” It is therefore perhaps surprising that, unlike most other
mechanisms of aging control, almost nothing is known of the genetic control of lifespan

extension by dietary restriction in any metazoan, including C. elegans.
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Studying DR in C. elegans

The first genetic determinants of DR longevity were identified seven years ago
using yeast as a model system, and now quite robust genetic pathways controlling DR
longevity in yeast have been elucidated (see below). The lagging progress on genetic
control of DR longevity in C. elegans is likely due largely to the relative technical
difficulty of inducing DR in the worm. One method of achieving DR has been the use of
eat-2 mutant strains, which have a reduced rate of pharyngeal pumping and reduced food
ingestion'®. ear-2 mutants have been reported to live up to 50% longer than wild-type”,
but in the hands of the author and others®' the lifespan extension is much shorter or
absent (data not shown). Thus, DR by eat-2 mutation seems unreliable. The eat-2
method of DR is also potentially subject to confounding effects during development
under DR that might influence adult lifespan, as well as a dichotomy between low food in
the worm and high food in the environment. The other reported method of inducing DR
in worms is growth in liquid medium with controlled high or low bacterial density”. This
method is limited in that it does not lend itself to the traditional form of the worm
lifespan assay, which is to follow a population of a few dozen individuals throughout its
entire lifespan. This limitation, along with the use of medium and culture conditions that
differ substantially from standard worm plates, complicates comparisons to existing
studies on any given mutant. Furthermore, the magnitude of lifespan extension induced
by this liquid culture approach has been underwhelming in most recent reportszz. To
address the shortcomings of existing DR induction approaches, I developed a novel

method of inducing DR in C. elegans based on culture in a few milliliters of liquid with
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controlled bacterial density (Chapter 2). This method permits monitoring of a population
of individuals during the entire lifespan and produces a robust and extremely
reproducible lifespan extension. Furthermore, the composition of the medium differs
from plates only by the exclusion of agar, and wild type and mutant worms show a
similar lifespan in high food concentration liquid culture as they do on plates, permitting
reasonably direct comparison of studies in my DR conditions and those done on
traditional plates.

Using this novel method, I screened strains carrying mutants in known or
candidate longevity genes (Chapter 3 and data not shown). Initially, this work
demonstrated that DR extends lifespan in representative mutant backgrounds covering
essentially all known lifespan-control pathways. These results argue that DR extends
lifespan by a mechanism different from known longevity pathways. Continuing the
candidate gene approach, I identified a novel genetic pathway specifically required for
DR-induced longevity (Chapters 2 and 3). Analysis of this genetic pathway revealed that
it functions exclusively in a pair of neuroendocrine cells in the head, called the ASI

neurons, to mediate DR longevity.

A conserved neural basis for DR longevity?

The discovery that cell-nonautonomous signaling from central neurons mediates

DR longevity in a metazoan represents the central conceptual advance of this thesis. For

the remainder of this chapter, I will review other recent findings that are beginning to

point toward a conserved neural basis of DR longevity control across species. By this

14



comparative approach, I hope to provide the reader with the relevant background on what
is known and suspected about the control of DR longevity in different model organisms.
I also hope the reader will be inspired to share my excitement over the tantalizing
evidence that the emerging mechanisms of DR longevity control in lower organisms will
prove to be conserved in mammals.

Current evidence strongly suggests that DR is mediated by brain neurons that
sense energy availability and translate energy limitation into longevity during DR.
In mammals, homeostatic energy balance is principally monitored and maintained by a
brain region called the hypothalamus. The hypothalamus senses changes in energy
balance and reflexively modulates energy intake and expenditure, by altering feeding
behavior and peripheral metabolism, respectively. Here I present evidence supporting the
hypothesis that increased longevity induced by DR is also controlled by the
hypothalamus. I begin by reviewing the current understanding of the genetic
mechanisms of energy sensing in the mammalian hypothalamus. I then outline the known
pathways mediating DR longevity in the organism in which they are best-understood,
yeast, and highlight similarities between mechanisms of hypothalamic energy sensing
and DR longevity in yeast. I describe recent direct evidence for central neuronal control
of dietary restriction-induced longevity in worms, flies, and mammals. Finally, I identify
potential novel DR genes based on their role in both invertebrate lifespan control and

hypothalamic energy sensing.
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Hypothalamic energy sensing in mammals

The hypothalamus is the principal vertebrate brain region responsible for
maintaining homeostatic energy balance. The hypothalamus detects changes in energy
availability and mediates appropriate modifications of energy intake and expenditure
(Figure 2a). Specifically, the hypothalamus modulates energy balance by causing
behavioral responses to hunger, such as increased feeding and foraging, and can alter
energy expenditure in peripheral tissues via efferent hormonal and autonomic nervous
signaling. In addition, the hypothalamus controls other nutrient-dependent processes such
as growth, sexual maturation and reproduction. Very recently, the hypothalamus has been
proven also to be capable of controlling mammalian lifespan (see below). Much has been
learned about the genetic mechanisms of hypothalamic energy sensing in recent years, an
overview of which will be presented here. The reader is directed to several recent reviews

for further detail®>>%.

Energy-sensing hypothalamic nuclei and neuropeptides

The behavior- and metabolism-modifying outputs of the hypothalamus result
from the integrated activity of several populations of energy-sensitive neurons (Figure
2b). The best characterized of these are two neuronal populations within the arcuate
nucleus: the anorexigenic proopiomelanocortin (POMC) neurons and the orexigenic
agouti-related peptide (AgRP) neurons. When energy is in excess, AgRP neurons are

repressed, while POMC neurons are active and release alpha-melanocyte stimulating
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hormone (a-MSH), which is a product of POMC proteolytic cleavage. o-MSH is an
agonist of the melanocortin 4 receptor (MC4R), which is expressed in neurons of the
paraventricular and ventromedial hypothalamus. Activation of MC4R causes reduced
energy intake and increased peripheral energy expenditure, restoring homeostatic energy
balance. When energy availability is low, POMC neurons are repressed, while AgRP
neurons are activated, causing increased release of AgRP, an antagonist of MC4R that
reduces its activity and promotes increased feeding and decreased peripheral energy
expenditure. Knockout of MC4R causes hyperphagia and obesity”®, while ablation of
AgRP neurons in adults suppresses feeding®’, confirming the critical role of this pathway
in regulating energy balance.

In addition to the neurons already described, two populations of neurons in the
lateral hypothalamus, expressing either hypocretin (Hert) or melanin concentrating
hormone (MCH), also play a role in promoting feeding, as ablation of either the MCH
gene or the Hert neurons causes hypophagia and altered energy expenditure®® %, The
hypocretin neurons also appear to have complex roles in the regulation of arousal, as

deletion of Hert causes narcolepsy™".

Cell-intrinsic sensing of energy availability

Hypothalamic neurons integrate information from several sources in order to

generate an overall picture of organismal energy status. One mechanism by which

hypothalamic neurons sense energy availability is the sampling of levels of certain key
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metabolites within the cell, including glucose, fatty acids, ATP, and possibly amino acids
(Figure 3).

The hypothalamus contains many glucose-sensitive neurons, which are either
glucose-excited or glucose-inhibited. For example, anorexigenic POMC neurons are
glucose-excited®! and orexigenic AgRP neurons are glucose-inhibited*. Glucose-excited
hypothalamic neurons sense glucose concomitantly with its metabolism, in a manner
analogous to that of pancreatic f cells (Figure 3a). Most glucose-sensitive hypothalamic
neurons, unlike most other brain neurons, express the pancreatic form of glucokinase,
which is required for glucose sensing in both neurons and B-cells*. Glycolysis produces
pyruvate and elevates cytoplasmic NADH. Both metabolites must be produced and
transported into the mitochondria for glucose to be sensed**. NADH and pyruvate in the
mitochondria cause increased ATP production, which closes ATP-sensitive potassium
channels, leading ultimately, in neurons, to increased action potential frequency. The
mechanism of glucose inhibition in glucose-inhibited neurons is not as well understood,
though pancreatic glucokinase activity and production of cytoplasmic NADH by
glycolysis are essential for glucose sensing in these cells also™.

To an even greater degree than glucose, perception of energy status by
hypothalamic neurons depends on the intracellular levels of certain intermediates of fatty
acid metabolism>* (Figure 3b). Experimental manipulation that results in a constitutively
low intracellular level of long-chain fatty acyl-CoA (LFCA) molecules in hypothalamic
neurons is sufficient to increase expression of AgRP, cause hyperphagia, and decrease
peripheral energy expenditure, leading to obesity°. Physiological control of LCFA level

is heavily dependent on the steady-state level of malonyl-CoA, an intermediateé in fatty
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acid biosynthesis. In the absence of malonyl-CoA, LCFA-CoAs are transported by
carnitine-palmitoyl transferase 1 (CPT1) into the mitochondria for $-oxidation. When
malonyl-CoA is abundant, CPT1 is inhibited and LCFA-CoA levels remain high,
promoting anorexigenic hypothalamic outputs®.

Malonyl-CoA is produced from acetyl-CoA by acetyl-CoA carboxylase (ACC).
ACC is primarily regulated via inhibitory phosphorylation by AMP-activated protein
kinase (AMPK), which is activated by low ATP levels in most eukaryotic cells’’. AMPK
controls hypothalamic energy sensing, acting both to promote expression of orexigenic
peptides in the arcuate nucleus and to promote appropriate response in the paraventricular
receiving cells®®. AMPK is thought to act in part by inhibiting ACC and thus reducing
malonyl-CoA levels. mTOR has recently been shown to inhibit food intake by acting in
the hypothalamus, particularly in response to injected leucine®®. AMPK is an important
inhibitor of mTOR in many tissues, and therefore may exert its hypothalamic effects on
energy homeostasis in part by inhibition of mTOR™.

Recently, it was shown that fasting induces expression of uncoupling protein 2
(UCP2) in AgRP neurons*'. Uncoupling proteins reduce metabolic efficiency by
dissipating the proton gradient across the mitochondrial membrane, necessitating more
rapid respiration to maintain ATP production rate. Fasting also caused an increase in
mitochondrial number in the AgRP neurons, perhaps to compensate for this reduced
metabolic efficiency. In UCP2 KO animals, fasting did not cause mitochondrial
uncoupling or biogenesis, orexigenic peptide expression was not induced by fasting, and
rebound feeding following fasting was diminished. Thus, fasting-induced uncoupling of

mitochondrial respiration is a critical step in activation of orexigenic AgRP neurons. It is
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not known how increased uncoupling in these neurons leads to perception of a low-
energy state, but it is worth noting that increased uncoupling should lower NADH levels
and/or ATP levels, possibly reducing glucose inhibition and/or increasing AMPK activity

by the mechanisms discussed above.

Afferent hormones modulate hypothalamic energy sensing

In addition to the essentially cell-intrinsic energy sensing mechanisms described
above, hypothalamic energy sensing pathways are modulated by an ever-expanding
group of afferent hormones carrying information about the long- and short-term energy
status of the body®. I will limit my discussion to two of the most important, leptin and
insulin.

Leptin is produced by adipocytes in proportion to fat mass, and promotes anorexic
hypothalamic signaling®”®. Mutation of the leptin gene ob causes hyperphagia and
massive obesity*’, due in large part to repression of AgRP neurons and activation of
POMC neurons®*. The binding of leptin to its receptors on arcuate neurons activates
the transcription factor Stat3 and also activates PI3 kinase, which promotes Akt-
dependent phosphorylation and nuclear exclusion of the transcription factor FoxO1*
(Figure 4). Stat3 and FoxO1 oppositely regulate orexigenic and anorexigenic
neuropeptide gene expresssion.

Insulin also promotes hypothalamic anorexigenic signaling, but plays a more
minor role than leptin. Neuron-specific insulin receptor knockout causes mild obesity*’,

and central administration of insulin causes suppression of feeding*. Interestingly,
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insulin signaling affects the PI3K-Akt-Foxol cascade in the same direction as leptin
signaling in arcuate neurons, so it has been suggested that the insulin signaling pathway
may act to modulate the dominant leptin signal**. Consistently with this model, Stat3 and
Foxo1 bind to partially overlapping sites on orexigenic and anorexigenic peptide gene
promoters and oppositely regulate them, providing a mechanism by which insulin
signaling could cooperate with leptin signaling by removing the repressive effect of
Fox01* (Figure 4). In addition, pharmacological inhibition of hypothalamic PI3 kinase
suppresses the effects of both leptin and insulin, indicating that leptin and insulin
signaling pathways converge on PI3K* %

Neuropeptide regulation is not the only mechanism by which leptin and insulin

promote hypothalamic anorexigenic signals. For instance, leptin and insulin both inhibit

hypothalamic AMPK signaling®®. Leptin also upregulates mTOR in the hypothalamus™.

Dietary restriction in yeast

The first genes involved in dietary restriction-induced lifespan increase were
identified in the yeast S. cerevisiae®®. In yeast, replicative lifespan is defined as the
number of daughter cells a mother cell can produce before senescing, and this lifespan is
controlled by many of the same genes that control metazoan lifespan. A report published
in 2000 showed that reducing glucose concentration in the medium from 2% to 0.5%
could extend replicative lifespan, establishing a model of DR in yeast™. A number of
genes mediating this DR-induced longevity were identified using this model. More

recently, however, it has been found that more extreme glucose limitation, to 0.05%, can
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apparently induce an entirely separate set of genes that mediate an even longer lifespan
extension’ . The controversy surrounding the genetics of DR in yeast has been expertly

reviewed elsewhere™, so I will present only a brief overview here.

Genetics of increased longevity under mild DR

A mild reduction in glucose concentration in the medium, from 2% to 0.5%,
caused an increase in replicative lifespan via genetic pathway dependent on a shift of
carbon metabolic flux away from anaerobic fermentation and toward aerobic respiration’
(Figure 5). Increased mitochondrial carbon metabolism was inferred from an increase in
oxygen consumption during DR. This respiration increase was necessary for DR to
increase lifespan, because deletion of the cytochrome c1 gene cyt/ suppressed respiration
and prevented the longevity increase. Furthermore, blocking oxidative metabolism of
carbon by deleting a subunit of the pyruvate dehydrogenase complex, /at/, prevented DR
longevity, and lat/ overexpression increased the lifespan of 2% glucose cells but not DR
cells®. Reduced glycolysis and increased respiration during DR raises the cellular
NAD+/NADH ratio, and this elevated ratio is necessary and sufficient to increase
longevity””. The change in NAD+/NADH ratio produced by altered glucose metabolism
during mild DR activates the lifespan-regulating NAD-dependent deacteylase SIR2 and
its homologues, which drive increased lifespan’'. Deletion of all the sir2 homologues
suppresses DR longevity under mild glucose restriction in the hands of most

53,56

investigators™ >°, though there has been one reported exception®”.
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Genetics of increased longevity under severe DR

More recently, it has been reported that a severe limitation of glucose, to 0.05%,
produces a robust extension in yeast replicative lifespan mediated by a genetic pathway
that apparently requires neither the electron transport chain nor any sirtuin
homologues’'~2. The genetic determinants of this pathway are not well understood at this
time, but a role for the Akt homologue sch9 or the Tor homologue zor! has been
suggested, because deletion of either of these genes produces a striking lifespan increase
that cannot be further extended by 0.05% glucose’".

The interpretation of the sir2- and respiration-independent lifespan increase under
extreme glucose limitation has been a matter of some debate recently, with two
possibilities being proposed® *®, First, subtle sir2-independent lifespan increases might
have been originally masked by suboptimal DR conditions at 0.5% glucose; alternately,
mild and severe DR conditions might induce separate longevity pathways. I favor the
second interpretation for a number of reasons. First, numerous experiments from different
laboratories have repeatedly confirmed that deletion of sir2 and its homologues prevent
lifespan extension by 0.5% glucose, though not 0.05% glucose53 +36_ Second, the
physiological responses of yeast to 0.5% and 0.05% glucose differ, with growth and cell
cycle being minimally affected by 0.5% glucose, but severely slowed by 0.05%
glucose™. It is therefore reasonable to suppose that responses that limit protein synthesis
and increase autophagy, such as reduction of for/ activity, would be engaged in 0.05%
glucose, but not 0.5%. Third, the NAD+/NADH ratio is strongly increased in cells under

0.5% glucose, but much less so in cells under 0.05% glucose, suggesting a different
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metabolic response to the two conditions™. Fourth, mutations that block DR longevity at
0.5%, such as cytIA and sir2A, actually have the opposite effect at 0.05% glucose,
instead enhancing the longevity response®* . This observation suggests that the 0.5%-
response genes inhibit the 0.05%-response genes, allowing the cell to fine-tune its
responses to various levels of nutrient availability (Figure 5). Notably, mutations that
extend replicative lifespan at 0.05% glucose also generally increase the chronological
lifespan of stationary phase cells that lack nutrients entirely, while genes extending
replicative lifespan at 0.5% glucose generally do not®" 2. This observation supports the
view that genes such as sch9 and tor! become increasingly important in lifespan control
as food restriction becomes more extreme, while genes such as sir2 decrease in
importance.

Interestingly, both 0.5% glucose and 0.05% glucose increase lifespan by a
mechanism dependent on the pyruvate dehydrogenase subunit lat/>>. Undoubtedly,
future work will uncover many more cross-regulations between longevity pathways

responding to different degrees of food limitation.

Genetic mimics of DR

In addition to physical limitation of available glucose, several mutations affecting
glucose transporting or sensing genes have been shown to extend lifespan in yeast. These
include the cdc25-10 mutation that disrupts a glucose-sensing GTP/GDP exchange factor,
Hap4 overexpression that increases respiration, and deletion of the hexokinase Axk2,

which prevents glucose entry into glycolysis®’. As mentioned above, mutation of the Akt
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homolog sch9 has also been suggested to be a mimic of DR’'. Interestingly, these “DR
mimic” mutations can be divided into two classes based on genetic epistasis, and this also
supports the view that there is more than one genetic pathway controlling nutrient-
dependent lifespan. The first class of mutations, including the cdc25-10 mutant and Hap4
overexpressor, appear to share characteristics with the response to 0.5% glucose: like
0.5% glucose, cdc25-10 and Hap4 overexpression required sir2 and lat] to increase
lifespan53. hxk2A and sch9A fall into a separate class of nutrient-responsive longevity
genes, their effects on lifespan being independent of sir2 and lat] 53 Presumably at least
one additional class of nutrient-responsive genes exists which, like 0.05% glucose, have

longevity effects that are independent of sir2 but dependent on /at/ 3,

A role for the hypothalamus in DR?

It will be apparent from the preceding discussion that considerable parallels exist
between the genetic pathways in yeast that translate low glucose perception into long
lifespan and the genetic pathways in the hypothalamus that translate perception of low
energy availability into appropriate efferent signals (Table 1). Glucose sensing in both
yeast and hypothalamic neurons is coupled to glucose metabolism in similar ways. Both
cell types depend on a hexokinase enzyme to detect glucose, and use elevated NADH as a
signal of high glucose. Increased respiration is a critical step in sensing low nutrients in
both yeast and AgRP neurons. In addition, tor!/TOR, snfl/AMPK, and sch9/Akt
homologues play a role in both nutrient-sensitive longevity in yeast and nutrient sensing

in the hypothalamus. It is not known whether malonyl-CoA/LCFA ‘levels affect lifespan
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in yeast, but yeast do contain homologues of all the essential mammalian components of
this biochemical pathway. The apparent similarities between pathways that sense
nutrients and affect DR longevity in yeast and pathways that sense nutrients in the
hypothalamus beg the question: is DR longevity in mammals mediated by afferent
hypothalamic signaling?

Answering this question would require perturbing the hypothalamus in some way
and then demonstrating insensitivity to DR in the manipulated animal. To my knowledge,
an experiment of this type has not yet been performed in a mammal. However, there is
excellent evidence that the mammalian hypothalamus can control longevity, in addition
to its well-established role in energy balance. For some years, a role of the hypothalamus
in mammalian lifespan control has been indirectly inferred from the critical role of the
pituitary in mammalian aging. The pituitary is a master endocrine gland that is chiefly
controlled by hypothalamic input, both by direct innervation and by short-range hormonal
signals relayed by a portal vein system. Removal of the pituitary (hypophysectomy) can

extend lifespan® **

, though it is not known whether hypophysectomy increases lifespan
by the same mechanism as DR. Testing the DR response in hypophysectomized animals
is somewhat confounded by the fact that these animals exhibit lower voluntary food
intake, possibly imposing DR on themselves®*. Apart from surgical removal of the
pituitary, any of several mutations that reduce growth hormone release, or its reception in
peripheral tissues, also extend lifespan®®’. These mutations appear to have effects quite
distinct from those of hypophysectomy, as they induce hyperphagia and age-dependent

obesity®®. This reduced growth hormone longevity pathway is though to act by a separate

- mechanism than DR%. This conclusion is partly based on the finding that long-lived
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mutants with reduced growth hormone secretion live even longer when subjected to
DR”.

Another indirect indication that the hypothalamus may control mammalian aging
comes from a fat-specific knockout of the murine insulin receptor. This mutation caused
a dramatic reduction in fat mass and plasma leptin level, promoting hyperphagia
mediated by the hypothalamus, and also caused a significant lifespan extension’’. It
remains untested whether the hypothalamus is involved in the lifespan increase.
However, DR and fat-specific insulin receptor knockout produce similar alterations in fat
mass, leptin level, appetite and metabolism, suggesting possible commonalities in
mechanism.

Recently, an exciting direct connection between nutrient-sensitive cells of the
hypothalamus and mammalian longevity was demonstrated by Conti and colleagues’".
UCP2 was overexpressed specifically in the orexigenic hypocretin neurons in the lateral
hypothalamus of mice. The intent of this manipulation was to cause thermogenesis in the
hypocretin neurons and thus raise the temperature of nearby temperature-sensitive centers
of the hypothalamus, causing lowered core body temperature, all of which did, in fact,
occur. However, overexpression of UCP2 would also be predicted to increase hunger
perception in the hypocretin neurons. (Although it is not known whether hypocretin
neurons normally elevate UCP2 expression as a signal of hunger, as the AgRP neurons
do, increased mitochondrial uncoupling would be expected to induce a low energy state
in any cell due to reduced efficiency of ATP production.) Consistent with this prediction,
these mice showed mild hyperphagia: despite their reduced daily calorie requirement due

to reduced core body temperature, transgenic mice ate as much food as wild-type controls
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and males gradually became obese as they aged. Remarkably, the UCP2-overexpressing
mice also had longer mean and maximum lifespan than controls, by 12% in males and
20% 1n females. Thus, altered gene expression in a single population of hypothalamic
neurons is sufficient to modify energy balance and increase lifespan. It remains to be
tested whether the hypocretin neurons play a role in DR longevity, but Conti and
colleagues do note that the change in lifetime mortality of the long-lived transgenic mice
resembles that observed when Drosophila is diet-restricted, and differs from that
observed when Drosophila is raised at lowered temperature. This is consistent with the
idea that hypocretin neurons and dietary restriction affect aging by the same mechanism.
If increased hypocretin neuron activity could be shown to extend lifespan by the same
mechanism as DR, this would suggest that the DR longevity pathway is separable from
the low adiposity of DR animals, since the UCP2 overexpressors are obese. This would
raise the intriguing possibility that the influence of DR on lifespan is not a mere passive
consequence of altered peripheral metabolism, but a separate, active response coupled to

nutrient sensing, as is the case in yeast.

Neural regulation of DR longevity in invertebrates

Several reports in the last few years have established that the nervous system is a
critical regulétor of invertebrate lifespan. In C. elegans, loss of chemosensory ability in
all neurons dramatically extends lifespan'”, as does laser ablation of specific neurons’>,
and in Drosophila, ablation of specific insulin-producing neurons in the head is sufficient

to extend lifespan”. Strong evidence for a critical role of neurons in mediating the DR

28



longevity response of metazoans has recently been obtained from two invertebrate
studies, one in flies and one in worms.

The fly study’* reported two important findings. First, the authors showed that the
odor of food alone was sufficient to reduce the longevity response of dietary-restricted
flies, suggesting that odor-sensitive neuronal pathways modulate DR longevity. Second,
this study showed that mutation of a pan-neuronally expressed chemoreceptor called
Or83b disrupted the function of many sensory neurons and extended lifespan
significantly. These long-lived mutant flies responded less robustly to DR than the wild
type, suggesting that the lifespan extension mediated by these neurons might overlap
mechanistically with DR longevity. Interestingly, it was shown in a separate study that
neuron-specific overexpression of human UCP2 in flies extended lifespan”. The
interaction of this lifespan extension with DR was not examined, but given the
importance of UCP2 in hypothalamic nutrient sensing and possibly lifespan control, it is
tempting to speculate that this neuronal UCP2 overexpression may have driven the fly
nervous system to perceive hunger and activated concomitant DR-like lifespan extension
pathways. Consistent with this interpretation, an endogenous Drosophila uncoupling
protein, dUCP5, is required specifically in neurons to mediate normal adaptation to low
energy conditions’®, suggesting that the neuronal uncoupling-dependent mechanism of
mammalian energy sensing is conserved in flies.

The second recent study to implicate neurons in the control of DR longevity is
described in the remainder of this thesis. A brief summary follows. A pair of sensory
neuroendocrine cells in the worm head, called the ASI neurons, are in many ways

functionally analogous to the hypothalamus. The ASI neurons sense food in the
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environment and integrate this information with intrinsic energy availability to modulate
hormonal signaling that controls dauer entry in larvae and fat metabolism in adults’’”°. In
Chapter 2, I show that a transcription factor called skn-1 is required to act specifically in
the ASI neurons in order for worms to increase lifespan in response to DR. Furthermore,
ablation of the ASI neurons prevents the DR longevity response. This and other studies
show that, as in yeast, DR causes increased respiration in worms>>*®, This respiration
increase is also mediated by skn-1 activity in the ASI neurons, suggesting that metabolic
changes in peripheral tissues induced by DR are dependent on cell-nonautonomous
signaling from the ASlIs.

Taken together, the recent evidence linking energy-sensitive neurons to lifespan
control suggests a model in which DR produces longevity by a mechanism very similar to
that of yeast, except that the effectors of metazoan DR longevity are cell-nonautonomous
(Figure 6). Many of the mechanisms by which yeast senses nutrient deprivation are
conserved in the mammalian hypothalamus. However, where the unicellular yeast
induces longevity effectors in the same cell, the hypothalamus likely induces cell-
nonautonmous signals that induce effectors of metabolic changes and longevity in

peripheral tissues.

Other nutrient-sensitive genes that regulate invertebrate lifespan

Many of the homologues of genes known to regulate DR longevity in yeast and/or

nutrient sensing in the hypothalamus have also been shown to regulate lifespan in worms
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and/or flies (Table 1). Some of these have been suggested to function by the same
mechanism as DR. Almost none have yet been tested for a neural basis of action.

The daf-2 insulin receptor homolog in C. elegans was one of the first genes
shown to control metazoan lifespanm. Mutation of daf-2 extends lifespan by reducing
activation of homologues of PI3K and Akt, causing dephosphorylation and nuclearization
of daf-16, a worm Forkhead homolog®* (Figure 1a). daf-2 functions at least partly in
neurons to regulate lifespan83 84 Because daf-16 mutation completely suppresses the
longevity of well-fed daf-2 mutants®', whereas DR produces a normal lifespan extension
in daf-16 mutants®>® (see Chapter 2), it has been argued that DR longevity is
independent of insulin signaling in worms. However, several groups have observed
significantly greater lifespan extension by DR in daf-2 animals compared to the wild type
(ref. 85 and Chapter 2), suggesting that insulin signaling may in fact antagonize DR
longevity by a daf-16-independent mechanism. The control of lifespan by insulin
signaling is conserved in flies and mammals®. It has been argued that reduced insulin
signaling and DR increase lifespan by a common mechanism in flies®, though the
interpretation of this data has been disputed®’. Further work is clearly needed to clarify
the influence of neural insulin signaling on the lifespan of well-fed and diet-restricted
metazoans.

Reduced TOR signaling can extend lifespan in yeast’, worms®®, and flies®.
This conservation across taxa strongly suggests TOR will also prove to regulate
mammalian lifespan. Dietary restriction is unable to further extend the lifespan of yeast,

51,89,90

worms, or flies with reduced TOR signaling , suggesting a common mechanism of

action of these two interventions. An assessment of the possible neural basis of TOR
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effects on lifespan and the interaction of neural TOR activity with DR lifespan extension
1s required.

Another energy-sensitive kinase, AMPK, has been shown to extend lifespan when
hyperactivated in worms’'. The relevant tissue(s) of action are not known. Surprisingly,
deletion of a worm AMPK o-subunit, aak-2, did not affect dietary restriction-induced
longevity®” (and my unpublished observations), though this may be due to redundancy
with another a-subunit in the worm genome.

Finally, homologues of the first DR effector gene ever identified, yeast sir2, have
been shown to play roles in DR in other organisms. In flies, dSir2 is required for DR to
extend lifespan’; the tissue(s) in which dSir2 acts during DR is not known. Interestingly,
though, a neural activity mediated by a sirtuin during mammalian DR has been suggested
by a study showing that Sirt/, the nearest mammalian homologue of yeast sir2, is
specifically required for the increase in spontaneous movement typically observed in DR
animals®. Sir2 genes have not thus far been convincingly connected with DR in worms;

however, only one of the four worm sir2 homologues has been tested to date®.

Conclusions and future directions

We stand on the edge of a mechanistic understanding of how dietary restriction
extends lifespan. The latest results from invertebrates indicate that energy-sensing
neurons play a critical role in the control of DR-induced longevity, but the critical
experiments have not yet been done to determine whether similar mechanisms function in

mammals. At present, we have a strong understanding of how energy-sensing pathways
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function in the mammalian brain and an extensive catalogue of genes that regulate aging
in invertebrates. As has been described in this chapter, considerable overlap between
these two categories exists, but in most cases, it is not known whether the longevity
mutants function in the same genetic pathway as DR, nor whether they function in
neurons. DR interaction studies of the type that have been described® are needed in
invertebrate longevity mutants to determine whether the mutant genes mediate DR. For
genes that act in the DR longevity pathway, tissue specificity should be determined to
identify possible neuronal roles. As a first step in evaluating the importance of the
hypothalamus in DR longevity in mammals, the DR longevity response should be tested
in hypophysectomized animals or in mutant animals with defective hypothalamic energy
sensing.

If mammalian hypothalamic energy sensing is convincingly linked to DR
longevity by future studies, one of the more exciting possibilities that should be explored
is the question of whether the DR longevity response is separable from the other
hypothalamic outputs caused by perception of low energy balance, such as reduced
peripheral metabolic rate, feelings of hunger, and impaired reproduction. This is
important for potential future medical activation of putative hypothalamic DR longevity
pathways, as few patients are likely to tolerate concomitant obesity, hunger, and sterility.
Excitingly, there is preliminary evidence that the longevity effects of DR can, in fact, be
uncoupled from metabolic effects. Dietary restriction of genetically obese ob/0b mice
results in an extended lifespan equal to that of diet-restricted wild-type, even though the
ob/ob mice retain greater adiposity than AL wild-type®. Thus, the effects of DR on

lifespan can be uncoupled from low adiposity. Separability of different hypothalamic
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outputs during DR is further suggested by the study showing that Sir¢/ KO mice have a
specific defect in the increased spontaneous movement response to DR, whereas many
other physiological parameters change normally”®. It will be interesting to see whether
future experiments reveal general separability of distinct hypothalamic outputs during
DR, particularly the putative longevity signals. Eventual development of specific
activators of DR longevity pathways holds the promise of therapeutic panaceas against
hosts of age-related diseases, and perhaps increased healthy lifespan for all of

humankind.

34



References

1. Lin, S. J., Kaeberlein, M., Andalis, A. A., Sturtz, L. A., Defossez, P.A., Culotta, V. C,,
Fink, G. R. & Guarente, L. Calorie restriction extends Saccharomyces cerevisiae lifespan
by increasing respiration. Nature 418, 344-8 (2002).

2. Klass, M. R. Aging in the nematode Caenorhabditis elegans: major biological and
environmental factors influencing life span. Mech Ageing Dev 6, 413-29 (1977).

3. Loeb, J. & Northrop, J. H. On the influence of food and temperature upon the duration
of life. J Biol Chem 32, 103-121 (1917).

4. McCay, C. M., Crowell, M. F. & Maynard, L. A. The effect of retarded growth upon
the length of life span and upon the ultimate body size. J Nutr 10, 63-79 (1935).

5. Mattison, J. A., Roth, G. S., Lane, M. A. & Ingram, D. K. Dietary restriction in aging
nonhuman primates. Interdiscip Top Gerontol 35, 137-58 (2007).

6. Mattson, M. P. & Wan, R. Beneficial effects of intermittent fasting and caloric
restriction on the cardiovascular and cerebrovascular systems. J Nutr Biochem 16, 129-37
(2005).

7. Klebanov, S. Can short-term dietary restriction and fasting have a long-term
anticarcinogenic effect? Interdiscip Top Gerontol 35, 176-92 (2007).

8. Wang, J., Ho, L., Qin, W., Rocher, A. B., Seror, 1., Humala, N., Maniar, K., Dolios, G.,
Wang, R., Hof, P. R. & Pasinetti, G. M. Caloric restriction attenuates beta-amyloid
neuropathology in a mouse model of Alzheimer's disease. Faseb J 19, 659-61 (2005).

9. Maswood, N., Young, J., Tilmont, E., Zhang, Z., Gash, D. M., Gerhardt, G. A.,
Grondin, R., Roth, G. S., Mattison, J., Lane, M. A., Carson, R. E., Cohen, R. M., Mouton,
P. R., Quigley, C., Mattson, M. P. & Ingram, D. K. Caloric restriction increases
neurotrophic factor levels and attenuates neurochemical and behavioral deficits in a
primate model of Parkinson's disease. Proc Natl Acad Sci USA 101, 18171-6 (2004).

10. Anson, R. M,, Guo, Z., de Cabo, R., Iyun, T., Rios, M., Hagepanos, A., Ingram, D.
K., Lane, M. A. & Mattson, M. P. Intermittent fasting dissociates beneficial effects of
dietary restriction on glucose metabolism and neuronal resistance to injury from calorie
intake. Proc Natl Acad Sci USA 100, 6216-20 (2003).

11. Koubova, J. & Guarente, L. How does calorie restriction work? Genes Dev 17, 313-
21 (2003).

12. Kimura, K., Tissenbaum, H. A., Liu, Y. & Ruvkun, G. daf-2, an insulin receptor-like

gene that regulates longevity and diapause in Caenorhabditis elegans. Science 2777, 942-
46 (1997).

35



13. Holzenberger, M., Kappeler, L. & De Magalhaes Filho, C. IGF-1 signaling and aging.
Exp Gerontol 39, 1761-4 (2004).

14. Hsin, H. & Kenyon, C. Signals from the reproductive system regulate the lifespan of
C. elegans. Nature 399, 362-6 (1999).

15. Apfeld, J. & Kenyon, C. Regulation of lifespan by sensory perception in
Caenorhabditis elegans. Nature 402, 804-9 (1999).

16. Dillin, A. Hsu, A. L., Arantes-Oliveira, N., Lehrer-Graiwer, J., Hsin, H., Fraser, A.
G., Kamath, R. S., Ahringer, J. & Kenyon, C. Rates of behavior and aging specified by
mitochondrial function during development. Science 298, 2398-401 (2002).

17. Lee, S. S. Lee, R. Y., Fraser, A. G., Kamath, R. S., Ahringer, J. & Ruvkun, G. A
systematic RNAI screen identifies a critical role for mitochondria in C. elegans longevity.
Nat Genet 33, 40-8 (2003).

18. Hansen, M., Hsu, A. L., Dillin, A. & Kenyon, C. New genes tied to endocrine,
metabolic, and dietary regulation of lifespan from a Caenorhabditis elegans genomic
RNAi screen. PLoS Genet 1, 119-28 (2005).

19. Avery, L. The genetics of feeding in Caenorhabditis elegans. Genetics 133, 897-917
(1993).

20. Lakowski, B. & Hekimi, S. The genetics of caloric restriction in Caenorhabditis
elegans. Proc Natl Acad Sci USA 95, 13091-6 (1998).

21. Walker, G., Houthoofd, K., Vanfleteren, J. R. & Gems, D. Dietary restriction in C.
elegans: from rate-of-living effects to nutrient sensing pathways. Mech Ageing Dev 126,
929-37 (2005).

22. Houthoofd, K., Braeckman, B. P., Lenaerts, I, Brys, K., De Vreese, A., Van Eygen,
S. & Vanfleteren, J. R. No reduction of metabolic rate in food restricted Caenorhabditis
elegans. Exp Gerontol 37, 1359-69 (2002).

23. Flier, J. S. Obesity wars: molecular progress confronts an expanding epidemic. Cell
116, 337-50 (2004).

24. Lam, T. K., Schwartz, G. J. & Rossetti, L. Hypothalamic sensing of fatty acids. Nat
Neurosci 8, 579-84 (2005).

25. Levin, B. E., Routh, V. H,, Kang, L., Sanders, N. M. & Dunn-Meynell, A. A.
Neuronal glucosensing: what do we know after 50 years? Diabetes 53, 2521-8 (2004).

36



26. Huszar, D., Lynch, C. A., Fairchild-Huntress, V., Dunmore, J. H., Fang, Q.,
Berkemeier, L. R., Gu, W., Kesterson, R. A., Boston, B. A, Cone, R. D., Smith, F. J,,

Campfield, L. A., Burn, P. & Lee, F. Targeted disruption of the melanocortin-4 receptor
results in obesity in mice. Cell 88, 131-41 (1997).

27. Luquet, S., Perez, F. A., Hnasko, T. S. & Palmiter, R. D. NPY/AgRP neurons are
essential for feeding in adult mice but can be ablated in neonates. Science 310, 683-5
(2005).

28. Shimada, M., Tritos, N. A., Lowell, B. B,, Flier, J. S. & Maratos-Flier, E. Mice
lacking melanin-concentrating hormone are hypophagic and lean. Nature 396, 670-4
(1998).

29. Hara, J., Beuckmann, C. T., Nambu, T., Willie, J. T., Chemelli, R. M., Sinton, C. M.,
Sugiyama, F., Yagami, K., Goto, K., Yanagisawa, M. & Sakurai, T. Genetic ablation of
orexin neurons in mice results in narcolepsy, hypophagia, and obesity. Neuron 30, 345-54
(2001).

30. Chemelli, R. M., Willie, J. T., Sinton, C. M., Elmquist, J. K., Scammell, T., Lee, C.,
Richardson, J. A., Williams, S. C., Xiong, Y., Kisanuki, Y., Fitch, T. E., Nakazato, M.,
Hammer, R. E., Saper, C. B. & Yanagisawa, M. Narcolepsy in orexin knockout mice:
molecular genetics of sleep regulation. Cell 98, 437-51 (1999).

31. Ibrahim, N., Bosch, M. A., Smart, J. L., Qiy, J., Rubinstein, M., Ronnekleiv, O. K.,
Low, M. J. & Kelly, M. J. Hypothalamic proopiomelanocortin neurons are glucose
responsive and express K(ATP) channels. Endocrinology 144, 1331-40 (2003).

32. Muroya, S., Yada, T., Shioda, S. & Takigawa, M. Glucose-sensitive neurons in the rat
arcuate nucleus contain neuropeptide Y. Neurosci Lett 264, 113-6 (1999).

33. Mobbs, C. V., Mastaitis, J. W., Zhang, M., Isoda, F., Cheng, H. & Yen, K. Secrets of
the lac operon. Glucose hysteresis as a mechanism in dietary restriction, aging and
disease. Interdiscip Top Gerontol 35, 39-68 (2007).

34. Eto, K., Tsubamoto, Y., Terauchi, Y., Sugiyama, T., Kishimoto, T., Takahashi, N.,
Yamauchi, N., Kubota, N., Murayama, S., Aizawa, T., Akanuma, Y., Aizawa, S., Kasai,
H., Yazaki, Y. & Kadowaki, T. Role of NADH shuttle system in glucose-induced
activation of mitochondrial metabolism and insulin secretion. Science 283, 981-5 (1999).

35. Yang, X. J., Kow, L. M., Pfaff, D. W. & Mobbs, C. V. Metabolic pathways that
mediate inhibition of hypothalamic neurons by glucose. Diabetes 53, 67-73 (2004).

36. He, W., Lam, T. K., Obici, S. & Rossetti, L. Molecular disruption of hypothalamic
nutrient sensing induces obesity. Nat Neurosci 9, 227-33 (2006).

37



37. Hardie, D. G. & Carling, D. The AMP-activated protein kinase--fuel gauge of the
mammalian cell? Eur J Biochem 246, 259-73 (1997).

38. Minokoshi, Y., Alquier, T., Furukawa, N., Kim, Y. B., Lee, A., Xue, B., Mu, J.,
Foufelle, F., Ferre, P., Birnbaum, M. J., Stuck, B. J. & Kahn, B. B. AMP-kinase regulates

food intake by responding to hormonal and nutrient signals in the hypothalamus. Nature
428, 569-74 (2004).

39. Cota, D., Proulx, K., Smith, K. A, Kozma, S. C., Thomas, G., Woods, S. C. &

Seeley, R. J. Hypothalamic mTOR signaling regulates food intake. Science 312, 927-30
(2006).

40. Xue, B. & Kahn, B. B. AMPK integrates nutrient and hormonal signals to regulate
food intake and energy balance through effects in the hypothalamus and peripheral
tissues. J Physiol 574, 73-83 (2006).

41. Coppola, A., Liu, Z. W., Andrews, Z. B., Paradis, E., Roy, M. C., Friedman, J. M.,
Ricquier, D., Richard, D., Horvath, T. L., Gao, X. B. & Diano, S. A central thermogenic-
like mechanism in feeding regulation: an interplay between arcuate nucleus T3 and
UCP2. Cell Metab 5, 21-33 (2007).

42. Zhang, Y., Proenca, R., Maffei, M., Barone, M., Leopold, L. & Friedman, J. M.

Positional cloning of the mouse obese gene and its human homologue. Nature 372, 425-
32 (1994).

43. Ahima, R. S., Prabakaran, D., Mantzoros, C., Qu, D., Lowell, B., Maratos-Flier, E. &

Flier, J. S. Role of leptin in the neuroendocrine response to fasting. Nature 382, 250-2
(1996).

44. Plum, L., Belgardt, B. F. & Bruning, J. C. Central insulin action in energy and
glucose homeostasis. J Clin Invest 116, 1761-6 (2006).

45. Bruning, J. C., Gautam, D., Burks, D. J., Gillette, J., Schubert, M., Orban, P. C.,
Klein, R., Krone, W., Muller-Wieland, D. & Kahn, C. R. Role of brain insulin receptor in
control of body weight and reproduction. Science 289, 2122-5 (2000).

46. Schwartz, M. W., Woods, S. C., Porte, D., Jr., Seeley, R. J. & Baskin, D. G. Central
nervous system control of food intake. Nature 404, 661-71 (2000).

47. Kitamura, T., Feng, Y., Kitamura, Y. I, Chua, S. C., Jr., Xu, A. W., Barsh, G. S.,
Rossetti, L. & Accili, D. Forkhead protein FoxO1 mediates Agrp-dependent effects of
leptin on food intake. Nat Med 12, 534-40 (2006).

48. Niswender, K. D., Morrison, C. D., Clegg, D. J., Olson, R., Baskin, D. G., Myers, M.
- G, Jr, Seeley, R. J. & Schwartz, M. W. Insulin activation of phosphatidylinositol 3-

38



kinase in the hypothalamic arcuate nucleus: a key mediator of insulin-induced anorexia.
Diabetes 52, 227-31 (2003).

49. Niswender, K. D., Morton, G. J., Stearns, W. H., Rhodes, C. J., Myers, M. G, Jr. &
Schwartz, M. W. Intracellular signalling. Key enzyme in leptin-induced anorexia. Nature
413, 794-5 (2001).

50. Lin, S. J., Defossez, P. A. & Guarente, L. Requirement of NAD and SIR2 for life-
span extension by calorie restriction in Saccharomyces cerevisiae. Science 289, 2126-8
(2000).

51. Kaeberlein, M., Powers, R. W., 3™ Steffen, K. K., Westman, E. A., Hu, D., Dang, N,
Kerr, E. O,, Kirkland, K. T., Fields, S. & Kennedy, B. K. Regulation of yeast replicative
life span by TOR and Sch9 in response to nutrients. Science 310, 1193-6 (2005).

52. Kaeberlein, M., Hu, D., Kerr, E. O., Tsuchiya, M., Westman, E. A., Dang, N., Fields,
S. & Kennedy, B. K. Increased life span due to calorie restriction in respiratory-deficient
yeast. PLoS Genet 1, €69 (2005).

53. Easlon, E., Tsang, F., Dilova, I., Wang, C., Lu, S. P, Skinner, C. & Lin, S. J. The
dihydrolipoamide acetyltransferase is a novel metabolic longevity factor and is required
for calorie restriction-mediated life span extension. J Biol Chem 282, 6161-71 (2007).

54. Longo, V. D. & Kennedy, B. K. Sirtuins in aging and age-related disease. Cell 126,
257-68 (2006).

55. Lin, S. J., Ford, E., Haigis, M., Liszt, G. & Guarente, L. Calorie restriction extends
yeast life span by lowering the level of NADH. Genes Dev 18, 12-6 (2004).

56. Lamming, D. W., Latorre-Esteves, M., Medvedik, O., Wong, S. N, Tsang, F. A,
Wang, C., Lin, S. J. & Sinclair, D. A. HST2 mediates SIR2-independent life-span
extension by calorie restriction. Science 309, 1861-4 (2005).

57. Kaeberlein, M., Steffen, K. K., Hu, D., Dang, N., Kerr, E. O., Tsuchiya, M., Fields, S.
& Kennedy, B. K. Comment on "HST2 mediates SIR2-independent life-span extension
by calorie restriction". Science 312, 1312; author reply 1312 (2006).

58. Lin, S. J. & Guarente, L. Increased life span due to calorie restriction in respiratory-
deficient yeast. PLoS Genet 2, €33; author reply €34 (2006).

59. Sinclair, D. A., Lin, S. J. & Guarente, L. Life-span extension in yeast. Science 312,
195-7; author reply 195-7 (2006).

60. Kaeberlein, M., Kirkland, K. T., Fields, S. & Kennedy, B. K. Sir2-independent life
span extension by calorie restriction in yeast. PLoS Biol 2, E296 (2004).

39



61. Powers, R. W., 3rd, Kaeberlein, M., Caldwell, S. D., Kennedy, B. K. & Fields, S.
Extension of chronological life span in yeast by decreased TOR pathway signaling.
Genes Dev 20, 174-84 (2006).

62. Fabrizio, P., Gattazzo, C., Battistella, L., Wei, M., Cheng, C., McGrew, K. & Longo,
V. D. Sir2 blocks extreme life-span extension. Cell 123, 655-67 (2005).

63. Powers, R. W., 3rd, Harrison, D. E. & Flurkey, K. Pituitary removal in adult mice
increases life span. Mech Ageing Dev 127, 658-9 (2006).

64. Everitt, A. V., Seedsman, N. J. & Jones, F. The effects of hypophysectomy and
continuous food restriction, begun at ages 70 and 400 days, on collagen aging,

proteinuria, incidence of pathology and longevity in the male rat. Mech Ageing Dev 12,
161-72 (1980).

65. Brown-Borg, H. M., Borg, K. E., Meliska, C. J. & Bartke, A. Dwarf mice and the
ageing process. Nature 384, 33 (1996).

66. Flurkey, K., Papaconstantinou, J., Miller, R. A. & Harrison, D. E. Lifespan extension
and delayed immune and collagen aging in mutant mice with defects in growth hormone
production. Proc Natl Acad Sci USA 98, 6736-41 (2001).

67. Coschigano, K. T., Clemmons, D., Bellush, L. L. & Kopchick, J. J. Assessment of
growth parameters and life span of GHR/BP gene-disrupted mice. Endocrinology 141,
2608-13 (2000).

68. Bartke, A., Masternak, M. M., Al-Regaiey, K. A. & Bonkowski, M. S. Effects of
dietary restriction on the expression of insulin-signaling-related genes in long-lived
mutant mice. Interdiscip Top Gerontol 35, 69-82 (2007).

69. Bartke, A., Wright, J. C., Mattison, J. A., Ingram, D. K., Miller, R. A. & Roth, G. S.
Extending the lifespan of long-lived mice. Nature 414, 412 (2001).

70. Bluher, M., Kahn, B. B. & Kahn, C. R. Extended longevity in mice lacking the
insulin receptor in adipose tissue. Science 299, 572-4 (2003).

71. Conti, B., Sanchez-Alavez, M., Winsky-Sommerer, R., Morale, M. C., Lucero, J.,
Brownell, S., Fabre, V., Huitron-Resendiz, S., Henriksen, S., Zorrilla, E. P., de Lecea, L.
& Bartfai, T. Transgenic mice with a reduced core body temperature have an increased
life span. Science 314, 825-8 (2006).

72. Alcedo, J. & Kenyon, C. Regulation of C. elegans longevity by specific gustatory and
olfactory neurons. Neuron 41, 45-55 (2004).

73. Broughton, S. J., Piper, M. D., Ikeya, T., Bass, T. M., Jacobson, J., Driege, Y.,
Martinez, P., Hafen, E., Withers, D. J., Leevers, S. J. & Partridge, L. Longer lifespan,

40



altered metabolism, and stress resistance in Drosophila from ablation of cells making
insulin-like ligands. Proc Natl Acad Sci USA 102, 3105-10 (2005).

74. Libert, S., Zwiener, J., Chu, X., Vanvoorhies, W., Roman, G. & Pletcher, S. D.
Regulation of Drosophila life span by olfaction and food-derived odors. Science 315,
1133-7 (2007).

75. Fridell, Y. W., Sanchez-Blanco, A., Silvia, B. A. & Helfand, S. L. Targeted
expression of the human uncoupling protein 2 (hUCP2) to adult neurons extends life span
in the fly. Cell Metab 1, 145-52 (2005).

76. Sanchez-Blanco, A., Fridell, Y. W. & Helfand, S. L. Involvement of Drosophila
uncoupling protein 5 in metabolism and aging. Genetics 172, 1699-710 (2006).

77. Bargmann, C. I. & Horvitz, H. R. Chemosensory neurons with overlapping functions
direct chemotaxis to multiple chemicals in C. elegans. Neuron 7, 729-42 (1991).

78. Bargmann, C. I. & Horvitz, H. R. Control of larval development by chemosensory
neurons in Caenorhabditis elegans. Science 251, 1243-6 (1991).

79. Riddle, D. L. & Albert, P. S. in C. elegans II (eds. Riddle, D. L., Blumenthal, T.,
Meyer, B. J. & Preiss, J. R.) 739-68 (Cold Spring Harbor Laboratory Press, Plainview,
NY, 1997).

80. Houthoofd, K., Braeckman, B. P., Lenaerts, 1., Brys, K., De Vreese, A., Van Eygen,
S. & Vanfleteren, J. R. Axenic growth up-regulates mass-specific metabolic rate, stress

resistance, and extends life span in Caenorhabditis elegans. Exp Gerontol 37, 1371-8
(2002).

81. Kenyon, C., Chang, J., Gensch, E., Rudner, A. & Tabtiang, R. A C. elegans mutant
that lives twice as long as wild type. Nature 366, 461-4 (1993).

82. Kenyon, C. The plasticity of aging: insights from long-lived mutants. Cell 120, 449-
60 (2005).

83. Wolkow, C. A., Kimura, K. D., Lee, M. S. & Ruvkun, G. Regulation of C. elegans
life-span by insulinlike signaling in the nervous system. Science 290, 147-50 (2000).

84. Libina, N., Berman, J. R. & Kenyon, C. Tissue-specific activities of C. elegans DAF-
16 in the regulation of lifespan. Cel/ 115, 489-502 (2003).

85. Houthoofd, K., Braeckman, B. P., Johnson, T. E. & Vanfleteren, J. R. Life extension

via dietary restriction is independent of the Ins/IGF-1 signalling pathway in
Caenorhabditis elegans. Exp Gerontol 38, 947-54 (2003).

41



86. Clancy, D. J., Gems, D., Hafen, E., Leevers, S. J. & Partridge, L. Dietary restriction
in long-lived dwarf flies. Science 296, 319 (2002).

87. Tatar, M. Diet restriction in Drosophila melanogaster. Design and analysis.
Interdiscip Top Gerontol 35, 115-36 (2007).

88. Vellai, T., Takacs-Vellai, K., Zhang, Y., Kovacs, A. L., Orosz, L. & Muller, F.
Genetics: influence of TOR kinase on lifespan in C. elegans. Nature 426, 620 (2003).

89. Kapabhi, P., Zid, B. M., Harper, T., Koslover, D., Sapin, V. & Benzer, S. Regulation

of lifespan in Drosophila by modulation of genes in the TOR signaling pathway. Curr
Biol 14, 885-90 (2004).

90. Hansen, M., Taubert, S., Crawford, D., Libina, N., Lee, S. J. & Kenyon, C. Lifespan

extension by conditions that inhibit translation in Caenorhabditis elegans. Aging Cell 6,
95-110 (2007).

91. Apfeld, J., O'Connor, G., McDonagh, T., DiStefano, P. S. & Curtis, R. The AMP-
activated protein kinase AAK-2 links energy levels and insulin-like signals to lifespan in
C. elegans. Genes Dev 18, 3004-9 (2004).

92. Curtis, R., O'Connor, G. & DiStefano, P. S. Aging networks in Caenorhabditis
elegans: AMP-activated protein kinase (aak-2) links multiple aging and metabolism
pathways. Aging Cell 5, 119-26 (2006).

93. Rogina, B. & Helfand, S. L. Sir2 mediates longevity in the fly through a pathway
related to calorie restriction. Proc Natl Acad Sci USA 101, 15998-6003 (2004).

94. Chen, D, Steele, A. D., Lindquist, S. & Guarente, L. Increase in activity during
calorie restriction requires Sirtl. Science 310, 1641 (2005).

95. Harrison, D. E., Archer, J. R. & Astle, C. M. Effects of food restriction on aging:
separation of food intake and adiposity. Proc Natl Acad Sci USA 81, 1835-8 (1984).

42



Table 1. Conserved control of energy sensing, lifespan, and DR longevity response.

Gene or metabolic Energy sensing | Lifespan control DR longevity
process

Y WF MY WF MY W F M

Y=yeast, W = worm, F = fly, M = mammal. “v"” symbol indicates that a given gene or process is
connected with the energy sensing, lifespan control, or DR longevity in the corresponding model organism.
“x” symbol indicates that there is evidence that the given gene or process is not involved in DR longevity
in the corresponding model organism. na = not applicable. Blank table cells indicate that a potential
interaction has not been tested.
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Figure 1. Some lifespan control pathways that are conserved in multiple species.

(a) Insulin-like signaling accelerates aging. Yeast lack the insulin receptor, but retain
downstream kinases such as the Akt homologue sch9. Abbreviations: GH, growth
hormone; ILPs, insulin-like peptides; IGF-1 insulin-like growth factor 1.

(b) TOR signaling accelerates aging. AMPK activation slows aging, and may do so in
part by inhibiting TOR signaling. aak-2 is a homologue of the mammalian AMPK
catalytic o subunit.

(c) Dietary restriction extends lifespan in all species shown. The lifespan extension
depends on SIR2 in flies. Yeast DR longevity depends on sir2 and/or related sirtuins
under some circumstances (see text). Some physiological responses to DR depend on
sirtuins in mammals, though a role in DR longevity for sirtuins remains to be tested.
Sirtuins have not been linked to DR in worms, but do regulate lifespan.

(d) Small subsets of neurons can control lifespan in worms, flies, and mammals.
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Figure 2. Homeostatic energy balance is maintained by the hypothalamus.

(a) Afferent signals, such as nutrient availability, energy status-dependent hormones from
the periphery, and signals from sensory and reward centers of the brain are integrated by
the hypothalamus and translated into nervous and hormonal outputs that modulate
multiple physiological and behavioral processes.

(b) Principal hypothalamic nuclei modulating feeding and peripheral energy expenditure.
Nuclei and pathways are color-coded according to whether they are orexigenic (green) or
anorexigenic (blue). Nutrients, and the nutrient-dependent hormones leptin and insulin,
activate anorexigenic POMC neurons and inhibit orexigenic AgRP neurons in the arcuate
nucleus. When activated, POMC neurons secrete a-MSH, a proteolytic cleavage product
of POMC, which is an agonist of the MC4R on anorexic neurons in the paraventricular
and ventromedial hypothalamus. Activated AgRP neurons secrete AgRP, which
antagonizes the MC4R. Orexigenic MCH and hypocretin (Hcrt) neurons in the lateral
hypothalamus regulate energy balance in parallel to the MC4R neurons. Abbreviations:
POMC: proopiomelanocortin; AgRP: agouti-related peptide; a-MSH: alpha-melanocyte
stimulating hormone; MC4R: melanocortin-4 receptor; MCH: melanin-concentrating

hormone.
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Figure 3. Intracellular energy sensing mechanisms in hypothalamic neurons.

(a) Glucose-excited hypothalamic neurons sense glucose by a mechanism similar to that
used by pancreatic B-cells. The pancreatic form of glucokinase (GK) drives glucose entry
into the glycolytic pathway. Glycolysis elevates cytosolic NADH and pyruvate. Shuttling
of cytoplasmic NADH into the mitochondria is essential for subsequent electron transport
chain (ETC)-dependent production of ATP. Increased ATP closes ATP-sensitive
potassium channels, leading to neuronal activation.

(b) Additional intracellular energy sensing mechanisms responding to fat, ATP, glucose,
and amino acids. In high energy conditions, intracellular long-chain fatty acid acyl-CoA
(LCFA-CoA) levels in hypothalamic neurons are high, which causes anorexigenic
responses. The LCFA-CoA level is increased by synthesis from LCFAs (by acyl CoA
synthase, ACS). Also, malonyl-CoA is synthesized from glucose-derived acetyl-CoA by
acetyl-CoA carboxylase (ACC). Malonyl-CoA increases LCFA-CoA levels by inhibiting
their transport into the mitochondria (via inhibition of carnitine-palmitoyl transferase,
CPT1), thus preventing LCFA B-oxidation. Malonyl-CoA also increases LCFA-CoA
levels by direct contribution to synthesis, via fatty acid synthase (FAS). AMPK inhibits
ACC, and is itself inhibited by high ATP. mTOR inhibits feeding, possibly in response

to high amino acids.
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Figure 4. Interaction between leptin- and insulin-dependent neuropeptide

regulatory pathways in POMC and AgRP neurons.

In both types of neurons, leptin binding to its receptor (LepR) causes phosphorylation of
Stat3, which binds to the neuropeptide promoter. Insulin binding to its receptor activates
PI3 kinase, which activates Akt/PKB, which phosphorylates FoxO1 and causes its
exclusion from the nucleus. Leptin binding may also activate PI3K. Stat3 and FoxO1
bind to partially overlapping sites on the neuropeptide promoters, such that prior binding
of one precludes the binding of the other. Stat3 activates POMC and inhibits AgRP,
whereas FoxO1 inhibits POMC and activates AgRP. Thus, high leptin upregulates

POMC and represses AgRP; high insulin derepresses POMC and downregulates AgRP.
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Figure 5. Different longevity pathways predominate at mild vs. extreme DR in yeast.

Yeast is normally cultured with 2% glucose in the medium. At mild (0.5%) glucose
restriction, the longevity pathway on the left side of the figure is most important.
Reduced glycolysis leads to lower cytoplasmic NADH. Carbon flux through the pyruvate
dehydrogenase complex (PDC), especially its subunit /at!, is increased under 0.5%
glucose, which elevates mitochondrial respiration and further lowers NADH. The
elevated NAD+/NADH ratio increases activity of sir2 and/or the related genes Ast/ and
hst2, which increases lifespan. At severe glucose restriction (0.05% glucose), an
apparently separate longevity pathway predominates, which extends lifespan without
requiring any of the genes in the 0.5% glucose longevity pathway except latl. sch9 and
tor] inhibit lifespan, acting by the same mechanism as 0.05% glucose and downstream of
or in parallel to /at1. The 0.5% glucose longevity pathway appears to antagonize the
0.05% longevity pathway, as 0.05% glucose extends lifespan much more effectively in
strains bearing deletions in the three sirtuin genes or genes required for function of the

electron transport chain.
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Figure 6. Model of potentially parallel mechanisms of DR longevity control in yeast

and metazoans.

Both model systems sense external nutritional cues, in yeast via the glucose-sensitive
GPCR gpal, and in metazoans via sensory neurons. Both model systems integrate this
environmental information with cellular energy status, sensed by similar pathways in
both yeast and metazoan. Glucose is sensed in both models by a mechanism depending
on hexokinases to drive glucose metabolism and on elevated NADH and mitochondrial
activity. Nutrients are sensed and lifespan controlled by homologues of Akt, TOR, and
AMPK in both systems. Sirtuins are involved in some responses to DR in both model
systems. Long chain fatty acids are important in mammalian hypothalamic energy
sensing, but their importance is not known in yeast. The primary difference between
yeast and metazoan DR longevity control is that, in yeast, cellular energy-sensing
pathways are coupled directly to cellular energy homeostasis and lifespan effectors, while
in metazoans, cellular energy-sensing pathways are coupled to cell-nonautonomous
signaling that achieves organismal energy homeostasis and lifespan control. A necessary
consequence of this difference is that metazoan energy-sensing neurons receive
additional afferent inputs from the periphery that are indicative of organismal energy

status.
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CHAPTER 2
skn-1 Acts in Two Neurons to Mediate Dietary Restriction-Induced

Longevity in C. elegans

This chapter is in press at Nature. The authors are Nicholas A. Bishop and Leonard

Guarente.
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Summary Paragraph

Dietary restriction (DR) extends lifespan and retards age-related disease in many
species’ and profoundly alters endocrine function in mammals®. However, no causal role
of any hormonal signal in diet-restricted longevity has been demonstrated. Here we show
that increased longevity of diet-restricted C. elegans requires the transcription factor skn-
I acting in the ASISs, a pair of neurons in the head. DR activates skn-1 in the ASIs,
thereby signalling peripheral tissues to increase metabolic activity. These findings
demonstrate that increased lifespan in a diet-restricted metazoan depends on cell-
nonautonomous signaling from central neuronal cells to non-neuronal body tissues, and
suggest that the ASIs mediate dietary restriction-induced longevity by an endocrine

mechanism.

Results and Discussion

Dietary restriction extends lifespan in many organisms and reduces incidence and
progression of age-related disease'. In mammals, DR dramatically alters central and
secondary hormone production and target tissue responsiveness, suggesting a mechanism
by which this regimen coordinately slows aging across a variety of tissues”. A possible
hormonal link of DR to longevity is suggested by the recent demonstration that serum
from DR mice contains factors sufficient to induce many of the cellular phenotypes of
DR in vitro®. However, no hormone has been shown to mediate DR longevity in vivo, and

indeed mice that almost completely lack several pituitary hormones respond normally to
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DR*, so the question of whether DR induces longevity by an endocrine mechanism
remains unresolved.

DR has been shown to extend lifespan in the roundworm C. elegans’. We
developed a DR protocol that reliably increases longevity in worms (see Methods; Fig.
l1a). Worms cultured on standard plates seeded with the bacterial food source throughout
larval development were then transferred to a small volume of liquid medium in which
bacterial density was controlled at a range of different levels (see Methods). Worms
maintained at high bacterial density (our ad libitum, or AL, condition) had a slightly
longer lifespan than worms cultured on agar plates seeded with a bacterial lawn (Fig. 1a).
Mean lifespan increased as bacterial density was reduced until a maximum lifespan was
reached at an optimal dilution of 1:10 (our DR condition), while further dilutions caused
reduced mean lifespan, presumably due to starvation (Fig. 1b). DR animals also exhibited
reduced fat in the intestine and small body size (Supplementary Fig. Sla-b). Animals in
the AL condition exhibited an optimal brood size, while DR animals had a reduced brood
size and extended reproductive period (Supplementary Fig. S1c). As reported for other
methods of DR® 7, this DR protocol extended the lifespan of both daf-16 and daf-2
mutants (Figure 1c), which function in the well-characterized insulin-like signaling
pathway®. Here, we describe the use of this protocol to identify a gene mediating DR
longevity: skn-1.

skn-1 has previously been shown to be critical in endodermal development’ and
control of the oxidative stress response'’, functions that are shared by the most similar
mammalian proteins, the NF-E2-related transcription factors. Since oxidative damage is

thought to be a key cause of aging'', it has been proposed that skn-1 may be a
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determinant of aging rate'’. Notably, some isoforms of skn-1 are expressed in an operon
downstream of bec-1, the C. elegans homolog of mammalian beclin 1. Beclin 1 mediates
autophagy induced by nutrient deprivation'?, suggesting that skn-/ might be regulated in
response to nutritional stress (Fig. 2a). We therefore tested whether skn-7 functions in the
DR-induced longevity response. Four loss-of-function alleles of skn-1 all significantly
impaired response to DR (Fig. 2b; Supplementary Fig. S2a and S3). Skn-1 mutant
lifespan was unresponsive to diet over a wide range of food concentrations (Fig 1b). skn-
I mutations appeared to specifically interfere with the DR longevity response, as they did
not impair the longevity increase caused by mutation of daf-2 (Supplementary Fig. S4) or
by treatment with a plant polyphenol extract'>. We focused our subsequent analysis on
two alleles, skn-1(zul35) and skn-1(zul69), because they prevented the longevity
increase on DR completely, yet had little or no effect on AL lifespan (Fig. 2b). These two
alleles introduce premature stop codons before the sequence encoding the DNA-binding
domain of all skn-1 isoforms (Supplementary Fig S2a; also see below). The failure of
both skn-1 mutants to respond to DR was rescued by Is007, an integrated transgene
expressing a skn-1::gfp fusion from its native promoter10 (Fig. 2a and 2c; Supplementary
Fig. S2a), confirming that these skn-/ mutations caused the DR longevity defect.

The rescuing Is007 transgene is expressed in only two tissues: in the two ASI
neurons, and in the intestine'°. This is an intriguing expression pattern in the context of
DR, since the intestine is the food absorption and storage organ, and the ASIs are sensory
neurons in the head that are critical in translating information about food availability into
endocrine signals that influence the dauer decision during development'®. We asked in

which tissue skn-1 acts to mediate DR longevity. The skn-1 gene encodes three protein
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1soforms, SKN-1A, SKN-1B, and SKN-1C, which have different N-termini but a
common C-terminus (Fig. 2a). Using 5° RACE, we obtained evidence that each of these
isoforms is expressed from an independent promoter (Supplementary Fig. S2b-d).
Because most of the unique 5’ coding region of skn-1a is not included in the rescuing
Is007 transgene (Fig. 2a), we reasoned that skn-1b and/or skn-1c must be sufficient to
rescue DR in the skn-1 mutants. We used RNAi feeding clones corresponding to the
unique 5’ end of either skn-1b or skn-Ic to knock down each isoform separately in GFP
reporter strains, and determined that skn-1b is expressed in the ASI neurons but not
detectably in the gut, and skn-Ic is expressed in the gut but not detectably in the ASI
neurons (Fig. 2d-f). An extrachromosomal transgene that drives skn-1b::gfp expression
from the ASI-specific gpa-4 promoter'® showed expression in the ASI neurons, but not
the gut, and rescued the DR longevity defects of skn-1(zu135) animals completely (Fig.
2g). Similar results were obtained with the same transgene in a skn-1(zul69) background,
and also with a chromosomally integrated version of the transgene (Supplementary Table
S1). In contrast, extrachomosomal and integrated transgenes driving skn-Ic::gfp from the
ges-1 promoter'® showed expression only in the gut, and had no effect on the DR defect
of skn-1(zul35) (Fig. 2h). Furthermore, ectopic expression of skn-Ic::gfp in the ASI
neurons using the gpa-4 promoter failed to rescue the DR longevity defect of skn-
1(zul35) (Supplementary Table S1). Taken together, these data indicate that skn-1b
functions in the ASI neurons to mediate DR longevity.

To confirm that the ASI neurons are required for DR-induced longevity, we used
a laser microbeam to specifically kill these two cells and tested the effect in subsequent

DR. Ablation of the ASI neurons completely suppressed the response to DR (Fig. 3a), but

74



also caused a small increase in basal longevity, consistently with a previous report'’. The
ASIs can apparently affect lifespan by two independent pathways, since the increase in
basal longevity was previously reported to be dependent on daf-1 6'", and DR longevity is
not (Fig. 1¢). We reasoned that the use of a daf-16 mutant would separate the two effects
of ablating the ASI neurons and allow us to determine their role in DR longevity
specifically. As expected, when we repeated the ASI ablation in daf-16 animals, we
found that basal longevity was unaffected by the ablation (Fig. 3b). Importantly, DR
longevity was still suppressed (Fig. 3b). These results support the model that skn-1
functions in the ASI neurons to extend lifespan in response to DR.

We next investigated how skn-1 acts in the ASI to mediate DR longevity. To rule
out the possibility that skn-/ mutation disrupts development of the ASI neurons, we used
a panel of ASI-specific GFP reporters to confirm that the ASI neurons exhibit normal
morphology and cell fate in a skn-1 background (Supplementary Fig. S5). We then tested
whether SKN-1::GFP is induced by DR in Is007 animals. Although we saw no specific
induction in the intestine (data not shown), DR significantly increased SKN-1::GFP
fluorescence in the ASI neurons (Fig. 4a). The fluorescence increase was specific to
SKN-1::GFP expressed from its native promoter, because if the protein was expressed
from the ASI-specific gpa-4 promoter, we observed instead a slight decrease in
expression during DR (Fig. 4a). This dependence of skn-1 induction on the native
promoter suggests that skn-1 may be transcriptionally regulated during DR.

In yeast, DR induces an increase in respiratory rate'®, and there is evidence that

19,20

this is also the case in worms . We measured the whole-body oxygen consumption rate

of large populations of wild-type worms on day 3 of AL and DR (see Methods), and
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found that DR worms exhibited elevated respiration (Fig. 4b). The respiration rate
increase on DR was absent in a skn-1(zul35) mutant, but could be rescued, and somewhat
enhanced, by the Is007 transgene (Fig. 4b), demonstrating that skn-1 is necessary for the
increased respiration. The increase in respiration is likely to be necessary for the DR
longevity effect, because two different specific inhibitors of the mitochondrial electron
transport chain (ETC) complex III, myxothiazol and antimycin, suppressed DR longevity
without shortening AL lifespan (Fig. 4c-d). Further, myxothiazol completely suppressed
the increase in respiration under DR (data not shown). The effect of inhibiting electron
transport was specific to DR longevity, as the long life of a daf-2 mutant was not affected
by antimycin (Fig. 4¢). Finally, to determine whether skn-1 in the ASI neurons alone is
sufficient to rescue the absence of increased respiration in the skn-1(zul35) mutant during
DR, we constructed two stably integrated transgenes: gels9, which drives skn-1b::gfp
expression in the ASI neurons, and gels]0, which drives skn-1c::gfp expression in the
intestine. gels9 expressed strongly in the ASIs, and also rescued and enhanced the
respiration response to DR in the skn-1(zu135) mutant (Fig 4b). The gels9 line sometimes
showed weak expression in a few cells apart from the ASIs, though these are unlikely to
contribute to the observed rescue (see Methods and Supplementary Fig. S6). gels10, in
contrast, failed to rescue the DR respiration defect of skn-1(zul35), despite expressing
efficiently in the intestine (Supplementary Fig. S6). These findings suggest that DR-
induced activation of skn-/ in the ASIs causes release of a signal that promotes
metabolism in peripheral tissues and leads to long life. Interestingly, it appears that skn-/

has two functions in the adult that are separable by isoform and tissue of expression:
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mediation of DR longevity by skn-1b in the ASI neurons, and resistance to oxidative
stress by skn-1c in the intestine (Supplementary Fig. S6).

How might DR activate skn-1 in the ASIs? Although the ASI is a sensory
neuron®’, sensation of the environment by the ASI is unlikely to be necessary for DR to
increase longevity, because mutants lacking functional sensory cilia still expressed SKN-
1::GFP in the ASI neurons (not shown) and responded normally to DR (Fig. 4f). It has
recently been shown that, within particular cells of the mammalian hypothalamus, levels
of key intracellular metabolites indicative of energy availability control organismal food
intake and energy metabolism?. We propose that the ASI neurons similarly detect their
own cellular energy state and adjust the animal’s overall metabolism in response to
nutrient availability. Because increased expression of skn-1::gfp in the ASI is not
sufficient by itself to extend AL lifespan or to enhance the response to DR
(Supplementary Table 1), other pathways or neurons must act in parallel to skn-1 to
orchestrate DR longevity.

Here we demonstrate that cell-nonautonomous signals from central
neuroendocrine cells to the periphery can mediate DR longevity in a metazoan. The ASIs
have well-established endocrine functions, and express at least 15 known or potential
hormones, including members of the insulin, TGF-p, and neuropeptide classes™ **. We
suggest that the ASIs release a hormonal signal upon sensing DR that promotes metabolic
activity in the periphery and leads to increased respiration and long life. We anticipate
that future work will dissect the critical central hormones mediating DR longevity of

worms and mammals.
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Methods

Strains

We used the following strains: the wild-type N2, EU1 skn-1(zu67)/nTI [unc-?(n754); let-
2], EU31 skn-1(zul35)/ nT1 [unc-?(n754);let-?], EU35 skn-1(zul69)/nT1 [unc-
2(n754);let-?7], EUAO skn-1(zul29)/ nT1[unc-?(n754);let-?], LG335 skn-
1(zul35)/nT1[qls51], LG336 skn-1(zul69)/nT1[qls51], LG333 skn-1(zul35);Is007 [skn-
1::gfp], LG326 skn-1(zul69),;1s007, LG340 skn-1(zul35)/nT1[qls51];Ex(gpa-4p: :skn-
1b::gfp) #1, LG341 skn-1(zul69)/nT1[qls51];Ex(gpa-4p: :skn-1b::gfp) #2, LG343 skn-
I(zul35)/nT1[qls51];Ex(ges-1p::skn-1c::gfp), LG344 gels8[gpa-4p:.skn-1b.:gfp],
LG345 gels9[gpa-4p::skn-1b::gfp], LG348 skn-1(zul35)/nT1[qls51];gels9, LG349
gels10[ges-1p::skn-1c::gfp], LG357 skn-1(zul35)/nT1[qls51];gels10, CB1370 daf-
2(el370), GR1307 daf-16(mgDf50), CX3596 kyls128/str-3p::gfp], LG347 daf-
16(mgDf50);kyls128, CB1124 che-3(el124), PR813 osm-5(p813), LG331 lin-
35(n745);1s007, LG360 skn-1(zul35)/nT1[qls51];kyls128, FK181 ksls2/daf-7p::gfp],
LG359 skn-1(zul35)/nT1[qls51];ksls2, CX3594 kyls87[srd-1p.:gfp], LG363 skn-
1(zul35)/nT1[qls51];kyls87, CX3465 kyls39[sra-6p.:gfp], LG367 skn-
1(zul35)/nT1[qls51];kyls39, LG313 kyls140(str-2p::gfp], LG361 skn-
1(zul35)/nT1[qls51];kyls140, AU10 aglsi[dod-24p::gfp] (a gift of D. Kim and F.

Ausubel), and the Is007[skn-1::gfp] and Ex(gcs-1A2) strains'®.

Transgenic strain construction
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Extrachromosomal array-carrying transgenic strains were generated using standard
microinjection methods®, injecting 50 ng/uL each of the transgene plasmid and the co-
injection marker plasmid pRF4. To make the gpa-4p::skn-1b.:gfp construct, the last exon
of skn-1 and fused GFP coding sequence was amplified from /s007 genomic DNA, and
the resulting product cut with Ahdl and Ncol. skn-1b cDNA was generated by RT-PCR
using a 5’ primer with a BamHI-site-containing linker and cut with BamHI and AhdI.
These two restriction fragments were trimolecularly ligated into BamHI/Ncol-cut
pPD95.75 to yield pNB117, a promoterless skn-1b::gfp fusion vector. Approximately 2.9
kb upstream of the gpa-4 coding region was amplified from cosmid C04A12 using
primers that added a 5° Sphl site and a 3’ BamHI site. This amplicon was digested with
Sphl and BamHI and ligated into Sphl/BamHI cut pNB117 to yield the gpa-4p::skn-
1b::gfp transgene plasmid (pNB121). Adult animals carrying this transgene exhibited
GFP fluorescence in the nuclei of the ASI neurons, and nowhere else. In larvae, weak
expression was observed in one other pair of head neuron nuclei, which may be the
AWAS®®. Integrants of the Ex(gpa-4p::skn-1b::gfp) transgenes, called gels8 and gels9,
were isolated independently from a standard y-ray integration screen’’, and were
backcrossed three times to N2 prior to analysis. Following integration, nonspecific low-
level GFP expression accumulated in the extreme posterior few gut nuclei of aged adult
animals. It is improbable that this weak intestinal expression accounts for the observed
effects on DR respiration in gels9 for several reasons: 1) the intestinal expression is very
low-level, detectable only in aged adult animals on normal plates and not in our AL or

DR conditions, and limited to only a few posterior cells; 2) skn-1b is not normally present
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in the intestine (Fig. 2e-f) and lacks the transactivation domain of the skn-1 isoforms that
are normally present (Fig. 2a), and therefore is not necessarily capable of performing any
normal intestinal function of skn-1; 3) the low level of intestinal skn-1b that is present in

gels9 animals is definitely not capable of rescuing the only intestine-specific function of

skn-1 that we are aware of, arsenate resistance (Supplementary Fig. S6).

To make the ges-Ip::skn-1c::gfp construct, a promoterless skn-Ic::gfp plasmid,
pNB120, was first constructed analogously to pNB117 described above. Next,
approximately 2.5 kb upstream of the ges-/ coding region was amplified from cosmid
C29B10 using primers with 5’ Sphl and 3’ Kpnl linkers. The amplicon was subcloned
into Sphl/Kpnl-digested pNB117 to yield a ges-1p::gfp transcriptional reporter plasmid,
pNB123. Worms transformed with this plasmid showed robust GFP expression
throughout the gut, and nowhere else. Next, the entirety of skn-Ic::gfp was amplified
from pNB120 using a 5’ primer with a Kpnl linker. The amplicon was digested with
Kpnl and Ncol and ligated into Kpnl/Ncol-cut pNB123 to yield the ges-1p::skn-Ic::gfp
transgene plasmid. 21 of 30 transgenic animals from the line used in this report exhibited
nuclear GFP fluorescence in the intestine following heat shock for 20 hr at 29°C (this
degree of nuclear localization is comparable to that observed with the Is007 integrant, see
Fig. 2e). No GFP fluorescence was ever observed outside the gut with or without heat
shock. An integrant of the Ex(ges-1p.:skn-1c::gfp) transgene, called gelsI0, was isolated
from a standard y-ray integration screen®’, and was backcrossed three times to N2 prior to

analysis.

80



To make the gpa-4p::skn-1c::gfp construct, pNB121[gpa-4p::skn-1b::gfp] and a
cDNA clone of skn-Ic that had been amplified with a 5’BamHI linker were cut with

BamH]I/Sacl and ligated to yield pNB125.

Dietary restriction protocol

Lifespan assays were performed in the outer four wells of 6-well tissue culture plates,
with each well containing 2.5 ml DR Bottom Medium and 2.5 ml DR Top Medium. DR
Bottom Medium is composed of standard NGM medium®, supplemented with 1 mg/ml
erythromycin to prevent bacterial division, 12.5 ug/ml 5-fluoro-2’-deoxyuridine to inhibit
progeny hatching, 50 ng/ml ampicillin, and 1 mM IPTG; DR Top Medium is identical to
DR Bottom Medium, excluding the agar. Erythromycin inhibits prokaryotic protein
synthesis, but is unable to penetrate the outer membrane of mammalian mitochondria®.
We confirmed that C. elegans mitochondria are also apparently insensitive to
erythromycin, because the drug does not affect oxygen consumption rate or the time
required for larval development (data not shown). The bacterial food source used was
HT115(DE3) carrying the empty RNAI1 feeding vector pPD129.3629, a strain routinely
used as a vector control in RNAI feeding experiments in C. elegans. This strain remained
viable for weeks without dividing in our DR medium. Bacteria were added from a
concentrated stock to the desired concentration, and bacterial concentration in a 1 ml
sample of each well was monitored spectrophotometrically on a rotating basis so that
each well was sampled every fourth day. Additional bacteria were added as necessary to

maintain starting concentration. AL bacterial concentration was approximately 2.5 x 108
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cfu/ml, and the optimal DR level was ten-fold lower, at 2.5 x 10’ cfu/ml. Worms were
grown to the L4/young adult stage on NGM plates seeded with OP50 bacteria, then
transferred individually into the wells and maintained at 20°C with gentle gyrotory
shaking at 80 rpm.

For the progeny production assays, worms cultured as described except that FuDR
was excluded to allow progeny production, and worms were transferred daily to fresh
wells.

For oxygen consumption assays, the method was scaled up to allow mass culture
of animals. The protocol was essentially identical, except that animals were grown in
larger volumes of DR Top Medium in Erlenmeyer flasks, at a density of approximately

20 animals per ml, and DR Bottom Medium was not used.

Lifespan assay

Most lifespans in this report were measured in the liquid medium described above, except
where noted; in these cases lifespans either were done on plates with the same
composition as DR Bottom Medium seeded with 50 uL concentrated bacteria (appx. 5 x
10° cfu/ml), or on standard NGM plates seeded with OP50 bacteria. Regardless of
medium, the lifespan assay was performed by prodding individual animals with a worm
pick every two days to determine when they died. Animals that were lost, or exploded, or
died from internal hatching of progeny were censored at the time of the event, which
allowed their incorporation into the dataset until the time of censorship as described”.

Worms on plates containing erythromycin lived 30 - 40% longer than worms on plates
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without the drug; we attribute this to the previously reported lifespan-extending effect of
suppressing bacterial division*®. Some assays were done in the presence of respiration-
inhibiting agents (Fig. 4c-¢). In these cases the DR medium contained 1% DMSO plus 0
uM, 30 uM, or 60 uM myxothiazol, or 0.1% ethanol plus 0 uM or 1 uM antimycin.
Survival curve p-values were calculated by the Mantel-Cox logrank test using

Prism statistical software (Graphpad).

Laser ablation

The strain CX3596 kyls128/str-3p:gfp], which expresses GFP specifically in the ASI
neuron®®, was used to facilitate identification of the ASI. Synchronized L1 animals were
fed on OP50 for 4 — 8 hours to induce robust GFP expression, then mounted on
microsope slides in 50 mM sodium azide anesthetic and ablated using a laser microbeam
as described”’. Mock-ablated animals were treated identically in parallel, except that they
were not exposed to the laser. Worms were recovered to OP50 plates and grown to the
L4/young adult stage, at which time absence of GFP was taken to indicate successful
ablation. (We confirmed in a separate control experiment that a cohort of ablated animals
lacking GFP also all lacked the ASI itself, and we never observed a GFP-negative animal
in any of the hundreds of mock-ablated controls). Lifespan of successfully ablated
animals and mock-ablated controls was assayed as described above. The kyls]28 strain
proved to have a somewhat shorter lifespan than N2, but this was attributable to intrinsic

strain differences and not to the mounting procedure (Supplementary Fig. S7). The
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kyls128 strains increased lifespan on DR by a similar percentage as does N2

(Supplementary Fig. S7).

Respiration assay

Mass plate cultures of synchronized worms were obtained by standard techniques and
grown on OP50 plates to the L4 stage, then transferred to Erlenmeyer flasks containing
AL or DR levels of bacteria, as described above. After three days of culture, animals
were collected by centrifugation and washed free of bacteria in S buffer. Respiration rate
was measured at 25°C as described??, using a Clark-type oxygen electrode
(Microelectrodes Inc.). At least three 1 ml samples containing approximately 500 worms
each were measured for each strain and condition in each experiment. The entire sample
was frozen at -80°C following the respiration assay. Protein concentration in each sample
was measured as described”®, and oxygen consumption rates were normalized to protein
content.

skn-1 mutants are maternal-effect lethal and must be maintained as balanced
heterozygotes. To obtain nearly pure skn-1(zul35) and skn-1(zul35);gels9 populations
for the oxygen assays, we first balanced skn-1(zul35) with the reciprocal translocation
nT1[qls51], which carries a transgene expressing GFP in the pharynx. We then isolated
non-GFP-pharynx, skn-1 homozygous animals from a synchronous L4 population using
the COPAS Biosorter (Union Biometrica) prior to transfer to the AL or DR culture

conditions. This procedure yielded greater than 95% non-GFP-pharynx populations,
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which we confirmed to be skn-1 homozygotes by verifying the embryonic lethality of

progeny of samples of sorted worms.

Fluorescence intensity quantification

Fluorescent images were collected at 1000X magnification (Zeiss) from worms subjected
to 5 days of AL or DR as described above. Fluorescence brightness in the ASI was

quantified using NIH Image] software.

RNAi feeding

RNAI feeding assays were done as described®. Worms were fed RNAi from L1 to L4.
The skn-1b(RNAi) construct included the entire first exon of skn-1b. The skn-1c(RNAi)
construct included the spliced first three exons from a skn-1c cDNA. In Fig. 2d, a lin-
35(n745) mutation in the strain background was used because this mutation sensitizes the

normally refractory ASI neurons to RNAi*".

Rapid amplification of cDNA ends

5’ RACE (Invitrogen) was performed on total N2 RNA in accordance with the

manufacturer’s instructions, using a primer specific to the unique first exon of skn-1b.

Sudan Black fat staining
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Day 3 adults cultured on plates, in AL conditions, and in DR conditions were stained as

described’’.
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Supplementary Table S1. Lifespan data for main figures.
Strain and condition # deaths/# censored(# trials) mean % s.e.m p-value vs. AL control

N2

218/25(5)

ar plates with bacterial lawn _ +0.31

TSR A SEALD . 2‘ 0

N2 in 8.5x10 cfu/ml 25/27(1) 33.0+£0.99

N2in5.7x10" cfml 51/1(1) - 34.9+0.72

N2in2.5x10°cfml  20032() T 963%156

N2 in 2.5x10° cfu/ml 34/17(1) 23.2+0.85
N2 with no bacteria 37/12(1) 18.1 £ 0.66

skn-1(zul35) in 2.5x10° cfu/ml 51/2(1) - 242+ 0.65

skn-1(zul35) in 2.5x10° cfu/ml 51/1(1) 23.0 +£0.63
daf-2(el370) AL 23/22(1) 39.0+2.11
daf-2(el370) DR 32/21(1) 60.0+2.7 P <0.0001
daf-16(mg50) AL 51/2(1) 20.7 +0.80
daf-16(mg50) DR 53/1(1) 28.4+0.37 P <0.0001
skn-1(zul35);1s007 AL 55/1(1) 26.3+0.47
skn-1(zul35);1s007 DR 48/8(1) 33.4+0.69 P <0.0001
skn-1(zul35);Ex(gpa-4p::skn-1b::GFP) line #1 AL 16/0(1) 25.4+0.87
skn-1(zul35);Ex(gpa-4p::skn-1b::GFP) line #1 DR 15/2(1) 31.2+1.22 P =0.0005
skn-1(zul35);Ex(gpa-4p::skn-1b::GFP) line #2 AL  42/1(1) 26.0 +0.56
skn-1(zul35),;Ex(gpa-4p.:skn-1b::GFP) line #2 DR 44/1(1) 33.5+0.79 P <0.0001
skn-1(zul35),gels9[gpa-4p::skn-1b::GFP] AL 39/0(1) 24.7 £ 0.65
skn-1(zul35);gels9[gpa-4p::skn-1b::GFP] DR 55/1(1) 34.6 £ 0.69 P <0.0001
skn-1(zul69) AL 127/3(3) 243 +0.39
skn-1(zul69) DR 150/0(3) 25.6 £ 0.46 P=0.0062
skn-1(zul69);1s007 AL 54/0(1) 25.9+0.52
skn-1(zul69);1s007 DR 61/1(0) 33.4+0.60 P <0.0001
skn-1(zul69);Ex(gpa-4p::skn-1b::GFP) AL* 10/1(1) 23.5+1.22
skn-1(zul69);Ex(gpa-4p::skn-1b::GFP) DR* 10/0(1) 33.2+1.98 P =0.0006
skn-1(zul35);Ex(ges-1p::skn-1c::GFP) AL 28/1(1) 249 +0.52
skn-1(zul35);Ex(ges-1p::skn-1c::GFP) DR 29/0(1) 25.4+0.81 P=0.5829
skn-1(zul35);gels10[ges-1p::skn-1c::GFP] AL 44/1(1) 27.6 £0.61
skn-1(zul35);gels10[ges-1p.:skn-1c::GFP] DR 51/0(1) 27.8+0.60 P=0.7373
skn-1(zul35);Ex(gpa-4p::skn-1c::GFP) AL 41/2(1) 22.7+£047
skn-1(zul35);Ex(gpa-4p::skn-1c::GFP) DR* 90/1(2) 22.3+0.64 P=0.9584
kyls128 mock AL 96/1(2) 21.1:0.37
kyIs128 mock DR 99/2(2) 26.2 +£0.50 P <0.0001
kyls128 ASl-ablated AL 54/0(2) 23.4+0.73
kyls128 ASl-ablated DR 56/1(2) 24.4+0.65 P=0.3485
daf-16(mg50);kyls128 mock AL 50/0(1) 18.0+0.52
daf-16(mg50);kyls128 mock DR '53/0(1) 23.6+0.51 P <0.0001
daf-16(mg50),kyls128 ASl-ablated AL 32/0(1) 18.9 +0.60
daf-16(mg50);kyls128 ASl-ablated DR 33/0(1) 19.6 £ 0.74 P=0.4342
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N2 + DMSO AL
N2 + DMSO DR
N2 + DMSO/30 pM myxothiazol AL
N2 + DMSO/30 pM myxothiazol DR
N2 + DMSO/60 uM myxothiazol AL
N2 + DMSO/60 uM myxothiazol DR

N2 + EtOH AL
N2 + EtOH DR
N2 + EtOH/1 pM antimycin AL
N2 + EtOH/1 pM antimycin DR

N2 plate + EtOH

N2 plate + EtOH/1 uM antimycin
daf-2(el370) plate + EtOH

daf-2(el370) plate + EtOH/1 uM antimycin

che-3(ell24) AL
che-3(el124) DR

osm-5(p813) AL
osm-5(p813) DR

Is007 AL*
15007 DR*

156/7(3)
143/19(3)
41/0(1)
44/2(1)
44/2(1)
51/0(1)

101/5(2)
63/127(2)
98/5(2)

101/2(2)

4413(1)
42/6(1)
48/2(1)
48/2(1)

57/48(2)
48/4(1)

68/38(2)
47/6(1)

47/0(1)
54/5(1)

26.6 £0.35
322+043
26.6 +0.57
28.6+0.40
26.2+0.58
25.7+0.60

25.6+£037
32.1£0.66
251035
23.1+0.52

240+ 0.49
25.6+0.59
42.7+0.87
42.8+0.92

31.6 £0.71
385+0.74

34.3+0.81
41.1+0.98

255+0.72
32.8+0.37

P <0.0001
P=0.0063

P=0.6307

P < 0.0001

P =0.0499

P=0.0177°

P=0.8973"

P <0.0001

P <0.0001

P <0.0001

Shaded bars indicate the conditions used for all subsequent ad lib and calorie-restricted lifespans.

°Lifespan curve is not shown in figures.

*This P-value is vs. the non-antimycin control that immediately precedes it.
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Supplementary Table S2. Lifespan data for supplementary figures.

Strain and condition # deaths/# censored(# trials) mean + s.e.m p-value vs. AL control
N2 AL 832/50(17) 25.7+0.14

N2 DR 792/60(16) 32.8+0.18 P < 0.0001
skn-1(zu67) AL 92/11(2) 22.0+0.38

skn-1(zu67) DR 102/0(2) 24.1+£0.53 P=0.0005
skn-1(zul29) AL 51/1(1) 222+0.43

skn-1(zul29) DR 38/14(1) 23.1+0.74 P=0.0243
N2° 46/4(1) 22.5+0.65

skn-1(zul35) 45/5(1) 21.8+0.76

daf-2(el370)" 48/2(1) 39.8+1.33
skn-1(zul35);daf-2(el1370) 45/2(1) 452+ 1.17

kyls128 unmounted AL 51/2(1) 21.6+0.50

kyls128 unmounted DR 53/0(1) 26.7+0.63 P <0.0001
kyls128 mounted AL 96/1(2) 21.1+£0.37

kyls128 mounted DR 99/2(2) 26.2 +0.50 P < 0.0001

*This lifespan was performed on standard NGM + OP50 plates containing FuDR.
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Figure 1. Lifespan extension by DR.

Lifespan curves represent combined data from independent experiments as indicated in
Supplementary Table S1. Complete lifespan data are presented in Supplementary Table
S1.

(a) Survival curves of wild-type N2 animals fed various concentrations of bacteria in
liquid medium, or on agar plates of otherwise identical composition seeded with a
bacterial lawn.

(b) Local maximum in N2 mean lifespan at optimal level of bacteria dilution. In contrast,
the lifespan of skn-1(zul35) is not altered by food level.

(c) The DR protocol extends lifespan of the insulin pathway mutants daf-16(mgDf50) and

daf-2(el370). AL bacterial concentration = 2.5 x 10® cfu/ml; DR = 2.5 x 107 cfu/ml.
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Figure 2. skn-1 functions in the ASI neurons to mediate DR longevity.

(a) The skn-1 gene encodes three protein isoforms, with different N-termini but a
common C-terminus. Predicted transcripts (Wormbase) and their genomic organization
are depicted, with exons shown in blue and UTRs in gray. Striped boxes indicate an
operonic transcript including the upstream gene, the beclin-1 homolog bec-1, and
downstream skn-1a. The extent of the Is007[skn-1::gfp] integrated transgene'® and the
insertion site of GFP in the transgene are also indicated. The purple and red dotted lines
indicate the DNA segments used in the skn-1(RNAi) and skn-1b(RNAi) constructs,
respectively (see text); the skn-1c(RNAi) construct was made using a fusion of the exons
indicated by the green dotted line. The sites of the zu/69 and zu135 nonsense mutations
are shown. DBD = DNA binding domain. See Supplementary Fig. S2a for more detail.
(b) Two strains carrying skn-1 mutations, zul35 and zu169, have normal basal lifespans,
but fail to respond to DR.

(c) Both skn-1 mutants are rescued by the integrated transgene Is007, which drives skn-
I1::gfp from its native promoter and expresses skn-1::gfp in the ASI neurons and the gut.
(d-f) The skn-1b isoform is expressed primarily in the ASI neuron, and skn-Ic is
expressed primarily in the intestine. RNAI constructs specific to the unique 5° end of
either skn-1b or skn-1c (see panel a) were used to examine skn-1 isoform expression.
Note that the skn-1c RNAI construct will also knock down endogenous skn-1a due to
sequence identity in this region. The skn-1(RNAi) clone targets the 3’ region common to

all skn-1 1soforms (see panel a).
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(d) Is007 expresses SKN-1B::GFP, but not SKN-1C::GFP, in the ASI. The indicated
RNA1 constructs were fed to lin-35(n745),1s007 [skn-1::gfp] animals. skn-1b(RNAi), but
not skn-1c(RNAi), reduced GFP expression in the ASI. Data shown is from two
independent experiments; errors are s.e.m. Total » of animals observed in trial 1, trial 2:
vector: 24, 29; skn-1(RNAi): 20, 24; GFP(RNAi): 22, 26; skn-1b(RNAi): 36, 24; skn-
Ic(RNAi): 23,20.

(¢) Is007 expresses SKN-1C::GFP, but not SKN-1B::GFP, in the intestine. Following
RNAI exposure, Is007 worms were heat-shocked to induce nuclear accumulation of
SKN-1::GFP in the intestine. skn-1c(RNAi) reduced SKN-1::GFP, while skn-1b(RNAi)
had no effect. Data shown is from two independent experiments; errors are s.e.m. Total n
of animals examined in trial 1, trial 2: vector: 24, 25; skn-1(RNAi): 25, 23; skn-1b(RNAi):
28, 24; skn-1c(RNAi): 28, 21.

(f) skn-1a and/or skn-1c account for the majority of basal skn-/ transcriptional activity in
the intestine. The gene dod-24 has several skn-1 consensus binding sites in its promoter
region and is expressed in a skn-I-dependent manner (data not shown). An integrated
dod-24p::gfp transgenic strain (a gift of D. Kim and F. Ausubel) was therefore used as a
reporter for intestinal skn-1 activity. skn-1c(RNAi) reduced reporter expression, while
skn-1b(RNAi) did not. Scale bars, 100 um.

(g) An extrachromosomal array that drives skn-1b::gfp expression from the gpa-4
promoter exclusively in the ASI neurons of adult animals rescues the skn-1(zul35) DR
longevity defect. Two independently transformed lines, labeled “#1” and “#2”, are

shown. (h) An extrachromosomal array driving skn-Ic::gfp expression from the ges-1
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promoter exclusively in the gut does not rescue skn-1(zul35) DR longevity. gels10, an

integrated version of the same array, also fails to rescue.
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Figure 3. The ASI neurons are necessary for DR longevity.

ASIs were laser-ablated in strains carrying the integrated array kyls/28, which expresses
GFP from the ASI-specific str-3 promoter”®. “Mock” strains represent non-operated
controls (see Methods).

(a) Animals with killed ASIs do not respond to DR. These animals have a longer basal
lifespan, as previously reported17 (for kyls128 ASI" AL vs. kyls128 mock AL, Mantel-
Cox logrank P < 0.0001).

(b) daf-16 mutation suppresses the longer basal lifespan caused by ASI ablation (for daf-
16(mgDf50),;kyls128 ASI" AL vs. daf-16(mgDf50);kyls128 mock AL, P = 0.3902), but

ASI-ablated animals remain refractory to DR.
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FIGURE 3

o
Ke2

-»-daf-16,kyls128 mock AL

ed W e
-+~ kyls128 ASI" AL -*~daf-16;kyls128 ASI: AL
o 80 --kyls128 ASI" DR o 801 -#-daf-16,kyls128 ASI' DR
2 2
© ®
£ <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>