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Genetic and Molecular Analysis of the Reproductive

System’s Effect on Aging in C. elegans

Jennifer Ramond Berman

ABSTRACT

What molecular events regulate aging is a central focus of biological inquiry. In
the nematode Caenorhabditis elegans, signals from the reproductive system profoundly
influence aging, since germline removal can extend lifespan by 60%. This effect requires
daf-16, a FOXO transcription factor, daf-12, a nuclear hormone receptor, and daf-9, a
steroidogenic cytochrome P450. The relationship between these genes in the germline
pathway has been unclear, as has the relationship between the germline pathway and the
DAF-2/insulin/IGF-1 longevity pathway.

The goal of this thesis research was to better understand how the reproductive
system regulates aging. To identify new genes in the reproductive aging pathways, we
designed and implemented an RN Ai-based suppressor screen for genes required for the
longevity of germline-deficient animals. We identified eleven genes that specifically
shorten the lifespan of germline-deficient animals. These new aging genes are putatively
involved in signaling, protein degradation, microRNA processing, immune function, and
other processes, and have differential effects on daf-2 longevity.

We further examined the role of one gene from the screen, kri-/, which encodes
an intestinal protein with ankyrin repeats. We discovered that kri-/, as well as the
lipophilic hormone signaling genes daf-12 and daf-9, are required for DAF-16 intestinal

nuclear localization in germline-deficient animals. This indicates that the germline
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utilizes lipophilic hormone signaling to communicate with the intestine, where kri-/
likely mediates the response. Importantly, these genes have minor or allele-specific
effects on daf-2 longevity, and only minor effects on DAF-16 nuclear localization in daf-
2 animals, suggesting that these genes may act in parallel to the DAF-2 pathway. We
also find that unlike k7i-1 and daf-9, daf-12 has functions in addition to promoting DAF-
16 nuclear localization when germ cells are removed.

Finally, we further explore the role of daf-12 on lifespan and thermotolerance, as
well as examine the effects of environmental perturbation on the lifespan of germline

deficient animals.
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CHAPTER 1: INTRODUCTION
Aging: from society to biology

Life is short. But it’s longer than it used to be. Modern living and medicine have
increased the life expectancy of Americans by several decades compared to just a century
or two ago. Unlike much of the world, most Americans have rare encounters with death.
We don’t know a child who died of dysentery or tuberculosis. We are far from
malnourished. We get vaccinated. We have agencies that ensure our buildings are up to
code and our cars have airbags. Consequently, in the developed world, more people are
living longer, and the elderly population is growing at a rapid rate. By 2030, the US
Department of Health and Human Services estimates that 1 out of 5 Americans, more
than 70 million people, will be over the age of 65. Diseases associated with aging, like
atherosclerosis and Alzheimer’s disease, pervade our health news headlines. While
becoming elderly may be considered a rare luxury to some in the third world, our society
tries to arm itself to “fight” aging and the signs of aging.

But what do we really know about aging? Long human life expectancies are a
relatively recent phenomenon of the developed world. How does aging occur? Is it
programmed and under molecular control, or is it just something that happens? If we
cannot avoid aging, can we improve its progress, perhaps delaying or avoiding the onset
of age-related disease? From a basic biology standpoint, one also wonders why different
species, which evolved from a common ancestor, age at different rates. In protected
conditions, a mouse may live three years, yet some birds of similar size and metabolic
raze can live more than five times as long (Finch, 1990). Understanding why and how

organisms age is not only of interest to the molecular biologist, the evolutionary
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biologist, the clinician, and the public in general, it stands to profoundly influence our

society, our politics, and our way of life.

How do we study aging?: Until recently, studies on aging have largely focused
on the demographics of aging human populations, or using epidemiology to identify
factors that correlate with a long lifespan. In the last 15 years, the science of aging has
become revolutionized by the application of unbiased genetic approaches and molecular
biology to studying aging in the context of various model organisms. Using model
systems with relatively short lifespans, like the nematode Caenorhabditis elegans, the
fruitfly Drosophila melanogaster, the yeast Saccharomyces cerevisiae, and the mouse
Mus musculus, researchers can propose a hypothesis, test it by measuring the effect of a
perturbation on lifespan, then draw a conclusion which invariably leads to more
experiments. While this approach seems simple enough, its application has yielded more
insights about mechanisms that influence lifespan (as well as more questions) than even
perhaps the most optimistic researcher could have predicted.

Studies in model systems have shown that changes in the function of a single gene
can profoundly change the rate of aging and lifespan (reviewed in (Guarente and Kenyon,
2000)). Before I address the genetic details of aging regulation, it is important to note
that while genetic changes can clearly lead to changes in lifespan, many evolutionary
biologists doubt the existence of a genetic program whose primary function is to control
aging (reviewed in (Kirkwood, 2005)). They argue that genes that regulate aging would
necessarily operate at later stages of life. However, since aging by in large occurs in an

animal’s post-reproductive life, aging is likely a non-adaptive process. Aging may



therefore simply be the result of the accumulation of cellular and molecular damage that
ultimately leads to the failure of cell and organ function.

Yet how does one explain that heritable factors influence lifespan? In his
“mutation accumulation theory,” Medawar postulated that aging is the phenotypic output
of a chorus of late-acting deleterious mutations that have escaped the forces of natural
selection (Medawar, 1952). This can be thought of as somewhat of a passive role for
genes in determining an organism’s aging rate. The “antagonistic pleiotropy” theory
posits that genes exist that influence aging because they also have a beneficial effect early
in life, for instance to promote fertility (Williams, 1957). Natural selection would have
therefore favored the maintenance of these genes in the population despite their
deleterious effects at later ages.

While the evolutionary legitimacy of genes that influence aging is a fascinating
topic, studies in model systems have clearly and repeatedly shown that single-gene
mutations can cause changes in lifespan and aging. Many of these genes encode
signaling and transcriptionai regulators, and it has been shown that many of these genes
have conserved role in aging regulation from simple metazoans to mammals. These
findings point to the existence of a genetically determined lifespan program. It is our job

to understand how these genes work.

Genes and pathways that influence aging in model organisms
The DAF-2 pathway: In C. elegans, animals with a mutation in the daf-2 gene
liwve twice as long as wild-type animals (Kenyon et al., 1993). For reference, at 20°C, a

wild-type animal has a mean adult lifespan of 18 days. These daf-2 animals are not only



long-lived, but they remain youthful for a longer period of time, exhibiting active
movement at a time when wild-type animals are already dead. Because daf-2 mutants are
long-lived, this means that the wild-type function of the daf-2 gene is to shorten lifespan.

daf-2 encodes an insulin/IGF-1 receptor ortholog, the only such receptor found in
the worm (Kimura et al., 1997). The molecular nature of daf-2 immediately pointed to
the importance of insulin or IGF-1-like hormones in aging regulation. daf-2 longevity is
completely dependent on daf-16 (Kenyon et al., 1993), which encodes a FOXO family
transcription factor (Lin et al., 1997; Ogg et al., 1997). The identification and cloning of
these genes had remarkable implications: it suggested that aging is mediated by
hormonal signals and transcriptional outputs. This was a far cry from the expected lack
of regulatory genes for aging.

daf-2 and daf-16 had previously been studied for their role in regulating dauer
formation (reviewed in (Riddle, 1997)). Inthe C. elegans life cycle, newborn animals
develop through a series of four larval stages, L1 through L4, before becoming
reproductive adults. Under adverse conditions, such as high temperature, crowding, or
absence of food, young animals exit the normal path of development to form dauer
larvae, which are stress-resistant, growth-arrested, and long-lived (Cassada and Russell,
1975). An animal can exit the dauer state and continue development upon improvement
of environmental conditions, such as the introduction of food.

daf-2 mutants are dauer constitutive (Daf-c), meaning that these mutants enter the
dauer stage even during favorable environmental conditions, while daf-16 mutants are
dauer defective (Daf-d), meaning that even under inhospitable conditions, these animals

failto form dauers (Riddle et al., 1981). Like lifespan, the daf-2 Daf-c phenotype is



dependent on daf-16 function. The DAF-2 insulin/IGF-1 pathway, however, acts with
two other pathways, the daf-7/TGF beta pathway and the daf-11/cGMP pathway, to
regulate dauer formation. Interestingly, these TGF beta and cGMP pathways in large part
do not play a role in longevity (Kenyon et al., 1993), although some cross-talk exists
between members of the TGF beta pathway and the DAF-2 pathway with regards to
dauer regulation (Tissenbaum and Guarente, 2001).

In wild-type animals, the DAF-2 receptor activity inhibits DAF-16 through the
function of a conserved phospatidylinositol-3-OH kinase (PI 3-kinase)/protein kinase D
(PDK)/AKT/SGK pathway (Figure 1.1, reviewed in (Tatar et al., 2003)). This cascade is
a principle output for daf-2 activity in aging regulation, since animals doubly mutant for
daf-2 and for age-1/PI 3-kinase do not live significantly longer than daf-2 mutants alone
(Dorman et al., 1995). Since long-lived daf-2 mutants can live even longer when
exposed to daf-2 RNAI, however, other age-/-independent outputs of daf-2 may exist (N.
Arantes-Oliveira, unpublished data).

The DAF-2 pathway inhibits both the subcellular localization and the activity of
DAF-16. daf-16 is expressed in all cells, and under normal conditions, the DAF-16
protein displays a diffuse expression pattern within those cells (Henderson and Johnson,
2001; Lin et al,, 2001; Ogg et al., 1997). However, when DAF-2 pathway activity falls,
DAF-16 accumulates in the nuclei of neurons, intestinal, mﬁscle, and hypodermal cells
(Lin et al., 2001). Therefore, in normal animals, the DAF-2 pathway inhibits DAF-16
nuclear localization. DAF-16 can also become nuclear localized in conditions of
starvation or oxidative or heat stress (Henderson and Johnson, 2001; Lin et al., 2001).

Under conditions of low daf-2 activity, DAF-16 activates, either directly or indirectly, the



transcription of a series of stress-response, metabolic, antimicrobial, hormonal signaling
or processing, and novel genes whose functions are required for the longevity of daf-2
animals (McElwee et al., 2003; Murphy et al., 2003). Thus, long life is a result of the
daf-16-dependent transcriptional induction of specific health-promoting genes, as
coordinated and determined by the activity of a conserved regulatory cascade, the DAF-2
pathway.

The nuclear localization of DAF-16 is inhibited through its site-specific
phosphorylation by the AKT and SGK kinases downstream of DAF-2. Since daf-16
encodes a transcription factor, and transcription occurs only in the nucleus, it seems that
controlling the nuclear localization of DAF-16 could be a rather foolproof way to keep
this protein from activating downstream longevity genes. To explore the extent to which
control of subcellular localization is used to regulate DAF-16 activity, a mutant DAF-16
protein was made in which its target AKT/SGK-phosphorylation sites were changed to
block the inhibitory effects of AKT/SGK phosphorylation (called DAF-16*M, or alanine
mutant, protein) (Lin et al., 2001). This DAF-16*™ mutant protein was found to be fully
functional and constitutively localized to the nucleus. However, animals that contain
DAF-16*M live only slightly longer than control animals, and reducing daf-2 activity in
these animals produced significant further extension of lifespan (Lin et al, 2001). This
result indicates that the DAF-2 pathway acts to inhibit DAF-16’s ability to extend
lifespan independently of its effect on nuclear localization.

Are long-lived daf-2 mutant animals just dauers in disguise? Some daf-2 mutants
are Unc and somewhat lethargic like dauers (Gems et al., 1998), and contain increased fat

content that is also reminiscent of dauers (Ashrafi et al., 2003; Kimura et al., 1997,



Vowels and Thomas, 1992). However, reducing daf-2/insulin/IGF-1 signaling
specifically during adulthood increases lifespan to the same extent as if signaling were
reduced during life from hatching (Dillin et al., 2002a). These animals had normal
reproductive profiles. In addition, while reducing daf-2 signaling only during
development causes dauer formation, this treatment is insufficient to lengthen adult
lifespan. The effects of the DAF-2 pathway on longevity, therefore, can be temporally
separated from its role in dauer formation and timing of reproduction. It is also worthy to
note that some long-lived daf-2 mutant animals appear active and healthy (Arantes-

Oliveira et al., 2003; Garigan et al., 2002).

Insulin/IGF-1 signaling regulates aging in higher organisms: The findings
that alterations in insulin-IGF-1 signaling can increase longevity in flies and mice
dispelled the idea that daf-2’s effect on longevity was worm-specific. This also proved
that the role of insulin/IGF-1 signaling in aging regulation is evolutionarily conserved
(Tatar et al., 2003). In Drosophila, mutations in the insulin-like receptor gene InR can
result in up to an 85% increase in adult lifespan (Tatar et al., 2001), while mutations in
the insulin receptor substrate-like gene, chico, also significantly increase lifespan (Clancy
et al.,, 2001). In addition, overexpression of dFOXO, the fly homolog of daf-16, extends
fly lifespan (Giannakou et al., 2004; Hwangbo et al., 2004). Reducing the function of
either the insulin receptor or the IGF-1 receptor in mice can also lead to significant
increases in lifespan. Mice cannot live without the insulin receptor; however, removal of
the insulin receptor specifically in adipose tissue causes mice to live 18% longer than

normal (Bluher et al., 2003). These mice had it pretty good. Not only did they live long,



but in spite of normal food intake, they displayed a 50-70% reduction in fat mass, with no
diabetic symptoms. In addition, mice heterozygous for a knockout of the IGF-1 receptor
lived up to 30% longer (females) than normal, and displayed no changes in metabolism,
fertility, or sexual maturation (Holzenberger et al., 2003). Once again, a discovery in C.
elegans had led to the uncovering of a general, crucial theme in biology: that

insulin/IGF-1 signaling is a key regulator of animal longevity.

Other pathways: Aside from the DAF-2 pathway, a number of other pathways
and biological processes have been implicated in aging regulation. Although not the
focus of my thesis research, I would like to briefly describe these other important aging
pathways.

In C. elegans, alteration of sensory perception using mutations that compromise
sensory signal-transduction pathways or sensory cilia formation results in a lifespan
increase of up to 50% (Apfeld and Kenyon, 1999). These long-lived animals have
normal rates of development and reproduction. In addition, removal of specific sensory
neurons can either positively or negatively regulate lifespan, implying the existence of a
neuronal circuit that acts to influence longevity (Alcedo and Kenyon, 2004). Because the
longevity of these sensory mutants are largely (but not entirely) dependent on daf-16
(Apfeld and Kenyon, 1999), and since DAF-16 enters the nucleus when sensory
perception is compromised (Lin et al., 2001), sensory neurons are likely to regulate aging
via the DAF-2 pathway. However, since these animals’ longevity is not completely

dependent on daf-16, other pathways may be at work. It remains to be seen if sensory



perception can affect aging in mammals. Since even the smell of food can alter
circulating insulin levels in mammals, it is fun to think that it might.

Caloric or dietary restriction (DR) extends the lifespan of yeast, worms, flies,
spiders, and mammals, and mammals exposed to DR show a decreased incidence of
diseases like cancer (reviewed in (Guarente and Picard, 2005)). The quest to elucidate
the molecular mechanism of aging regulation by DR has been intense in recent years.
Much focus has been placed on the protein deacetylase SIR2 (SIRT1 in mammals), a
gene originally studied for its role in silencing at mating-type loci in yeast. Yeast or flies
exposed to DR are dependent on S/R2 and dSir2 for longevity (Lin et al., 2000; Rogina
and Helfand, 2004), and resveratrol, a SIR2 activator, extends the lifespan of yeast,
worms, and flies (Howitz et al., 2003; Wood et al., 2004). However, the effect of DR in
worms is independent of daf-16 (D. Crawford, personal communication), while the
lifespan increase caused by sir-2.1 overexpression is daf-16-dependent (Tissenbaum and
Guarente, 2001). In C. elegans, DR therefore exerts its effects on longevity
independently of the DAF-2 pathway and of sir-2.1 activity. Interestingly, recent work
has illuminated a S/R2-independent pathway for DR in yeast (Kaeberlein et al., 2004).
Perhaps this same SIR2-independent pathway exists in C. elegans to mediate the effects
of DR.

Mitochondrial function is another integral aspect of aging regulation in C.
elegans. An unbiased screen for RNAI clones that increase longevity identified multiple
components of the mitochondrial electron transport chain (Dillin et al., 2002b; Lee et al.,
2003), indicating that reductions in mitochondrial function can increase lifespan. This

was surprising, because some had hypothesized that defects in the mitochodria would



accelerate aging due to release of reactive oxygen species, or ROS. The effect of
reducing these mitochondrial genes on aging is independent of daf-16 activity, and daf-2
mutants administered mitochondrial RNAI clones live even longer, implying that the
mitochondria do not signal through the DAF-2 pathway to regulate aging (Dillin et al.,
2002b).

Finally, many other genes have recently been identified in unbiased whole-
genome RNAI screens for genes whose loss of function increases lifespan (Hamilton et
al,, 2005; Hansen et al., 2005). While many of these genes may play roles in previously-
identified aging pathways, like the DAF-2 pathway or DR pathway, some have
implicated less famous aging pathways, such as integrin signaling pathways, or identified
other novel pathways. Similarly, a recent screen of yeast knockout strains identified new
longevity modulators like ribosomal proteins (Kaeberlein et al., 2005). Therefore, much

remains to be discovered about what genes and pathways control aging.

The role of the reproductive system in aging regulation

Reproductive system development in C. elegans: The reproductive system is
one of the largest and most important tissue types in C. elegans. When the worm
hatches, the gonad primordium consists of four cells: Z1 and Z4, which are the somatic
gonad precursors, and Z2 and Z3, which are germline precursors (reviewed in (Schedl,
1997)). During the course of development, the Z1 and Z4 gonadal precursors multiply to
give rise to the mature gonad, a reflexed tube consisting of multiple tissue types,
including a uterus (in hermaphrodites), gonadal sheath cells, the spermatheca, and the

distal tip cell (DTC). In hermaphrodites, the two gonadal arms of the tube grow
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outwardly during development both anteriorally and posteriorally, turning dorsally at L3
then turning again to result in the symmetrical U-shaped arms of a mature gonad (Figure
1.2). Z2 and Z3 start proliferation during L1 to give rise to the germline. These cells are
eventually divided between the two gonad arms, eventually forming an actively
proliferating pool of germline stem cells at each distal gonad ends. Germ cell
proliferation is induced by a signal produced by the DTCs, the ligand LAG-2, which
binds to and activates the GLP-1 Notch-like receptor resident on the stem cells. This
event stimulates a well-characterized signal transduction cascade that activates mitosis
and inhibits meiosis, and dozens of germ cells begin to fill the gonad arms (reviewed in
(Seydoux and Schedl, 2001)). In L3, some of these most proximal cells, presumably too
far to receive signals from the DTC, enter meiosis, and at L4, differentiate into sperm,
which are stored in the spermatheca. At the onset of adulthood, sperm production ceases
and the meiotic germ cells instead give rise to oocytes, which they will do for the
remainder of the worm’s reproductive life (until about Day 5 of adulthood). Pushed
along by gonadal contractions and space limitation due to germ cell proliferation, these
oocytes pass through the spermatheca, become fertilized, and pass into the uterus as a
brand new embryo. Over the course of life, one hermaphrodite worm produces enough
sperm to produce roughly 300 progeny. Within a week’s time, these two germline

precursor cells, Z2 and Z3, have given rise to close to one million descendant cells.

The reproductive system regulates aging: Several years ago, our lab

discovered that signals from the reproductive system can regulate lifespan in C. elegans

(Hsin and Kenyon, 1999). Removal of the germ cells, either using a laser microbeam or
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with mutations that block germ cell proliferation, extend the animal’s lifespan by ~60%
(Arantes-Oliveira et al., 2002; Hsin and Kenyon, 1999). This effect is dependent on the
presence of the somatic gonad, since removal of the somatic gonad using a laser
microbeam (which also removes the germ cells, since germ cells do not survive without
the somatic gonad) blocks the ability of germ cell loss to extend lifespan (Figure 1.3).
The implications of these findings are twofold. First, these and other data suggest that in
wild-type animals, counterbalancing signals from the reproductive system regulate
longevity: proliferating germ cells act to shorten lifespan, while signals from the somatic
gonad act to lengthen lifespan. Second, since removal of the whole gonad has no effect
on lifespan, sterility in and of itself is insufficient to lengthen life. This contradicts many
evolutionary theories of aging that predict that reproduction and longevity are mutually

antagonistic forces (discussed below).

Genes and pathways required for the reproductive system to regulate aging:
The reproductive system influences longevity by means of insulin/IGF-1 signaling,
steroid hormone signaling, and transcriptional activity (Figure 1.4). To live long, animals
without a germline require daf-/6, a FOXO family transcription factor (Hsin and Kenyon,
1999; Lin et al., 1997; Ogg et al., 1997). Removal of germ cells results in the nuclear
localization of DAF-16, primarily in the intestine, although some nuclear localization is
observed in the muscle and hypodermis (Lin et al, 2001). Despite the requirement for
daf-16, the germ cells may act in part in parallel to insulin/IGF-1 signaling to regulate

longevity, since germline removal in long-lived daf-2 mutants causes a further doubling
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of lifespan (Hsin and Kenyon, 1999). Whether or not these two pathways converge at the
level of daf-16 is not known.

Lipophilic hormone signaling is also required for the germ cells to regulate
longevity. Germ cell-deficient animals cannot live long without daf-9, a steroidogenic
cytochrome P450 (Gerisch et al., 2001; Jia et al., 2002), and daf-12, a nuclear hormone
receptor related to the vitamin D and pregnane-X receptors (Antebi et al., 2000; Hsin and
Kenyon, 1999). These two genes had been studied previously for their extensive roles in
multiple physiological functions. Like daf-16, daf-9 and daf-12 were originally identified
for their role in dauer formation. daf-9 mutants form partial dauers constitutively, while
daf-12 is Daf-d and required for any other Daf-c mutant to form dauers, making it the
most downstream gene in the dauer pathway (reviewed in (Riddle, 1997)). These genes
are also required for the regulation of fat accumulation and developmental timing
(Ambros, 2000; Antebi et al., 1998; Gerisch et al., 2001). Interestingly, while daf-9 and
daf-12 have opposite phenotypes with regards to dauer formation, fat storage, and
developmental timing, these two genes have the same phenotype when it comes to the
germline pathway: they are both absolutely required for germline ablation to extend
lifespan. DAF-9 is thought to make or modify a ligand for the DAF-12 receptor.
Different ligands, therefore, may be made or modified by DAF-9 to regulate different
daf-12-dependent processes: whereas for dauer, fat accumulation, and the coordination
of developmental timing, DAF-9 may make a ligand that inhibits DAF-12 function, DAF-
9 may produce an agonist for DAF-12 when germ cells are depleted. It is also possible
that DAF-9 makes one type of DAF-12 ligand that elicits different effects in different

metabolic or cellular contexts.
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The role of daf-12 and daf-9 in longevity is complicated. In animals with a
normal reproductive system, daf-/2 mutants live ~20% shorter than wild-type animals
(Larsen et al., 1995). However, the effect of daf-9 mutation on wild-type longevity is
temperature-dependent. At 20° or 22.5°C, daf-9 loss-of-function mutants live slightly
shorter than wild-type. However, at 15°C, these same daf-9 mutants live significantly
longer than wild-type in a daf-12-dependent way (Gerisch et al., 2001; Jia et al., 2002).
The relationship of daf-12 and daf-9 to the DAF-2 pathway is also a long-standing
mystery. Whereas daf-/2 mutations significantly shorten the lifespan of weaker, so-
called Class 1 daf-2 alleles (like e/368 or m41), these same daf-12 mutants can
dramatically enhance the longevity of Class 2 daf-2 alleles (like e/370) (Gems et al.,
1998; Larsen et al., 1995). Similarly, while the daf-9(rh50) mutation slightly shortens the
lifespan of the Class 1 daf-2(el368) mutant, it increases the last quartile mean and
maximum lifespan of the Class 2 daf-2(el370) mutant (Gerisch et al., 2001). These
complex genetic interactions suggest that perhaps the daf-2- and the daf-9/daf-12-
mediated longevity pathways are not one and the same, and that intricate cross-talk may
exist between these two pathways.

The somatic gonad may utilize a distinct mechanism from the germline to regulate
longevity. First, unlike the germ cells, the somatic gonad can influence longevity
independently of daf-16. This is inferred because when the gonad is removed in daf-16
null mutant, lifespan is further shortened. Second, daf-2 is required for the somatic
gonad to regulate aging, which stands in contrast to the fact that germ cell removal can
si