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Introduction to aging 

Aging is a universal biological process, broadly characterized by the gradual 

decline of a multitude of physiological functions, ultimately resulting in organismal 

death. For a long time, aging has been considered a passive process, occurring at 

random and not subject to any gene regulation. We now know that this is not the case. 

Many studies have in fact identified signalling pathways that can affect the aging 

process. Interestingly, none of these genetic pathways primarily works in age-

regulation. Instead, they naturally participate in processes such as development, nutrient 

sensing and metabolism, mitochondrial function and stress response 1. Nevertheless, 

manipulating these biological processes, the longevity of the organism can be altered, 

although their alteration in the hope of attaining beneficial effects often comes with a 

‘‘price’’. From this perspective, what we call aging is not the consequence of dedicated 

gene programs, but it may be seen as a secondary result of multiple natural cellular 

activities. For example, mutations in one of the best studied signalling cascades 

involved in increased longevity, namely the Insulin/IGF-1 signalling pathway, causes a 

delay in development, a smaller size of the mature animal, and changes in metabolism 2. 

Indeed, most of the aging genes that have been identified have very pleiotropic 

functions and their involvement in regulation of longevity could be assigned to a side 

effect of other, more important effects like development regulation, growth, or 

metabolism 3,4. Therefore, the question then arises whether aging genes even exist. To 

answer this question, one has to investigate beyond the effects of mutations on lifespan 

and consider the primary function of those genes affecting the aging process. 

Natural aging and its hallmarks 

What we call aging, refers to a process of gradual deterioration of an organism 

that occurs over time. In human, this process is typically characterized by the decline of 

several body functions, most notably, a reduced mass and contraction power of the 

muscle (known as sarcopenia), reduced bone density, alterations of the cardiovascular 

system, decline in cognitive functions and a general pro-inflammatory state of the 

whole organism. This decline represents the primary risk factor for most, if not all, 

human age-related diseases like cancer, type 2 diabetes, osteoporosis, cardiovascular 

and neurodegenerative diseases. 
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In the attempt to define aging at the molecular level, nine hallmarks have been 

currently proposed to describe the cellular aging 5. These are: genomic instability 6, 

telomeres attrition 7,8, epigenetic alterations 9, loss of proteostasis 10–12, deregulated 

nutrient sensing 13, mitochondrial dysfunction 14–16, cellular senescence 17, stem cell 

exhaustion 18 and altered intracellular communication 19–21. However, it is important to 

remember that it is currently unclear if these processes are causes or consequences of 

the aging process. In other words, we do not know the primary causes of aging. For 

example, although we know that somatic random mutations accumulate in the genome 

over time, in Drosophila melanogaster it has been shown that calorie restriction (CR), 

the most robust intervention that extends the lifespan in all the species, prolongs the life 

without affecting the manifestation of these mutations 22. As aging is a multifactorial 

phenotype, one can assume that multiple biological factors participate affect the entire 

process. Whether these hallmarks represent primary or secondary causes of aging, they 

provide a framework to study this process with a systematic approach, and they 

constitute the background of knowledge we can build on to uncover the mechanisms of 

aging. 

 

Human aging studies 

Genome-wide association studies (GWAS) are the most used approach 

scientists have used to study human longevity. These studies focus on the comparison 

of long-lived individuals to the rest of the population, searching for differences between 

the two groups. GWAS have tried to identify the genetic factors of the longevity 

phenotype 23,24. Analysis of Scandinavian monozygotic and dizygotic twins suggested 

that longevity is genetically determined for around 25-30% 25,26, although this 

contribution may be grater in the case of exceptional longevity (100 years or more) 27–

29. 

GWAS in humans has focused on the identification of genetic variants that 

associate with longevity (by convention, a genetic variant must have a prevalence of 

≥1% among the general population; below this threshold the occurrence is termed a 

mutation). Although there are different kinds of genetic variants that can be found in the 

human genome, including deletions, insertions and copy number variations, most of the 

studies have focused on the single nucleotide polymorphisms (SNPs) 30–34. As the name 
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suggests, these are differences in the DNA sequence of one base pair, and they 

represent different alleles for a given genome sequence. In the past, the analysis of these 

genomic features has allowed the discovery of a multitude of statistically significant 

associations between certain variants and several age-related diseases 35. However, 

when this approach has been applied to human longevity, very few associations have 

been found, with only APOE and FOXO3A loci reproducibly identified as bearing SNPs 

statistically significant associated with longevity 32,36–39. This stands in contrast to the 

multitude of genes involved in aging that have been identified in the model organisms, 

spanning from yeast to mice 40–43. Moreover, recent studies have reported that long-

lived people show a prevalence of risk alleles for the most common disease similar the 

rest of the population 31,34.  

To explain these results, researchers have proposed that human aging is a 

particularly complex process, where a multitude of genetic factors are involved and 

they each account for small effects on their own. Small effects can only be detected in a 

large sample size and, although the numbers are increasing, long-lived individuals are 

still a minority. This would explain the scarcity of statistical significant associations 

between single SNPs and survival to old age. In line with this reasoning, a work from 

Sebastiani et al. showed that combining multiple SNPs it is possible to compose a 

genetic signature that more precisely predicts the longevity phenotype 33. With a similar 

approach, Deelen et al. showed the relevance of insulin/IGF signalling and telomere 

maintenance pathways in human longevity 44. 

Another puzzling observation came from a study in which the authors failed to 

find differences in lifestyle factors in people with exceptional longevity 45. This led the 

authors to suggest that the long-lived individuals may interact with environmental 

factors differently than the general population, or they may bear protective alleles 

against age-related diseases, or both. 

Despite the inconsistencies, all the studies on human aging have highlighted 

the polygenic nature of this process. What emerged is a picture where the interactions 

and reciprocal regulations are more important than individual effects of the factors 

involved. Although more studies are needed to confirm and extend the current findings, 

these studies provide further support to the knowledge we gained from the animal 

studies, and shed light over the nature of the biological processes involved in longevity 

in our species.  
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Caenorhabditis elegans as model organism for aging studies 

Several model organisms have been used to study the aging process, including 

yeast, fruit flies, nematodes, and mice 40. Of these, the nematode Caenorhabditis 

elegans (C. elegans) is one of the most attractive and useful model organisms because it 

has a relatively short lifespan of approximately two weeks, enabling one to quickly 

assess the effects of mutations and various experimental treatments on lifespan and age-

related fitness. Additionally, there is no somatic cell division in the adult worm, and 

cells that are lost during adult life are consequently not replaced 46. Therefore, aging in 

C. elegans is entirely post-mitotic, reflecting a gradual loss of function in somatic cells 

as they grow old, and the analysis of aging in worms is not complicated or masked by 

the process of regeneration. Most importantly, 83 % of the worm’s proteome has human 

orthologs 47, which makes discoveries potentially very relevant to a better 

understanding of the aging process in humans. 

The physiological aging process in worms has been thoroughly characterized. 

Old worms move slowly, have a lower pharyngeal pumping rate, and are flaccid 48. The 

appearance of tissues and organs in old worms reveals that the pharynx becomes packed 

with bacteria and the age-related pigment lipofuscin accumulates in the intestines 49,50. 

The subcellular architecture of various cell types shows degeneration of muscle and 

intestinal cells 50,51 and under more detailed examination, individual neurons display a 

gradual decline in branching and electrical activity, which likely leads to a reduced 

mobility and sensory perception 52,53. Although many age-related changes in worm 

physiology have been documented, a poor understanding of the causes for decline of 

cellular functions in old age still exists because we know very little about the aging 

process at the molecular level. 

 

Theories of aging 

Many theories have been proposed to explain why animals age and die, but at 

a very general level they all can be divided into two major groups. What distinguishes 

these two groups is the factor they point at as fundamental cause of aging. 



Chapter 1 

 12 

The first group is represented by the damage theories. According to these 

theories, the random accumulation of molecular and cellular damage is the main force 

driving aging. The damage derives from different sources such as free radicals 

produced by the cellular metabolism, exposure to chemicals, radiation, pathogens, 

toxins, errors in replication and translation etc. The organisms react by activating 

defense and repair responses. These mechanisms however, fail to repair the damage 

completely. Hence molecular and cellular damage accumulates over time until it 

reaches critical levels, causing pathologies and ultimately death. For many years the 

aging research has been dominated by one of these theories: the free radical theory of 

aging 54. It postulates that the aging process is in large part driven by free radicals and 

other reactive oxygen species (ROS) endogenously formed from normal metabolic 

reactions. These reactive molecules are in turn responsible for oxidative damage in 

macromolecules inside the cell, resulting in a progressive loss of function and 

development of the aging phenotype. Undeniably, damage accumulation does explain 

some of the molecular changes observed with age, such as increased levels of protein 

oxidation and age pigment accumulation 49,55. Furthermore, genetic studies have 

revealed that most mutants showing extended lifespans either have increased resistance 

to stress (e.g., daf-2) 56 or decreased metabolic rates, and concomitant decrease in the 

production of free radicals (e.g., clk-1) 57. 

However, recent results in worms and mice have led researchers to question 

the oxidative damage theory as the primary or exclusive cause of aging. Just to name a 

few examples: both loss-of-function and overexpression of superoxide dismutase (sod; 

genes responsible for the removal of ROS) in both worms and mice do not consistently 

affect lifespan 58,59. Also, increased levels of protein oxidation in sod-2 mutants or 

peroxide treatment do not affect worm longevity 60,61, and even in some cases lead to 

lifespan extension 62. Indeed, treating worms with low concentrations of paraquat 62, or 

juglone 63 causes increased levels of ROS and leads to lifespan extension, which is 

counter intuitive to the oxidative damage theory. Additionally, C. elegans mutants 

displaying a decreased energy metabolism and prolonged lifespan, do not show reduced 

oxidative damage 64. Collectively, these and many other findings put the oxidative 

damage theory in question and propose that aging may involve additional mechanisms 

leading to accumulation of deleterious and irreversible changes.  
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The second group of theories instead, proposes that the aging process has its 

own genetic determinants. Collectively, they propose the existence of genetic programs 

provoking aging either as purposeful effect, or as unwanted side effect of genetic 

pathways working in other biological processes. In either case, these signalling 

pathways drive the molecular and physiological changes that result in aging and, 

ultimately, in death. The antagonistic pleiotropy theory of aging is one of the most 

known among the genetic theories. This theory is based on the idea that the age-related 

decay is governed by developmental pathways that go awry later in life. This 

phenomenon is also referred to as developmental drift. Pleiotropy refers to the fact that 

the genes involved mediate multiple, or pleiotropic, functions; antagonistic because 

these functions are beneficial early in life, and detrimental in later stages. It was first 

proposed by Williams 65, and further developed by Dilman 66. In essence, this theory 

suggests that since a single gene is able to affect multiple traits, some genes that 

increase fitness early in life when the force of natural selection is high (i.e. during 

development and reproductive period), may have harmful, unselected effects later in 

life when natural selection is weak (i.e. beyond a reproductive age). An example of this 

can be found in the human eye lens, which continues to grow throughout life, but 

eventually leads to presbyopia or farsightedness in old age 67. 

Recent work from Howard Chang’s lab has revealed that the NF-kB family of 

transcription factors in mice might underlie the aging process 68,69. Expression of NF-kB 

increases with age in many tissues and in stem cells, and down-regulation of NF-kB 

expression in the skin of aged mice can cause the global gene expression profile to 

change and cause tissue characteristics to reverse to those of younger animals 70. 

Another example in mice is the Wnt signalling pathway, which promotes myogenic 

lineage progression during development 71. In old age, increased Wnt signalling impairs 

muscle regeneration and promotes fibrosis 72,73. In addition, several reports have shown 

that mutations that lead to an over activation of the Wnt signalling pathway contribute 

to the development of many age-related diseases, such as cancer, osteoporosis, and 

metabolic dysfunction 74. 

Together, damage accumulation and genetic theories provide the background 

for the current thinking about molecular mechanisms of the aging process. Hundreds of 

theories with their variants have been proposed over the years 75,76. In the next two 
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sections I will describe the most known theories in each group: the oxidative damage 

theory, and the antagonistic pleiotropy theory of aging. 

 

Antagonistic pleiotropy in Caenorhabditis elegans  

Until recently, aging studies in C. elegans have shown very few clear 

examples of antagonistic pleiotropy. This was mainly due to the fact that by engaging in 

discoveries of mutations that affect lifespan, researches forgot to ask questions about 

the natural function of the ‘‘aging gene’’. One of the most famous and best-studied 

examples in C. elegans is the insulin-like signalling pathway. Mutations in this pathway 

that affect longevity include daf-2 (which encodes an insulin-like receptor), age-1 

(which encodes a PI3 kinase), and daf-16 (which encodes a Forkhead transcription 

factor). Loss-of-function mutations in daf-2 and age-1 both lead to significant (100 %) 

lifespan extension 77–79, while additional loss-of-function mutations in daf-16 

suppresses lifespan extension in the age-1 and daf-2 mutant backgrounds 78,80. 

However, before conclusions can be made on these finding, we first need to know 

whether the insulin signalling pathway is a part of the normal aging process. Elegant 

genetic studies from the Kenyon lab have shown that this signalling cascade is active in 

young adult worms and by post-developmentally inactivating insulin signalling, 

lifespan can be extended 81. Yet we still do not know if the insulin-like signalling 

pathway is age-regulated. Does its activity decrease, increase, or remain constant 

throughout the life of the animal? 

More recently, DNA microarray experiments and other genetic studies reveal 

that expression differences in old worms are caused by three GATA transcription 

factors: namely ELT-3, ELT-5 and ELT- 6. In old age, ELT-5 and ELT-6 expression 

increases and expression of ELT-3 decreases, resulting in activation changes in a 

multitude of genes with GATA regulatory sites. Notably, this is the first molecular 

pathway that describes the molecular basis for aging in C. elegans. Closer examination 

showed that elt-3 expression in the adult is controlled by increased expression of the 

repressors elt-5 and elt-6, and no evidence that this regulation is driven by cellular 

damage or environmental stresses were found 82. 

During normal hypodermal development in the worm, both elt-5 and elt-6 

GATA transcription factors are regulated by Wnt signalling 83–85, suggesting that age-
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related changes in Wnt signalling could account for changes in the elt-5/elt-6/elt-3 

GATA transcriptional circuit and possibly other genes during adulthood (Figure 1). 

This indicate the possibility that molecular changes associated with age in C. elegans 

may be orchestrated by intrinsic factors, like developmental programs, that are not 

appropriately modulated later in life. Based on this previous knowledge, we set out this 

project to characterize how Wnt pathway intervenes in the aging process at a molecular 

level, and to define to what extent this can be considered an example of developmental 

drift in the context of aging. 

 

 

 

Figure 1: Model of antagonistic pleiotropic effects mediated by Wnt in 
Caenorhabditis elegans. During development, Wnt signalling guides the changes in the 
expression of elt-5 and elt-3 GATA transcription factors involved in hypodermal 
development. In aging, Wnt signalling may drive some of the changes that characterize 
the aging process, possibly acting through the same genes involved in developmental 
processes. (Figure adapted from 86) 
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Wnt signalling  

Wnt signalling is a major and highly conserved developmental pathway that 

guides many important events during organismal development 87. These effects are 

accomplished through highly complicated cell-to-cell interactions initiated by Wnt 

secreted ligands and culminating with the nuclear translocation of the transcriptional 

co-activator β-catenin, the major effector of this signalling cascade. In this pathway, 

when the soluble ligands are not bound to Frizzled receptor and LRP co-receptor, the 

destruction complex consisting of Axin, GSK-3β (glycogen synthase 3β), APC 

(adenomatous polyposis coli) and CK1 (casein kinase 1) directs the β-catenin to 

proteosomal degradation through GSK-3β-dependent phosphorylation. Following the 

binding of the ligands to the receptors, the activity of the destruction complex is 

inhibited, leading to the stabilization of the β-catenin. The β-catenin accumulation 

results in its migration into the nucleus where it activates the transcription, interacting 

with the T-cell factor/lymphoid enhancer factor (TCF/LEF) bound on target genes 

promoters. This signalling cascade is known as canonical Wnt pathway and is found in 

all animals, including vertebrates, flies, and nematodes (Figure 2). Also other so called 

noncanonical Wnt signalling pathways are present, but their function is less well 

understood. These pathways appear to signal in a β-catenin independent manner and are 

also known as the Wnt/Calcium and Wnt/JNK pathways88,89 Their activation is involved 

in the regulation of intracellular calcium levels and actin cytoskeleton respectively 90. 
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Figure 2: schematic representation of the canonical Wnt signalling pathway. In 
bold, the canonical pathway with its core components is depicted. Following the 
binding of Wnt ligand (WNT) to Frizzled receptor (FZD), the adaptor protein 
Dishevelled (DVL) is recruited at the membrane and in turn it represses the activity of 
the destruction complex (4 proteins in gray). The β-catenin, normally directed to 
proteasome degradation by the destruction complex, starts to accumulate and migrates 
into the nucleus where it binds to the TCF transcription factor, activating the expression 
of the target genes. Note that in C. elegans, also a Wnt/β-catenin asymmetry pathway 
exists (also known as non-canonical pathway), which is not included in this scheme [for 
a review see 91]. In addition, Wnt ligands have also been shown to bind to other 
receptors such as the receptor tyrosine kinase Ror and Ryk. (Figure adapted from 86) 
 

Wnt pathway in development and diseases 

Most of the knowledge we gained about Wnt functions in living organisms 

derive from developmental studies. In fact, this pathway plays very important roles 

during embryogenesis and following development stages in all animals. A series of 

knockout experiments have demonstrated the requirement of Wnt signalling in the early 

mouse embryo, where Wnt mutants display gastrulation defects 92. With similar 

approaches, many functions of Wnt pathway during development have been identified 
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in C. elegans. In this nematode, Wnt signalling controls several developmental events 

like cellular migration 93,94 and cell polarity and fate specification 95–98. 

The redundancy between Wnt components is a predominant feature in this 

signalling. For example in mice, Wnt1/Wnt3a double-knockout results in a stronger 

phenotype on CNS development compared to the single mutants 99. This genetic 

redundancy obviously decreases our ability to discern mutant phenotypes. A further 

level of complexity is represented by the ability of different Wnt/ligands to bind to 

more than one Frizzled receptor 100,101. 

In adulthood, Wnt signalling is best known for its function in maintaining stem 

cell function. For example, Wnt signals prove to be particularly important to sustain 

self-renewal of intestinal stem cells, skin and hematopoietic system 102–105. In line with 

this function, misregulation of Wnt signalling has been implicated in various cancers, 

most notably of those tissues where it plays a primary role in stem cells maintenance. 

The best understood case concerns the colorectal cancer, where the vast majority of 

clinical cases are characterized by mutations APC (component of the destruction 

compex) resulting in an aberrant activation of this signalling 106. Germline mutations of 

the same gene cause an hereditary cancer syndrome called familial adenomatous 

polyposis (FAP), in which patients display early development of intestinal polyps that 

at later stages proceed into malignancy 107,108. Along with colorectal cancer, other kinds 

of cancer like melanoma, hepatocellular carcinomas and several types of solid tumors 

are connected to this pathway 109,110. Dysfunctions of Wnt signalling have also been 

linked to various age-related diseases like type II diabetes, underlining a connection 

between Wnt signalling and metabolism 111,112. 

 

Wnt pathway in aging 

To date, several groups have investigated how this developmental pathway 

intervenes in the regulation of the aging process. It is not yet clear whether Wnt activity 

delays or accelerates aging. Evidence that support both views can be found in the 

scientific literature.  

In several studies, Wnt activity was shown to lead to beneficial effects. For 

example, Wnt activation has been shown to positively influence adult stem cell 

maintenance 113,114. More recently, Miranda et al. provided evidence that neuronal 
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progenitors decrease following the attenuation of Wnt signalling from astrocytes in the 

aging brain 115. Also senescence seems to be delayed by Wnt activity: in their study, Ye 

and colleagues showed that cellular senescence in cultured human fibroblasts displayed 

a parallel decreases in canonical Wnt signalling by reduced expression of Wnt2 (a 

ligand that activates canonical signalling), and addition of Wnt3a enhanced cellular 

proliferation and delayed cellular senescence 116. 

Although these experiments indicate a protective role of Wnt signalling in 

aging, several other studies suggest the contrary. Brack and colleagues have shown that 

when young mice are perfused with serum deriving from older mice, myogenic-to-

fibrogenic fate conversion increases in young muscle progenitors, a process that 

characterizes aged muscles. They showed that this effect depends on Wnt3A activity 

and can be suppressed by injections of Dickkopf-1 (DKK-1), a Wnt antagonist that is 

able to enhance muscle regeneration in old mice as well 72. The data were corroborated 

by results from the Komuro group 117. They reported that Wnt signalling activity 

increases with age in serum and multiple tissues of wild-type mice, promoting age-

associated decline in tissue regeneration. In another study by Liu et al.73, the accelerated 

aging observed in the Klotho mouse model has been ascribed to chronic Wnt 

stimulation (due to the absence of the Klotho protein, another Wnt antagonist similar to 

DKK-1) contributing to stem cell depletion and aging. In addition, several reports have 

shown that mutations that lead to over-activation of the Wnt signalling pathway 

contribute to the development of many age-related diseases, such as cancer, 

osteoporosis, and metabolic dysfunction 74.  

Different reasons can be hypothesized to explain these seemingly contradictory 

observations. First of all, it should be kept in mind that there are multiple Wnt ligands 

(19 in human and 7 in mice) and these proteins can bind to a set of receptors, some of 

them involved also in other signalling pathways 91,118. This diversity may to some extent 

explain how the same Wnt ligand can produce different effects. Second, an age-

dependent (or condition-dependent) effect of Wnt signalling can also play a part: 

downstream Wnt target genes may change with age, such that Wnt signalling promotes 

beneficial effects at an early age but becomes detrimental at an older age. In such 

scenario, also the importance of co-factors should be considered. For example, in 

addition to binding to TCF proteins, Essers et al. reported that β-catenin can also 

functionally interact with FOXO transcription factor when the cells are exposed to 
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oxidative stress 119. The cross talk between different pathways, and the context/tissue-

dependent association of β-catenin with different transcription factors, could account 

for the differences observed in aging studies that addressed the Wnt pathway function. 

These are just a set of possible explanations to try to reconcile the apparently 

opposing roles of Wnt signalling in aging, and obviously, more work is needed to 

further test these hypotheses. 

 

Wnt pathway in Caenorhabditis elegans 

In C. elegans, a complete set of Wnt components is present. The general 

sturcture of the canonical pathway is very well conserved in this model organism, but 

one unique feature is noteworthy: the presence in this nematode of a noncanonical 

pathway β-catenin dependent (Figure 3 and Table 1). This noncanonical pathway (not 

to be confused with the Wnt/Calcium and Wnt/JNK pathways present in Drosophila 

and vertebrates, which conservation in C. elegans is currently unclear) is also called 

Wnt β-catenin asymmetry pathway, because of its importance in most asymmetrical cell 

divisions during embryogenesis and larval development 120–123. The distinctive 

characteristic of this pathway is the existence of two branches regulating the activity of 

the final effector pop-1/TCF. In this alternative signalling, the upstream part, 

represented by the ligand-receptor binding, remains unchanged. However, following 

this first step, two events simultaneously happen: a) the wrm-1/β-catenin interacts with 

lit-1/NLK, together translocate in the nucleus and here they mediate the extrusion on 

pop-1/TCF molecules not bound on DNA; b) sys-1/β-catenin also translocates in the 

nucleus and activate the transcription of the target genes by interacting with DNA-

bound pop-1/TCF proteins, like similarly happens in the canonical pathway (Figure 2) 
91. This also directly points to another notable difference: the presence of four β-

catenins in C. elegans whereas only one in present in vertebrates. BAR-1/β-catenin 

intervenes in the canonical pathway, SYS-1/β-catenin and WRM-1/β-catenin function 

in the asymmetry pathway, and HMP-2/β-catenin is the C. elegans β-catenin specialized 

in the cell adhesion (see table 1.1 for a list of C. elegans Wnt components and their 

human homologs). 

Despite that its function during development is well studied, very little is 

known about the possible role of Wnt signalling in natural aging.  
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Figure 3: schematic representation of the noncanonical Wnt signalling pathway in 
C. elegans. In the noncanonical Wnt pathway two regulatory branches (A and B in the 
figure) get activated. After the binding of the ligand to the receptor/co-receptor: A) 
through the mitogen-activated protein kinase cascade (MOM-4 and LIT-1) WRM-1/β-
catenin gets activated. LIT-1/WRM-1 complex translocates into the nucleus and 
phosphorylates POP-1/TCF not bound to the DNA, facilitating its nuclear export. B) the 
SYS-1/β-catenin accumulates (following the inhibition of the destruction complex) and 
translocates into the nucleus. Here it binds to POP-1/TCF transcription factor bound to 
the DNA molecule and activates the transcription. (Figure adapted from 86) 
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Table 1: list of the Wnt pathway components in C. elegans and their closest 
homologs found in human. 
Pathway 
component 

C. elegans  
gene 

Component 
function 

Closest human 
orthologs1 

Wnt ligand 

egl-20 

Signalling 
ligand 

WNT7A, 
WNT7B 

cwn-1 WNT4 
cwn-2 WNT5 
mom-2 * WNT9 

lin-44 * WNT7A, 
WNT7B 

Frizzled 
receptor 

mig-1 

Receptor 

FZD10 
cfz-2 FZD8 
mom-5 * FZD1 
lin-17 * FZD10 

LRP/Arrow lrp-1 Co-receptor LRP2 

Dishevelled-
family 

dsh-1 
Adaptor protein 

DVL3 
dsh-2 * DVL2 
mig-5 * DVL3 

Destruction 
complex 

gsk-3 Post-
translational  
degradation of  
β-catenin 

GSK3A, GSK3B 
kin-19 CSNK1A1 
apr-1 APC 
pry-1 AXIN1, AXIN2 

β-catenin 

bar-1 Transcriptional  
co-
activator/TCF  
nuclear export 

CTNNB1, JUP 
wrm-1 * CTNNB1 
sys-1 * CTNNB1 
hmp-2 # CTNNB1 

MAP kinase lit-1 * TCF nuclear 
export NLK 

TCF/LEF pop-1 DNA binding 
protein TCF7, LEF1 

The table lists the core proteins of Wnt pathway in C. elegans. 1 = closest orthologs as 
identified in 124; * = components participating in the Wnt/β-catenin asymmetry 
pathway. Note that both pathways use pop-1 as transcription factor.  # = hmp-2 is the C. 
elegans β-catenin specialized in cell adhesion 125. In humans a single β-catenin regulates 
both adhesion and Wnt signalling. (Table adapted from 86). 
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Outline of the thesis 

The aim of this Ph.D. project was to investigate whether Wnt signalling plays 

any functional role in C. elegans natural aging. To do so, we started by examining the 

expression pattern of Wnt ligands in adult nematodes and their effect on longevity 

[chapter 2] 126. By imaging transgenic animals expressing GFP transcriptional 

reporters, we found that all the 5 C. elegans Wnt ligands are expressed past 

developmental stages and keep on signalling during adulthood. Along with the ligands, 

also the rest of the pathway persists: a Wnt activity transcriptional reporter shows that 

Wnt pathway is active in adult animals, increasing in activity in the first 5 days (past 

development) and then declining by day 10, still remaining 2-fold higher than in young 

animals.  

We next evaluated the effect of Wnt ligands genes down-regulation (either by 

mutation or RNAi) over i) elt-5 and elt-3 expression, and ii) the overall longevity of the 

animals. In all the cases, the down-regulation resulted in a decreased expression of elt-5 

and a parallel up-regulation of elt-3. This expression pattern suggests that the down-

regulation of any of the 5 Wnt ligands would favor a prolonged life span. However, we 

found that only mom-2 and cwn-2 down-regulation produces an extended longevity, 

whereas lin-44 and egl-20 down-regulation shortens the life span. This observation 

indicates that Wnt ligands can mediate both beneficial and detrimental effects on 

longevity, and the level of expression of elt-3 alone cannot predict the overall longevity 

outcome. Interestingly, we also observed that these changes in life span are not due to 

increased (or decreased) resistance to cellular stress as heat shock or oxidative stress. 

Building on these results, we studied in more details the non–canonical branch 

on Wnt pathway, represented by MOM-2/Wnt ligand, WRM-1/β-catenin and POP-

1/TCF factor [chapter 3 – manuscript in preparation]. We observed life span extension 

following the down-regulation of either wrm-1 or pop-1, like in the previous case of 

mom-2. To identify the genetic effectors responsible for this effect, we performed RNA 

sequencing (RNA-seq) experiments using mom-2 and wrm-1 mutants. We collected the 

samples at different time points: at L2 and L4 larval stages (developmental time points) 

and at day 2 of adulthood (aging time point) and looked for changes in gene expression. 

This analysis highlighted several physiological changes in the animals. We found that 

these long-lived mutants are characterized by an altered fat metabolism and increased 
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production of collagen. In addition, we also found expression changes in genes 

previously shown to be involved in the life span determination. 

Another interesting aspect of Wnt-mediated aging regulation is its time-

dependent effect on longevity. In experiments where wrm-1/β-catenin was inactivated 

at different time points (L4 larval stage, day 1, day 2 and day 5 of adulthood) showed 

that the largest effect over the life span is obtained when the inactivation is induced on 

day one. In contrast, waiting until day 5 before inactivating wrm-1, results in no effect. 

As C. elegans becomes reproductive on day 1 of adulthood until day 3-to-5, depending 

on the temperature at which is being kept, this piece of data along with the pattern of 

expression of mom-2 from our previous work 126, made us to hypothesize a possible 

age-regulation mechanism involving the germline activity. We measured the level of 

expression of mom-2 messenger RNA (mRNA) in worms lacking germline and found 

that its expression is greatly decreased in these mutants. In addition, we found that the 

intestine is the most functionally relevant tissue: RNAi against either mom-2 or wrm-1 

prolongs lifespan only when it takes place in this tissue. In contrast, down-regulation of 

these two targets did not show any effect when performed in uterine, hypodermis or 

muscle tissue. These observations led us to propose a working model where Wnt 

asymmetry signalling elicits its detrimental effect on longevity acting mainly in the 

intestine, and this activity can be modulated, at least in part, by the germline, through a 

signalling cascade yet to be identified. 

Next, we performed RNA-seq experiments also in another mutant of the Wnt 

pathway, namely bar-1/β-catenin [chapter 4 – manuscript in preparation], which is a 

long-lived mutant. In this chapter, we discuss the gene expression profile of this mutant, 

focusing in particular on the biological processes most affected by this mutation. 

In the last chapter we present an alternative method to perform RNAi by 

feeding in C. elegans [chapter 5] 127. RNAi by feeding is the most used, labor and cost 

effective method in C. elegans research to down-regulate specific targets, typically 

mRNAs 128. Two other methods exist to deliver double-strand RNA (dsRNA) molecules 

in the animal: by immersion in a solution containing such molecules, or by injecting 

them directly into the body 129. Traditionally, an Escherichia coli strain (H115) 

transformed to express the dsRNAs of interest is used as food source for the nematodes 

when RNAi experiments are performed. 
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In aging studies, the use of this particular food source comes with a 

disadvantage: E. coli is mildly pathogenic for the worms 130. Pathogenicity represents a 

limitation in aging studies because is a factor that limits both the median and the 

maximal life span of an organism. In such a condition, mechanisms involved in natural 

aging can be unobserved because masked by other physiological responses, or simply 

because they do not take place when the animals are exposed to a pathogenic food 

source. 

To work around this problem, we developed an RNAi system that uses Bacillus subtilis 

as bacterial host strain. As food source, B. subtilis represents a healthier option: when 

the nematodes are fed this kind of bacteria, they live on average 60% longer 130. We 

transformed a B. subtilis strain (BG322) to be used in RNAi experiment as an 

alternative to E. coli and we tested its efficiency. We used both an artificial target 

(GFP) and three endogenous targets (daf-2, glp-1 and unc-62), and we succeeded in 

down-regulating the corresponding mRNA targets. This work provides a new genetic 

tool to the C. elegans community and, in aging studies, offers the chance to address new 

research questions. 

 



 

 

 



 

Chapter 2: A dual role of the Wnt signalling pathway 

during aging in Caenorhabditis elegans  
 

 

 

 

Marco Lezzerini# and Yelena Budovskaya# 

 

#Swammerdam Institute for Life Sciences, University of Amsterdam, Amsterdam, The 

Netherlands. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter has been published: Aging cell (2013), doi: 10.111/acel.12141 



Chapter 2 

 28 

Summary 

Wnt signalling is a major and highly conserved developmental pathway that 

guides many important events during embryonic and larval development. In adulthood, 

misregulation of Wnt signalling has been implicated in tumorigenesis and various age-

related diseases. These effects occur through highly complicated cell-to-cell interactions 

mediated by multiple Wnt secreted proteins. While they share a high degree of 

sequence similarity, their function is highly diversified. Although the role of Wnt 

ligands during development is well studied, very little is known about the possible 

actions of Wnt signalling in natural aging. In this study, Caenorhabditis elegans serves, 

for the first time, as a model system to determine the role of Wnt ligands in aging. 

Caenorhabditis elegans has five Wnt proteins, mom-2, egl-20, lin-44, cwn-1, and cwn-

2. We show that all five Wnt ligands are expressed and active past the development 

stages. The ligand mom-2/Wnt plays a major detrimental role in longevity, whereas the 

function of lin-44/ Wnt is beneficial for long life. Interestingly, no evidence was found 

for Wnt signalling being involved in cellular or oxidative stress responses during aging. 

Our results suggest that Wnt signalling regulates aging-intrinsic genetic pathways, 

opening a new research direction on the role of Wnt signalling in aging and age-related 

diseases.  
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Introduction  

Wnt signalling is one of the major developmental pathways, evolutionarily 

conserved in all animals 131. Genomes of almost all metazoans contain several Wnt 

genes. In humans, there are 19 Wnt genes that encode Wnt ligands. All throughout the 

animal kingdom, most of these genes are structurally and functionally highly conserved, 

suggesting that Wnt signalling played an important role in the evolution of multicellular 

organisms 118. The Wnt signalling pathway participates in a multitude of developmental 

processes as well as tissue homeostasis and control of stem cell proliferation and 

differentiation in adulthood 118.  It is therefore not surprising that deregulation of Wnt 

signalling pathway has been linked to many developmental defects in addition to many 

age-related diseases including osteoporosis and cancer 118. 

Mutagenesis experiments on Wnt genes suggest that their primary function is 

transcriptional regulation through the canonical/ β-catenin signalling pathway 131. In the 

canonical Wnt/β-catenin signalling pathway, in the absence of the Wnt signal, β-catenin 

activity is inhibited by a cytosolic destruction complex consisting of Axin, GSK-3β 

(glycogen synthase kinase 3β), APC (adenomatous polyposis coli) and CK1 (casein 

kinase 1). This destruction complex enables GSK-3β-dependent phosphorylation and 

subsequent proteosomal degradation of the β-catenin protein. This continual elimination 

prevents the β-catenin from migrating into the nucleus and activating the expression of 

target genes. When Wnt binds the co-receptors, frizzled (Fz) and low- density 

lipoprotein (LDL) receptor-related protein (LRP)5/6, disheveled (Dvl) is activated and 

inhibits the GSK-3β kinase. This, in turn, leads to the stabilization of cytosolic β-

catenin, which can then accumulate and translocate to the nucleus. In the nucleus β-

catenin interacts with DNA-bound T-cell factor/lymphoid enhancer factor (TCF/LEF) 

transcription factors, leading to the activation of specific genes that control a wide array 

of processes during embryonic development 74,131. In addition to their canonical 

signalling pathway, Wnts can act via noncanonical Wnt pathways that signal 

independently of β-catenins 89. In these cases, Wnt signalling is transduced either via 

calcium flux, c-Jun N-terminal kinase (JNK), protein kinase C, or G proteins. A wide 

array of genes that are regulated by noncanonical Wnt signalling pathways have been 

implicated in control of gastrulation, as well as in the induction of the heart tissue, 

dorsoventral patterning, tissue development, and neuronal migration 89. 
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Recent studies have also implicated Wnt signalling in the general aging 

process. Brack and colleagues have shown that serum from old mice, once perfused in 

young mice, increases myogenic-to-fibrogenic fate conversion in young muscle 

progenitors, a process seen in aged muscles. Moreover, they showed that this effect 

depends on Wnt3A activity and can be suppressed by injections of Dickkopf-1 (DKK-

1), a Wnt antagonist that is able to enhance muscle regeneration in old mice as well 72. 

These data were corroborated by results from the Komuro group 117. They reported that 

Wnt signalling activity increases with age in serum and multiple tissues of wild-type 

mice, promoting age-associated decline in tissue regeneration. In another study by Liu 

et al.73, the accelerated aging observed in the Klotho mouse model has been ascribed to 

chronic Wnt stimulation (due to the absence of the Klotho protein, another Wnt 

antagonist similar to DKK-1) contributing to stem cell depletion and aging. In addition, 

several reports have shown that mutations that lead to over-activation of the Wnt 

signalling pathway contribute to the development of many age-related diseases, such as 

cancer, osteoporosis, and metabolic dysfunction 74. Based on these studies, one can 

propose that Wnt signalling is increased in old animals and that high levels of Wnt are 

detrimental to organism function. However, the role of Wnt in the aging process may be 

more complex, as down-regulation of this pathway can also be detrimental in terms of 

tissue maintenance. Miranda et al.115, provided evidence that neuronal progenitor 

decreases following the attenuation of Wnt signalling from astrocytes in the aging 

brain. To distinguish between these two contradictory roles of Wnt signalling during 

aging, one has to first identify the molecular mechanisms that are regulated by Wnt 

signalling during natural aging. 

Here, we used the nematode Caenorhabditis elegans to determine the role of 

Wnt ligands in worm longevity. There are five genes that encode Wnt ligands in C. 

elegans, lin-44, egl-20, mom-2, cwn-1 and cwn-2 87. However, we know very little 

about the role of the Wnt signalling pathway after development is completed (Figure 

1A). Do Wnt ligands continue to be expressed? Is the Wnt signalling pathway active 

during aging? If it is active, how does it affect aging? Does it regulate the same targets 

as during development? To address these questions, we examined the role of individual 

Wnt ligands in the aging process.  
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Materials and methods  

 

Strains  

All C. elegans strains (Table S2) were maintained and handled as described previously 
132.  

 

Analysis of Lifespan  

Lifespan analyses were conducted at 15 or 20°C as previously described 78. At least 100 

worms were used for each experiment. Age refers to days following adulthood, and P-

values were calculated using the log-rank (Mantel-Cox) method 133 in Prism 6 software. 

RNA-interference (RNAi) experiments HT115 bacteria transformed with RNAi vectors 

expressing dsRNA of the genes of interest were grown at 37°C in LB with 100 µg/ml 

ampicillin and then seeded onto NG-ampicillin plates supplemented with 2mM IPTG 

and 30 µM of FUDR. One-day-old young adult worms were added to the plates and 

transferred to new plates every 4 days.  

 

RNA extraction and qRT-PCR Analysis  

Wild-type worms and transgenic lines carrying POPTOP and POPFOP reporters were 

synchronized by hypochlorite treatment and hatching on unseeded NGM agar plates, 

and then grown to the three different stages (2, 5, and 10 days of adulthood). 

Approximately 400 worms were harvested for each strain per time point. Total RNA 

was extracted using RNAqueous Kit (Ambion, Austin, TX, USA Cat #AM1931) 

according to the manufacturer’s instructions. 200 ng of total RNA was reverse- 

transcribed to cDNA using oligo (dT) primers (Fermentas, ThermoFisher Scientific, 

Netherlands, Cat #SO131) and Maxima Reverse Transcriptase (Fermentas, Cat 

#EP0741). Quantitative real-time PCR (qRT-PCR) analysis was performed in triplicate 

with Power SYBR Green RNA-to-Ct 1-Step Kit (Applied Biosystems, Foster City, CA, 

USA, Part #4389986), according to the manufacturer’s instructions. Vector pD4H1 

containing mCherry sequence was used to build a standard curve.  

The primers mCherry-Forward AGGGTTTTAAGTGGGAACGC and mCherry-

Reverse GCATAACAGGTCCATCCGAG were used to determine the expression 

levels of mCherry. Mom-2 Fw(qRT) CACATCAACACGCCAGTTCT and mom-2 

Rev(qRT) CACATTCGCTTCTGTTGAGG were used to detect mom-2 expression 
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level; cwn-2 Fw(qRT) GCATTGCCAACGGATTTAGT and cwn-2 Rev(qRT) 

TATCCTCGTCCACAGCACAA were used to detect cwn-2 expression level.  

 

Imaging and quantification of GFP and Cherry expression  

To examine changes in expression of GFP and mCherry reporters with respect to age 

and RNAi treatment, we picked 20 worms at 2 different ages (2 and 5 days of 

adulthood), grown on control or anti-Wnts RNAi plates, and then measured for levels of 

GFP and mCherry expression using quantitative fluorescence microscopy. Specifically, 

we used pixel intensity to quantify the level of GFP or mCherry expression for both 

wild type and RNAi treatment for each gene. Twenty hermaphrodites from each strain 

were analyzed for GFP and mCherry expression using a Zeiss Axioplan microscope. 

Comparison of all images was carried out on the same day with the same microscope 

settings. Images were analyzed using ImageJ, a public domain Java image-processing 

program 134. 

Oxidative stress and heat-shock survival assays  

Oxidative stress resistance assays were performed in 24-well plates as previously 

described 82. Briefly, 1-day-old adult hermaphrodites were immersed in S-basal media 

containing 200 mM of paraquat. Worms were scored every hour until all worms were 

scored as dead by touch-provoked movement. Three independent trials were pooled for 

analysis. Heat-shock survival assay were performed by placing worms at 35°C and 

recording their rate of death, as previously described 82. Three-independent trials were 

pooled for analysis 
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Results 

All five Wnts are expressed in adulthood  

We wanted to examine whether any of the C. elegans Wnt ligands are 

expressed during aging. To do that, we took advantage of previously generated 

transcriptional GFP reporter constructs for all five Wnts 135. Using these transgenic 

lines, we were able to observe temporal and spatial expression from these five Wnt 

reporters throughout the worm’s lifespan, from day 2 (young) to day 12 (old) of 

adulthood. 

We found that expression of lin-44 and egl-20 is high throughout the entire 

lifespan of the worm and increases during aging (Figure 1B,C). As in development, lin-

44 and egl-20 expression was observed only in the posterior of the animal. Expression 

of lin-44 is present in tail hypodermis, hyp8, hyp9, hyp10, and hyp11 cells (Figure 

S1A). These are exactly the same expression patterns as previously described during 

larval development 95,135. The egl-20/Wnt is expressed in the anal depressor muscle and 

in the postembryonic rectal epithelial cells (B, F, K, and U) during aging (Figure S1B). 

These cells also express egl-20/Wnt during larval development 135. However, we did not 

observe any expression in hypodermal or muscle cells, as previously reported 135. The 

expression dynamics of mom-2/Wnt are quite different throughout the worm lifespan. 

Expression of mom-2/Wnt increases 3-fold during the first 5 days of adulthood and then 

decreases 4-fold by day 8 of adulthood, eventually showing little or no expression in 

old worms (Figure 1D). In contrast to lin-44 and egl-20, expression localization of 

mom-2 differs slightly between aging and development. During development, mom-2 is 

expressed throughout the whole body of the worm, in muscles, hypodermal, intestinal 

cells, vulva precursor cells and in ventral cord motor neurons 135. In young (day1 and 2) 

and middle-aged (day 5) adults, mom-2/Wnt expression was observed only in posterior 

intestinal and intestinal–rectal valve cells (Figure S1C). We were not able to detect any 

mom-2 expression in any other tissues. 

Expression of both cwn-1 and cwn-2 Wnt ligands decreases during aging 

(Figure 1E,F). In very young adult worms, day 1 of adulthood, cwn-1/ Wnt is expressed 

in body-wall muscles and ventral cord motor neurons in the posterior part of the worm 

(Figure S2A). However, cwn-1/Wnt expression in body-wall muscles almost entirely 

disappears in the following 24 h. By day 2 of adulthood, we were able to observe only 

cwn-1 expression in ventral cord motor neurons. This expression is low in middle-age 



Chapter 2 

 34 

(day 5) worms and barely detectable in old (day 12) animals (Figure 1E). Overall, the 

cwn-1/Wnt expression pattern is similar to that previously observed during 

development. In addition to body-wall muscles and ventral cord motor neurons, cwn-

1/Wnt was detected in intestinal cells, vulval muscle, and fused seam cells during larvae 

development 135, although this expression pattern is absent in adulthood. The cwn-

2/Wnt expression was observed all along the anterior– posterior body axis of the animal 

in body-wall muscles (Figure S2B). We did not detect any expression in ventral cord 

motor neurons or intestinal cells as was previously observed during worm development 
135. This observation was particularly troubling as it has been previously reported, using 

similar genetic constructs, that cwn-2/Wnt is expressed at high levels in pharynx and 

SMD neurons in adult worms 136. These discrepancies could potentially affect our 

conclusion that cwn-2/Wnt expression decreases with age. To resolve this issue, we 

collected total RNA from day 2 (young adult) and day 5 (mid-age adult) worms and 

performed qPCR for the cwn-2/Wnt and mom-2/Wnt (as it also shows a small 

discrepancy in tissue specific gene expression compared with previous observations). 

We found that total expression levels for both Wnt ligands significantly increased 

between day 2 and 5 of adulthood (Figure 1G,H). It is possible that expression of cwn-

2/Wnt decreases in muscle cells, as indicated by analysis using transcriptional fusion, 

but increases in the pharynx and SMD neurons, where this reporter is silenced. In 

addition, expression of mom-2/Wnt is highly increased in posterior intestinal cells, but 

remains unchanged or may be even decreased in other tissues, where we failed to detect 

any expression using our transcriptional reporters. 

Taken together, these data show that that all five Wnt ligands continue to be 

expressed after development is completed, and that the Wnt signalling pathway might 

be active not only in development, but also in aging. However, the expression pattern of 

most Wnt ligands changes over time, which could imply that Wnt signalling function 

during aging could be somewhat different than in development.  
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Figure 1: Model for role of Wnt signalling pathway in aging in C. elegans and 
expression of C. elegans Wnts regulated by age (A). We hypothesize that all five Wnt 
ligands continue to be expressed past development to regulate C. elegans longevity. 
Expression of lin-44pro::4xNLSGFP (B), egl-20pro::4xNLSGFP (C), and mom- 
2pro::4xNLSGFP (D) increases with age. Expression of cwn-1pro::4xNLSGFP (E) and 
cwn-2pro::4xNLSGFP in the muscle (F) decreases with age. Expression levels of 
various Wnts were calculated by measuring pixel intensity from GFP images using 
Image J. The y-axis denotes GFP expression (arbitrary units) and the x-axis denotes 
days of adulthood. Average expression and SD from 20 animals are shown. (G and H) 
The histogram shows the level of expression (expressed in number of copies) of mom-2 
and cwn-2 Wnt ligands, measured by RTqPCR in wild type (N2) worms on day 2 and 5 
(n = 100). The general mRNA levels of both ligands significantly (P < 0.001) increased. 
 
Effect of Wnt signalling on elt-5/elt-3 GATA transcriptional circuit  

The standard readout for the activity of the Wnt signalling pathway is the 

activation of reporter genes. However, very few targets of the Wnt signalling pathway 

in C. elegans development have been identified. We know even less about potential 

targets of Wnt signalling during worm aging. We consulted Wormbase 
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(www.wormabase.org) for a list of potential targets that are regulated by the Wnt 

ligands and POP-1, the only TCF/LEF factor in C. elegans and a common component in 

both canonical and noncanonical Wnt signalling pathways. Out of 15 potential targets 

of the Wnt signalling pathway in C. elegans, we were able to detect expression for 11 

genes starting at day 2 of adulthood (Table 1). We examined expression of these genes 

at different ages (day 2, 5, 7, and 11 of adulthood). We found that expression of end-3 

(GATA transcription factor) and sdz-26 (SKN-1-dependent Zygotic transcript) 

decreases, and expression of elt-5 (GATA transcription factor) is increased with age but 

that expression of the other 8 genes is steady between young and old worms. Hence, 

expression changes in end-3, sdz-26, and elt-5 during aging can give us the first insight 

into Wnt signalling function in adult worms. 

It has previously been shown that expression of both end-3 and sdz-26 are 

negatively regulated by POP-1/TCF during endoderm specification 137,138.  
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Table 1: Relative quantification by RT- qPCR of mRNA expression levels of 11 
known targets of Wnt signalling pathway during aging (between days 2 and 11 of 
adulthood). 

 
* Also published in 82 N/A, no differences detected 
 

Our results suggest that Wnt signalling continues to function and represses 

expression of end-3 and sdz-26 in adulthood. Unfortunately, expression of both end-3 

and sdz-26 is quite low even at day 2 of adulthood, which makes them very poor 

markers to study the function of Wnt signalling activity all throughout aging process. 

Therefore, we used elt-5 GATA as a biomarker to access how Wnt signalling activity 

changes as the worms grow old. 

Wnt signalling pathways are known to activate the expression of elt-5 GATA 

transcription factor during embryonic and larval development 83,85. Previously, we have 

shown that the elt-3/elt-5/elt-6 GATA transcriptional circuit is, at least in part, 

responsible for driving the aging process in C. elegans 82. We have shown that 

expression of repressor elt-5 GATA increases during aging. This leads to a decreased 

expression of the elt-3 GATA transcription factor in old age that causes down-

regulation of many downstream age-regulated genes. In addition, close examination of 

the promoter region of the elt-5 gene, have revealed that it contains seven potential 

TCF/LEF (CTTTGWW) binding sites 139. Therefore, we hypothesized that elt-5 GATA 

is one of the targets of the Wnt signalling pathway during aging. The Wnt signalling 

pathway continues to activate expression of elt-5 GATA, which leads to down-

regulation of the elt-3 GATA transcription factor, which has detrimental effects on 

longevity. 

To test this hypothesis, we compared the expression of elt-3 and elt-5 GATA 

in control and Wnt (RNAi) mutant backgrounds (Figure 2). To avoid potentially 

detrimental effects of reduced Wnt ligands expression on development, we used RNAi 
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to reduce egl-20, cwn-1, cwn-2, mom-2, and lin-44 expression starting on day 2 of 

adulthood and then observed the effects of down-regulation of the Wnt signalling 

pathway on the expression of the elt-3pro::GFP and elt-5pro::Cherry reporters on day 5 

of adulthood. We found that egl-20(RNAi), cwn-2(RNAi), and lin-44 (RNAi) 

treatments resulted in decreased expression of elt-5pro::Cherry and increased 

expression of elt-3pro::GFP in the head hypodermis (Figure 2A,C), whereas RNAi 

against each of the five Wnt ligands resulted in decreased expression of elt-

5pro::Cherry and subsequently increased expression of elt-3pro::GFP in the trunk 

hypodermis (Figure 2B,D). Similar results were obtained from analyzing the effect of 

RNAi treatment against each of the five Wnt ligands on ELT-3 protein expression 

(Figure S3). This suggests that even post-translational stability of ELT-3 GATA is not 

affected in Wnt signalling mutants. Overall, these results suggest that the elt-3 and elt-5 

GATA transcriptional factors are still under control of the Wnt signalling pathway 

during aging and all five Wnts play a role in their regulation in a tissue specific manner. 

Whether this control of elt-5 expression is direct or indirect will require further 

investigation.  

 

 

Figure 2: Effect of Wnt ligands down-regulation (RNAi) on elt-3 and elt-5 
expression. (A) elt-3pro::GFP expression in the head hypodermis is increased in egl-
20(RNAi), cwn-2(RNAi), or lin-44(RNAi) animals. (B) elt-3pro::GFP expression in the 
trunk hypodermis is increased in egl-20(RNAi), cwn-1(RNAi), cwn-2(RNAi), mom-
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2(RNAi), or lin-44(RNAi) animals. (C) elt-5pro::mCherry expression in the head 
hypodermis is decreased in egl-20(RNAi), cwn-2(RNAi), mom-2(RNAi), or lin-
44(RNAi) animals. (D) elt-5pro::mCherry expression in the trunk hypodermis is 
increased in egl-20(RNAi), cwn-1(RNAi), cwn-2(RNAi), mom-2(RNAi), or lin-
44(RNAi) animals. RNAi was induced starting at day two of adulthood by feeding 
worms bacteria expressing dsRNA. elt-3pro::GFP and elt-5pro::mCherry expression 
was measured starting at day 5. The y-axis denotes reporters expression (arbitrary 
units). Average expression and SE from 20 animals are shown. 
 

Wnt signalling activity in aging  

Measuring the expression of a few specific target genes could create a bias in 

our analysis. Therefore, instead of concentrating on one target or group of targets at a 

time, we wanted to analyze the global role of Wnt signalling activity during aging. In 

mammals, general Wnt signalling activity is also measured in vitro with the 

TOPFLASH reporter that consists of multiple TCF binding sites driving expression of 

luciferase 140. For our analysis, we used a previously described homologs reporter for 

assessing C. elegans Wnt signalling activity 141. The POPTOP (POP-1 and TCF 

Optimal Promoter) reporter consists of seven copies of POP-1/TCF binding sites, 

together with the pes-10 minimal promoter, driving expression of the red fluorescent 

protein, mCherry (Figure 3A). This construct exhibits some background expression 

probably due to low activity of the minimal pes-10 promoter. Therefore, expression 

levels from the POPTOP reporter must be compared to expression from the control 

reporter, POPFOP (POP-1 Far from Optimal Promoter), which contains mutated POP-

1/ TCF binding sites, and cannot be activated by the Wnt signalling pathway. 

Although POPTOP expression is visible at all larval stages during worm 

development, we were unfortunately not able to measure POPTOP expression in vivo in 

adult worms due to the weak signal of mCherry and high levels of gut autofluorescence. 

Therefore, we decided to examine levels of POPTOP expression in vitro using 

quantitative RT-PCR. We found that POPTOP expression increased about fivefold in 

the first 5 days of adulthood (Figure 3B,C). The POPTOP expression decreased slightly 

by 5 day 10 of adulthood, but still remained twofold higher then in young animals. 

These results indicate a general increase in Wnt signalling activity during aging in C. 

elegans.  
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Figure 3: Wnt signalling activity during aging. (A) Schematic representation of the 
constructs used to measure Wnt signalling activity in vivo. On top, POPTOP (POP-1 
and TCF Optimal Promoter) construct which contains seven copies of POP-1/TCF 
binding sites upstream of a minimal promoter driving the expression of the fluorescent 
protein mCherry. Below, POPFOP (POP-1 and Far from Optimal Promoter) control 
construct is represented, which contains mutated TCF/POP-1 binding sites, used to 
measure background expression. (B) Number of copies of mCrerry transcript derived 
from the two constructs was measured by quantitative RT-PCR, using pD4H1-mCherry 
vector to build the standard curve. (C) POPTOP/POPFOP mCherry expression ratio.  
 

Wnt influences Caenorhabditis elegans longevity  

We hypothesize that increased levels of Wnt ligands in young adult worms 

lead to increased levels of Wnt signalling that promotes aging (developmental drift). 

Therefore, inactivation of either one or all Wnts by either RNAi or mutations should 

increase the lifespan of the worm. Another possibility is that high levels of Wnt 

expression are protective for the organism; for example, they activate genes that are 

responsible for damage repair and protection from pathogenic infections (damage 

accumulation). If that were the case, then inactivation of these Wnts would decrease the 

worm’s lifespan. Our analysis of elt-3 and elt-5 GATA expression shows that all five 

Wnts function in the same manner: they increase expression of elt-5 GATA and 

consequently repress expression of elt-3, which at least in part causes aging in C. 

elegans 82. This would indicate that mutations in any of the Wnt ligands should prolong 

the lifespan. 
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To test this hypothesis, we used RNAi treatment against each Wnt ligand to 

investigate their effect on longevity. We found that only mom-2 (RNAi) treatment 

significantly increases the lifespan of wild type, N2 animals by about 33%. 

Unexpectedly, lin-44 (RNAi) treatment significantly shortens (by about 15%) the 

lifespan of wild type, N2 animals (Table 2). This result implies that in C. elegans, the 

Wnt signalling pathway plays a different role in longevity than in development.  

 

Table 2: Median lifespan changes in Wnt ligands mutants Mutation. 

 
P-values relative to control for each experiment were calculated using log-rank 
(Mantel-Cox) method (Lawless, 1982) in Prism 6 software. P-values: a < 0.1, b < 0.05, c 
< 0.005, d < 0.0001. *Experiments were conducted at 20 °C. All the other experiments 
were conducted at 15 °C. Each column represents individual experiments; N> 80 
worms. 
 

It has been previously shown by the smFISH technique that mom-2/Wnt is 

expressed in germ cell precursors (Z2 and Z3) during embryonic development and 

continues to be expressed in the germline throughout larval development 94. Mutations 

in mom-2/Wnt influence germline function and have been shown to induce sterility 142. 

In addition, it has been well established that germline signals act through insulin/IGF-1 

signalling cascade to promote aging in C. elegans 143. We have not observed any mom-

2/Wnt expression in the germline. However, we cannot exclude the possibility that 

mom-2/Wnt continues to be expressed in the germline at low levels and affects germline 
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function and, as consequence, the worm’s longevity. To assess this possibility, we 

analyzed the rate of reproduction and brood size of worms treated with mom-2(RNAi) 

at day 1 of adulthood compared to animals feed with control RNAi (Figure S4). We 

observed no difference in germline function in these animals. mom-2(RNAi) did not 

cause any change in the general brood size or in the number of eggs that did not hatch. 

Therefore, we can conclude that mom-2/Wnt acts to promote aging independently of 

germline function. 

The RNAi treatments against egl-20, cwn-1, and cwn-2 Wnts did not have any 

effect on longevity of N2 animals. It is possible that the RNAi treatment did not reduce 

levels of Wnt ligands enough to have a significant effect on longevity. To overcome 

this problem, we used genetic mutants that affect function of various Wnts. 

There are many mutant alleles for different Wnt ligands. Unfortunately, many 

mutants cause severe developmental defects and are not suitable for longevity analysis 

as they produce sick individuals. For our purposes, we picked only mutations that do 

not compromise worm development (no delay in developmental timing) and produce 

normal, properly developed, individuals. 

The mom-2/Wnt plays a very important role in the noncanonical, or ‘Wnt/β-

catenin asymmetry’, signalling pathway that is required during early embryogenesis to 

insure proper endoderm induction 87. Most of the mom-2 mutants are temperature 

sensitive and exhibit a strong embryonic lethal phenotype. For our analysis, we used the 

mom-2(or77) mutation. This mutation is a weak allele of mom-2/Wnt that affects a 

splice acceptor site at the last exon. The mom-2(or77) mutants develop normally (only 

8% of embryos lack a gut at 15°C) 144. After development, a small percentage (~10%) 

of the adult hermaphrodites retains eggs (bag of worms phenotype). We performed our 

lifespan analysis on the mom-2(or77) mutants and observed, as in the case of RNAi 

treatment, a significant increase in longevity of the mom-2(or77) mutant compared to 

wild-type controls (Figure 4A). 

Next, we tested the effect of the lin-44(n1792) mutant on longevity. In this 

mutant, lin-44 gene contains a nonsense mutation in the second exon that results in 

premature termination of transcription. These worms display reverse polarity and loss 

of asymmetry during B- and T-cell divisions 97,145. Despite the reversed polarity, lin-

44(n1792) mutants are generally healthy and do not display severe morphological or 

physiological defects. The only side effect of lin-44(n1792) is an egg-laying defect. At 
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20°C, about 50% of the adult hermaphrodites retains eggs. We performed lifespan 

analysis of the lin-44(n1792) mutation at 15°C and observed that only 20% of the 

population was egg-laying defective. These individuals were censored and not counted 

in our longevity analysis. As in the case of RNAi treatment, the lin-44(n1792) mutation 

significantly decreases longevity of the worms compared to wild-type controls (Figure 

4B). 

For egl-20/Wnt, we chose the egl-20(n585) mutation to analyze its effect on 

longevity. The egl-20(n585) mutation has a single-nucleotide substitution that causes 

replacement of the conserved cysteine with a serine 146,147. This mutation was picked for 

our analysis because it has been shown that it significantly lowers gene and protein 

expression levels 148. However, egl-20(n585) produces several severe developmental 

defects at a low frequency, such as a worm carcass that gets filled with retained eggs 

that hatch inside (bag of worms phenotype) 149, a delay in egg laying 150, reversion of 

cell polarity, defects in cell migration (particularly in HSN motor neurons and Q 

neuroblast migration), and very mild defects in hypodermal cell development 146,148. It 

has been reported that these egl-20 mutants are slightly temperature sensitive; therefore, 

we performed our longevity assays at 15°C to minimize these effects. Individuals that 

displayed severe developmental defects were censored and not counted. The egl-

20(n585) mutation significantly decreased lifespan of the worms compared to wild-type 

controls (Figure 4C). 

The fourth Wnt ligand, cwn-2/Wnt, plays an important role in regulating nerve 

ring placement. Mutations that affect cwn-2/Wnt function are not embryonically lethal 

and do not cause any morphological or physiological defects. We used the cwn-

2(ok895) mutant for our analysis. We found that the cwn-2(ok895) mutant lives 

significantly longer than wild-type worms, implying that cwn-2 function is detrimental 

for longevity (Figure 4D). 

To test the effect of cwn-1/Wnt on longevity, we used a deletion allele, cwn-

1(ok546). This mutation has been created by the International C. elegans Gene 

Knockout Consortium. During embryogenesis, cwn-1/Wnt is required for cell fate 

specification in the C-lineage that gives rise to ectodermal and muscles tissue 151. It has 

been shown that cwn-1(RNAi) treatment results in abnormal tail morphogenesis of C. 

elegans larvae. Although the cwn-1(ok546) mutant is a null allele of cwn-1, it displays 

very mild vulva-less phenotypes. About 40% of the animals lacks a vulva at 20°C and 
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have the bag of worm phenotype. This defect is significantly reduced at 15°C. 

Therefore, we performed our lifespan analysis of the cwn-1(ok546) mutation at 15°C 

and observed that only 15–20% of the population was egg-laying defective. These 

individuals were censored and not counted in our longevity analysis. The cwn-1(ok546) 

mutant did not affect median lifespan of the worm, but caused significant extension of 

the maximal lifespan compared to wild-type controls (Figure 4E). 

These results indicate that even through all five Wnt ligands act in the same 

manner to activate expression of the elt-5 GATA transcription factor during aging, their 

general activity in adulthood is quite different. Activities of mom-2/Wnt and cwn-2/Wnt 

are detrimental for longevity, whereas activities of lin-44/Wnt and egl-20/Wnt are 

beneficial for long life. 
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Figure 4: Effect of mutations in various Wnt ligands on longevity. Weak mutation 
in mom-2/Wnt, mom-2(or77) (A), or deletion of cwn-2/Wnt, cwn-2(ok895) (D), leads to 
significantly increased life span of the worms compared to N2 controls (P-value 
<0.0001). The mutation in lin-44/Wnt, lin-44(n1792) (B), or egl-20/Wnt, egl-20(n585) 
(C) shows significantly decreased life span compared to N2 worms (P-value <0.0001). 
Deletion of cwn-1/Wnt, cwn-1(ok546) (E), does not affect longevity of mutant worms 
compared to wild type control.  
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Wnt signalling does not affect stress resistance during aging  

There are two possibilities about how Wnt signalling regulates longevity. First, 

Wnt signalling continues to function after development and regulates the same set of 

genes during aging, which have detrimental effects on longevity (developmental drift 

theory). Indeed, we found evidence that in the case of elt-5 and elt-3 GATA 

transcription factors, Wnt signalling regulates their expression in both development and 

aging. Our results suggest that all five Wnts function to induce expression of elt-5 

GATA, to repress expression of elt-3 and to drive aging. The second possibility is that 

Wnt signalling changes function during aging, for example, from development to 

maintenance and stress response (damage accumulation theory). We hypothesized that 

Wnt signalling activity is increased as a result of stress and damage accumulation. 

In test of this theory concerning Wnt function, we first analyzed whether the 

increased expression of Wnt ligands is influenced by oxidative damage, stress, impaired 

mitochondrial function, or pathogenic infections. To do this, we used a previously 

published microarray analysis of heat shock 152, hypoxia response 153, mitochondria 

dysfunction 154, and response to Pseudomonas aeruginosa infection 155 to determine 

how these stresses affect Wnt ligands expression. Interestingly, we found that none of 

these stresses changes expression of Wnt ligands during aging suggesting an intrinsic 

mechanism of regulation. 

Next, we tested the hypothesis that Wnt ligands switched their function from 

development to maintenance. If Wnt ligands function to promote aging (cwn-2 and 

mom-2) by repressing expression of stress response genes, then cwn-2(ok895) and mom-

2(or77) mutants would have higher resistance to stress and cellular damage. On the 

other hand, if Wnt ligands have an anti-aging role (egl-20 and lin-44) by activating 

stress response genes and protection form oxidative stress and cellular damage, then 

egl-20(n585) and lin-44(n1792) mutants would be even more susceptible to stress and 

cellular damage than wild type animals. We measured the survival of 1-day-old worms 

exposed to two stress conditions that most likely linked to aging, heat shock, and 

oxidative stress. Interestingly, none of the mutants showed significant resistance or 

sensitivity to heat shock (Figure 5A–B) or oxidative stress (Figure 5C–D) (see also 

Table S1). These data suggest that the mechanism by which Wnt signalling regulates 

aging might be different than just regulation of the ability to respond to stress and 
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damage. Thus, a comprehensive analysis of targets of Wnt signalling during aging is 

crucial to this endeavor.  
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Figure 5: Wnt signalling does not affect worm’s thermo-tolerance and resistance 
to oxidative stress during aging. None of the mutants show resistance or sensitivity to 
heat shock stress (A, B) or to oxidative stress (C, D). As a positive control daf-2(e1370) 
was included in both assays. The graphs depict the averages from three independent 
experiments. 
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Discussion  

This work characterizes the role of Wnt proteins in the natural aging process. 

We used previously described transcriptional GFP reporters for all five Wnt genes 135 to 

determine the level and source of expression of Wnt ligands during aging. We showed 

that Wnt ligands are expressed past development and Wnt signalling activity is 

increased as the worm ages. However, not all the cells that express Wnt ligands during 

development continue to express the same Wnt ligands in adulthood. In fact, only lin-44 

preserves the same expression pattern during development and adulthood. The most 

striking change in expression pattern was observed for mom-2/Wnt. During 

development, mom-2/Wnt was reported to be expressed all throughout the anterior–

posterior axis 135, whereas our analysis of mom-2 expression in adult worms revealed 

predominantly posterior pattern of expression. This observation has been corroborated 

by the study of Wnt gene expression using single molecule FISH (smFISH) in C. 

elegans 94. Harterink et al., have observed mom-2 expression only in the germ line 

precursor cells and in the few unidentified cells in the tail. Unfortunately, due to 

technical limitations in visualization of the smFISH probes in adult worms (personal 

communication), the analysis of Wnt expression could only be performed in embryos 

and L1 staged worms. It is possible then that mom-2 expression increases during 

development all along the anterior–posterior body axis as described in the study of 

Gleason et al. 135. The question remains however, what forces mom-2 expression to be 

relocated to the posterior intestinal and intestinal-rectal valve cells during aging? 

Next, we determined that Wnt signalling during aging also regulates the elt-

3/elt-5 transcriptional circuit. In particular, all five Wnts act as activators of elt-5 

GATA expression and down-regulation of any of the Wnts causes down-regulation of 

elt-5 and subsequent up-regulation of elt-3 GATA transcription factors. These results 

suggest redundant negative function of Wnt signalling during aging. However, this is 

not the case. In this study, we reveal that function of all five Wnts is only redundant in 

regulation of the elt-3/elt-5 transcriptional circuit and not in longevity as a whole. In 

mom-2/Wnt and cwn-2/Wnt mutants, elt-3 expression is increased (a biomarker of 

young age) and worms live ~35% and ~18% longer compared to wild-type controls. In 

contrast, in lin-44/Wnt and egl-20/Wnt mutants, elt-3 expression is also increased, but 

worms live ~30% and ~25% shorter than their wild-type controls. Clearly, the elt-3/elt-

5 transcriptional circuit is not the only genetic circuit regulated by Wnts. It seems that 
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continued activity of mom-2/Wnt and cwn-2/Wnt in adult worms is detrimental for 

longevity, while lin-44/Wnt egl-20/Wnt is probably regulating many genetic programs 

that are beneficial for worm longevity. That is why mutation in lin-44/Wnt and egl-

20/Wnt decreases lifespan of the worms despite its advantageous effect on the elt-3/elt-

5 transcriptional circuit (Figure 6). To better understand the dual role of the Wnt 

signalling pathway in age regulation, extensive analysis of transcriptional outcomes of 

the mom-2/cwn-2 and lin-44/egl-20 Wnts signalling is required.  

 

 

Figure 6: Model for role of the Wnt signalling pathways in age-regulation. The 
activity of the Wnt signalling pathway increases as worms age, leading to increased 
expression of elt-5 GATA transcription factor. This GATA transcription factor 
represses the expression of elt-3 in old worms. Changes in the elt-3 GATA transcription 
factor activate a cascade of downstream effects, which causes aging. The elt-3/elt-5 
GATA transcriptional circuit could be one of a number of genetic programs that are 
under control of the Wnt signalling pathway during aging. In addition to developmental 
programs for aging, Wnt signalling may regulate genes responsible for cellular stress 
response, but not for oxidative damage.  
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Some unanswered key questions are the following: why does Wnt signalling 

activity increase with age and what post-developmental function does Wnt signalling 

play in post mitotic organisms? There are at least two major theories to explain aging at 

the molecular level. During the last several decades, the ‘free-radical theory of aging’ 

offered a credible explanation for the molecular mechanisms underlying the aging 

process. This theory proposes that aging is a result of cellular and environmental 

damage (extrinsic factors) that accumulate over time. Indeed, damage accumulation 

explains some of the molecular changes observed with age, such as increased levels of 

protein oxidation and age pigments 49,55. Furthermore, genetic studies have revealed that 

most mutations that have extended lifespan have either increased resistance to stress 

(e.g., daf-2) or decreased metabolic rate and concomitant decrease in the production of 

free radicals (e.g., clk-1) 57. However, we found that none of the stresses that are known 

to contribute to aging affects the expression of Wnt ligands. In addition, in contrast to 

daf-2, mutation of neither mom-2 or cwn-2 nor lin-44 or egl-20 Wnts brings increased 

resistance or sensitivity to heat stress or oxidative damage. 

Another view is that aging finds origin in genetic determinants whose effects 

are beneficial early in life (development), but become detrimental in later stages 

(antagonistic pleiotropy theory) 65,156. There are many cases of antagonistic pleiotropy 

in mammals, often showing how developmental pathways, important effectors of 

corporeal organization and structure formation, contribute to aging later in life 157. Thus, 

we hypothesized that an age-related increase in Wnt ligands expression and activity is 

due to passive drift within intrinsic process. In the case of mom-2/Wnt- and cwn-2/Wnt-

regulated Wnt signalling pathways, we find a perfectly clear example of antagonistic 

pleiotropy. However, we have found that other Wnt ligands (lin-44 and egl-20) have 

pleiotropic function during development and aging, but their function is not antagonistic 

to, but rather beneficial for life. 

Exploring the molecular mechanisms controlled by Wnt signalling pathways 

during aging will help us to elucidate how developmental pathways function past 

development. Mutations or misregulation of Wnt signalling pathways in mice and 

humans have been linked to various age-related diseases, such as osteoporosis, 

metabolic disorders, and cancer 118. This study presents the first successful attempt to 

develop C. elegans as a model system to study the role of Wnt signalling pathways in 

aging. In the future, we will use the vast knowledge and resources that have been built 
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in studying the role of Wnt signalling in development to answer the most important 

question: do Wnt-regulated developmental pathways, which create young tissue, 

continue to work as the animals grow old, instead contributing to aging and death? If 

we understand this aspect of Wnt signalling, we can potentially apply this knowledge in 

higher organisms to develop therapies to prevent the occurrence of many age-related 

diseases. 

 

Acknowledgments  

We thank all members of Stanley Brul lab for discussions and comments on the 

manuscript; the whole C. elegans community and Caenorhabditis Genetic Center 

(CGC) funded by NIH office of Research Infrastructure Programs (P40 OD010440) for 

most of the worm strains used in this study. This work was supported by MacGillavry 

fellowship at the University of Amsterdam 

  



A dual role of the Wnt signalling pathway during aging in Caenorhabditis elegans 

 53 

Supporting Information  

Additional Supporting Information may be found in the online version of this article at 

the publisher’s website.  
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mom-2pro::4xNLS GFP Wnt ligands during aging.  

Fig. S2 Expression patterns cwn-1pro::4xNLSGFP and cwn-2pro::4xNLSGFP Wnt 
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Fig. S3 Post-translational stability of ELT-3 GATA is not affected in Wnts RNAi 

treatment.  

Fig. S4 mom-2(RNAi) treatment does not slow the rate of reproduction of wild type 

worms.  

Table S1 The median life span of the wild type and Wnt ligand mutant worms does not 

change after exposure to the cellular or the oxidative stress.  

Table S2 Strains used in this study.  
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Summary 

Aging is a universal biological process that afflicts every creature on this 

planet. To date, we have a very poor understanding of what actually causes this 

degeneration. Research has shown that aging is not only the result of wear and tear in 

the organism, but also of genetic programs involved in organismal development that go 

awry as selective pressure is released. Wnt signalling is one of the major and highly 

conserved developmental pathways that guide many important events during embryonic 

and larval development. In adulthood, misregulation of Wnt signalling has been 

implicated in tumorigenesis and various age-related diseases. Although the role of Wnt 

signalling pathway during development is well studied, very little is known about its 

possible actions in natural aging. This study focuses on Wnt asymmetry signalling 

pathway and investigates how this genetic program orchestrates changes in the 

organism that could cause aging. Using Caenorhabditis elegans as a model system, we 

used a system biology approach to reveal the molecular basis for the role of the Wnt 

signalling pathway in aging in this nematode. By characterizing gene expression 

differences between young and old animals in two Wnt asymmetry pathway mutants, 

we found that the activity of the Wnt asymmetry signalling pathways is regulated by the 

germline that triggers the switch of its function form regulating organismal growth and 

development, to mainly controlling the fatty acid metabolism and oxidative 

phosphorylation pathways. This switch thus contributes to the aging process.  
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Introduction 

Aging is a universal biological process that afflicts every creature on this 

planet. In any organism, aging is characterized as the gradual decline of a multitude of 

physiological functions that presents a major risk factor for most diseases and leads to 

an increasing probability of death. To date we have a very poor understanding of what 

actually causes aging. A commonly held view is that aging is the result of damage 

accumulation over a lifetime. For example, oxidative damage, DNA damage, and the 

accumulation of environmental stresses cause damage to physiological functions in a 

stochastic manner 49,55,130. However, recent results in worms and mice have led 

researchers to question the free radical theory as the primary or exclusive cause of 

aging. For example, both loss-of-function or overexpression of superoxide dismutase 

(an enzyme that protects cells from oxidation by superoxide) in both worms and mice 

do not consistently affect life span 158,61,58. 

To reveal the molecular basis for aging in the nematode C. elegans, we 

characterized the gene expression differences between young and old animals. To do so 

we used DNA microarrays to profile the gene expression in both groups. This analysis 

revealed that gene expression differences between young and old animals are under 

control of a relatively simple gene regulatory network that involves the elt-3, elt-5, and 

elt-6 GATA transcription factors. Expression of elt-5 and elt-6 increases in old age, 

leading to decreased expression of elt-3, thus causing changes in the expression of the 

many downstream target genes. We found no evidence that it is caused by cellular 

damage or environmental stresses 159,82. Rather, we found that the elt-3 expression in the 

adult is controlled by increased expression of the repressors elt-5 and elt-6, which also 

guide elt-3 expression during development. These results suggest that age-regulation of 

elt-3 is caused by age-related drift of an intrinsic developmental program that becomes 

imbalanced in old age. This elt-3/elt-5/elt-6 transcriptional circuit is seen as the first 

genetic mechanism that is responsible for some of the age-related changes that occur as 

the worm grows old. The pathway is one of the first and clearest examples of the 

developmental drift (also known as antagonistic pleiotropy) theory of aging 156,65. The 

essence of this theory is that some developmental mechanisms (intrinsic factors) are not 

well modulated late in reproductive life and that changes in these developmental 

pathways are detrimental in old age.  
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A key unanswered question is what causes elt-3/elt-5/elt-6 transcriptional drift 

during aging? Understanding the upstream control of this transcriptional circuit will 

provide key insights into the causes of the molecular differences between young and old 

worms. In this chapter we investigate a source of this drift during aging by turning to 

previous studies of regulation of the elt-3/elt-5/elt-6 transcription factors during 

development. It has been shown that Wnt signalling pathways play a key role in 

insuring proper development of the worm hypodermis through the regulation of the elt-

5 GATA transcription factor 147,84. In chapter 2, we have demonstrated that Wnt 

signalling pathway functions past development and plays an important role in age-

regulation 126. In this chapter, we focus on the role of the Wnt/β-catenin asymmetry 

pathway in the regulation of the elt-3/elt-5/elt-6 transcription factors and aging in C. 

elegans. 

Many asymmetric divisions during C. elegans embryonic and larval 

development use the Wnt/β-catenin asymmetry pathway, also known as non-canonical 

Wnt signalling pathway 123,87. As in the canonical Wnt signalling pathway, β-catenin is 

playing the most important function in this pathway as well. In C. elegans, the non-

canonical pathway utilizes MOM-2 and LIN-44 Wnt ligands, WRM-1 and SYS-1 β-

catenins, and components of a MAP kinase cascade. Several main components of the 

Wnt/β-catenin asymmetry pathway, such as the Frizzled receptor, are asymmetrically 

localized in two neighboring cells that utilize this pathway 123. In the daughter cell that 

does not received the Wnt signal, β-catenins are targeted for proteosomal degradation 

by the destruction complex, much in the same way as in the inactive canonical Wnt 

signalling pathway (Figure 1A). In the second daughter, upon ligand binding two 

subsequent events occur. First, the MAP kinase cascade activates MOM-4/TAK1 (a 

MAPKKK-related protein) that phosphorylates and activates LIT-1 (Nemo-like kinase) 

to form a complex with WRM-1/β-catenin. This LIT-1/WRM-1 complex translocates 

into the nucleus and phosphorylates the POP-1/TCF not bound to the DNA, facilitating 

its nuclear export. Second, the SYS-1/β-catenin accumulates and translocates into the 

nucleus (Figure 1A). Together, this results in lower levels of the unbound POP-1/TCF 

and high levels of SYS-1/β-catenin inside the nucleus. The resulting drop in the POP-1 

to SYS-1 ratio allows the formation of the POP-1/SYS-1 complex that converts POP-1 

bound to the DNA from a transcriptional repressor into a complex that acts as a 
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transcriptional activator and leads to the up-regulation of the Wnt target genes (Figure 

1A).  

Previous studies have shown that the activity of the Wnt/β-catenin asymmetry 

pathway is important for the asymmetric cell division of seam cells during embryonic 

and larval development to produce self-renewing seam cells, differentiated hypodermal 

cells, as well as neuronal and neuronal support cells 93,160,161. In addition, it has been 

shown that the Wnt/β-catenin asymmetry pathway acts through the ELT-5 GATA 

transcription factor to control hypodermal morphogenesis (Figure 1B)83,162.  

 

 

Figure 1: Wnt signalling asymmetry pathway. (A) Schematic representation of the 
current model of the Wnt/β-catenin asymmetry pathway with its major components. See 
the text for more details. (B) WRM-1/β-catenin participates in epidermal developmental 
regulating the downstream genes ceh-16, elt-5 and elt-3. In red are shown the effects on 
aging as predicted by our model. 
 

Here we demonstrate that the Wnt/β-catenin asymmetry pathway is 

responsible for the increased expression of elt-5 and elt-6 GATA transcription factors 

during aging. Expression of MOM-2/Wnt is increased in adulthood leading to activation 

of the Wnt signalling pathways. Mutations in the mom-2/Wnt or one of the β-catenins, 

wrm-1, decrease expression levels of the elt-5 and elt-6 GATA transcription factors 

throughout life, leading to increased elt-3 GATA expression. We demonstrate that 

mutations in either mom-2/Wnt or wrm-1/β-catenin, extend life span of otherwise wild 

type animals by ~35%. These results indicate that changes in Wnt signalling – a 

regulator of the elt-3/elt-5/elt-6 GATA transcriptional circuit during normal 
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development – plays an important role in the age-related regulation of the elt-3/elt-5/elt-

6 transcriptional circuit and possibly many others. To identify genes and pathways 

regulated by the Wnt/β-catenin asymmetry pathway we performed RNA sequencing 

(RNA-seq) experiments to characterize the gene expression differences between young 

and old animals in two Wnt asymmetry pathway mutants. Surprisingly, we found that 

activity of the Wnt/β-catenin asymmetry pathway changes its function in adulthood, 

possibly under the influence of the germline. In young adults the non-canonical 

pathway suppresses genes that are involved in regulation of the organismal growth and 

development, and activate genes that control fatty acid metabolism and its related 

oxidative phosphorylation pathway. Taken together this study presents a first glance 

into how a well-known developmental pathway functions to contribute to the process of 

aging. 
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Materials and methods 

 

C. elegans strains used in this study 

N2: C. elegans wild isolate 

CB4037: glp-1(e2141)III. 

CF1553: sod-3pro::GFP 

EU1424: mom-2(or77)V 

NK640: rde-1(ne219)V; qyIs102 

NR222: rde-1(ne219)V; kzIs9 

NR350: rde-1(ne219)V; kzIs20 

VC143: elt-3(gk121)X 

VP303: rde-1(ne219)V; kbIs7 

WM74: wrm-1(ne1982)III 

WM92: mom-4(ne1539)I 

WM93: lit-1(ne1991)III 

YB4666: unc-119(tm4063)III; 

YB90: sod-3pro::GFP; wrm-1(ne1982)III 

 

Analysis of life span in C. elegans 

Life span analyses were conducted at 15°C or 20°C as previously described 78. Briefly, 

the worms were synchronized by hypochlorite treatment. At least 70 N2 worms were 

grown on E. coli OP50 from L1 until the L4 stage and then transferred, as one-day-old 

young adults, onto FUdR-NGM plates freshly seeded with different bacterial strains. 

The population was checked for dead worms approximately every other day during 

adulthood and p-values were calculated using the log-rank (Mantel-Cox) method 133 in 

Prism 6; GraphPad software. 

RNA-interference (RNAi) experiments 

DE3 bacteria transformed with RNAi vectors expressing dsRNA of the genes of interest 

were grown at 37°°C in LB with 100 µg/ml ampicillin, then seeded onto NGM-

ampicillin plates supplemented with 2 mM IPTG. One-day-old young adult worms were 

added to the plates freshly seeded and transferred to new plates every other day for 

approximately ten days. The population was checked for dead worms approximately 
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every other day during adulthood and p-values were calculated using the log-rank 

(Mantel-Cox) method 133 in Prism 6; GraphPad software. 

 

Imaging and quantification of GFP and Cherry expression  

To examine the changes in expression of GFP and mCherry reporters with respect to 

age and RNAi treatment, we picked 20 worms grown on control or RNAi plates, and 

then measured the levels of GFP and mCherry expression using quantitative 

fluorescence microscopy. Specifically, we used pixel intensity to quantify the level of 

GFP or mCherry expression for both wild type and RNAi treatment for each gene. At 

least twenty hermaphrodites from each strain were analyzed for GFP and mCherry 

expression using a Zeiss Axioplan microscope. Comparison of all images was carried 

out on the same day with the same microscope settings. Images were analyzed using 

ImageJ, a public domain Java image-processing program 134. 

 

Brood size assay 

Single L4 worms were transferred on NGM plates seeded with a drop of 50 µl of 

overnight bacterial culture (either OP50 of RNAi strain). The animals were moved to 

new plates approximately every 24 hours during all their reproductive period. The day 

after each transfer, the number of larvae from the previous day was counted. 

Experiments were conducted at 15, 20 or 25˚C. 10 hermaphrodites were tested in each 

experiment. 

 

RNA-sequencing samples collection  

The adult fertile animals were synchronized by hypochlorite treatment and the eggs 

were put on NGM plates seeded with OP50. The mom-2(or77) mutant was kept 

continuously at 15˚C and collected at the L4 larval stage and day 2 of adulthood. The 

wrm-1(ne1982) mutant animals were initially kept at 15˚C and shifted to 25˚C (non-

permissive temperature) for 24 hours. The organisms were collected at the L4 stage. For 

the day 3 time point sample collection, the animals were shifted to 25˚C on day 1 of 

adulthood and collected 48 hours later. To minimize the content of larvae/eggs in the 

adulthood time points, the collected worms were washed off the plates using a filter 

membrane of appropriate size. After collection into tubes, the samples were snap frozen 
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in liquid nitrogen and stored at -80˚C. As control, N2 animals were concomitantly 

processed in the same way. 

 

High-throughput sequencing 

Multiplexed single-end mRNA-seq libraries were sequenced for 50 cycles using 

Illumina HiSeq 2000 according to the manufacturer’s instructions. Sequencing, image 

analysis, base calling and quality scoring were performed with a standard Illumina 

pipeline by the Baseclear B. V. (Leiden, Netherlands). 

 

Processing of mRNA-seq reads and differential expression analysis.  

Reads were aligned to the C. elegans genome with the TopHat (v2.0.4) software 

package 163 using known gene model annotations (WS220). Transcript abundance 

(FPKM, fragments per kilobase of transcript per million fragments) and differential 

expression were calculated using Cuffdiff (v2.0.2) included in the Cufflinks software 

package 163. All conditions/samples were analyzed in biological duplicate or triplicate. 

Statistically significant differentially expressed genes (DEGs) were identified using a 

5% FDR. Differential gene expression values were calculated as the ratio of FPKM 

values. To test for significant overlap between gene lists (Fig. 5C) the hypergeometric 

test was used (phyper R function). Unexpressed genes having a FPKM of 0 in any of 

the samples were removed from analysis. Analysis and visualization of the differential 

expression data were performed with the R software package using cummerbund library 

(version 2.0).  

 

RNA extraction and qRT-PCR analysis 

Total RNA was extracted using Trizol and Direct-zol RNA MiniPrep Kit (Zymo 

Research, Cat #R2052) according to the manufacturer’s instructions. 80 ng of total 

RNA per reaction were used for quantitative real-time PCR (qRT-PCR) analysis, 

performed in triplicate with Power SYBR Green RNA-to-Ct 1-Step Kit (Applied 

Biosystems, Foster City, CA, USA, Part #4389986), according to the manufacturer’s 

instructions. Vector pD4H1 containing mCherry sequence was used to build a standard 

curve for absolute quantification. The primers used: 

mCherry-Fw AGGGTTTTAAGTGGGAACGC 

mCherry-Rev GCATAACAGGTCCATCC 
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mom-2-Fw CACATCAACACGCCAGTTCT 

mom-2-Rev CACATTCGCTTCTGTTGAGG 
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Results 

The wrm-1/β-catenin is expressed throughout adulthood 

Previous work has shown that during embryonic and larvae development 

expression of the elt-5 GATA transcription factor is controlled by wrm-1/β-catenin 
83,162. We looked whether or not wrm-1/β-catenin was expressed during aging by 

examining the expression of a wrm-1::Cherry transcriptional reporter at various ages. 

We determined that wrm-1 is expressed in adult worms and its expression remains 

constant throughout the life span of the worm (Figure 2A and B). To analyze wrm-

1pro::Cherry expression in more detail, we generated single-cell lineage expression 

using an automatic cell lineage analyzer that converts high-resolution images of worms 

into a data table showing fluorescence expression at single-cell resolution 164 (Figure 

2C). We found that wrm-1pro::Cherry expression mainly derives from the pharyngeal 

epithelium, pharyngeal muscles, body wall muscles, vulva muscles, intestine, neurons, 

and anterior hypodermal cells.  
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Figure 2: WRM-1 expression during adulthood. (A) wrm-1pro::Cherry expression in 
the head and trunk of the animals during adulthood from day 2 to day 16. The 
expression level remains constant over time. (B) Representative images of the animals 
taken on day 1 and day 9. The wrm-1pro::mCherry expression was measured starting at 
day 2 of adulthood as a aging time course experiment . The y-axis denotes reporter’s 
expression (arbitrary units). Average expression and standard error from 20 animals are 
shown. (C) A profile of wrm-1/β-catenin gene expression at single cell resolution. 
Shown is the mCherry expression level for wrm-1pro::mCherry reporter on Day 2 adult 
worms. Color indicates the level of wrm-1pro::Cherry expression. Gene expression 
levels were normalized so that the minimal and maximal expression values are 0 and 1. 
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wrm-1/β-catenin controls the expression of the elt-3/elt-5/elt-6 GATA transcriptional 

circuit during aging 

We next determined whether wrm-1/β-catenin is active during aging and 

continues to regulate the expression of the elt-3/elt-5/elt-6 GATA transcriptional circuit. 

We used the wrm-1(ne1982) temperature sensitive mutant to reduce wrm-1 activity 

during aging by shifting the animals from 15˚C (permissive temperature) to 25˚C (non-

permissive temperature) 165. We found that wrm-1(ne1982) mutation significantly 

reduced expression and completely eliminated the age-regulation of elt-5 and elt-6 

GATA transcription factors. This in turn led to the increased expression of elt-

3pro::GFP by about 30% at day 2 of adulthood, and about 50% at days 5 and 12 of 

adulthood compared to control worms of similar age (Figure 3). These observations 

indicate that the elt-3/elt-5/elt-6 GATA transcriptional circuit is regulated by wrm-1/β-

catenin, either directly or indirectly.  
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Figure 3: Regulation of elt-3/elt-5/elt-6 GATA transcriptional circuit by WRM-1 
during adulthood. Expression levels of (A) elt-5pro::mCherry (B) elt-6pro::mCherry 
and (C) elt-3pro::GFP during aging. wrm-1(ne1982) mutation was induced by 
transferring worms to 25°C on day 1 of adulthood. The elt-3pro::GFP, or elt-
5pro::mCherry and elt-6pro::mCherry expression was measured starting at day 2 of 
adulthood. The y-axis denotes reporter’s expression (arbitrary units). Average 
expression and standard error from 20 animals are shown. The grey box plots indicate 
the control, and the red ones the wrm-1(ne1982) mutant. 
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Components of the Wnt asymmetry pathway regulate aging in C. elegans 

We determine that the Wnt/β-catenin asymmetry pathway is active past-

development and is, at least in part, responsible for aging in C. elegans. A key question 

is: does Wnt signalling pathway architecture remain the same way during development 

and aging? During development, the Wnt/β-catenin asymmetry pathway leads to 

stabilization and activation of the SYS-1/β-catenin, and promotes WRM-1/β-catenin 

dependent nuclear export of POP-1/TCF. If its architecture remains the same, mutations 

in sys-1/β-catenin, wrm-1/β-catenin, or pop-1/TCF, or any other component in this 

signalling pathway should extend C. elegans life span.  

First, we tested whether mutations in the MAP kinase cascade components 

affected the life span of the worms. We determined the effects of the mom-4(ne1539)I 

(MAP kinase kinase kinase) and lit-1(ne1991)III (Nemo-like MAPK-related 

serine/threonine protein kinase) temperature sensitive mutations on the C. elegans 

longevity. We grew the wild type and mutant worms at the permissive temperature 

(15˚C) until day 1 of adulthood before shifting to non-permissive temperature (25˚C) to 

activate either lit-1(ne1991) or mom-4(ne1539) mutations 165, and then measure their 

life span. We performed the experiment multiple times, and found that both lit-

1(ne1991) and mom-4(ne1539) mutations significantly extended the worms life span 

compared to the wild type controls (Figure 4A and Supplemental Table 1). Mutation in 

the mom-4/MAPKKK increased the life span by about 30%, whereas mutation in the 

lit-1/Nemo-like protein kinase increased it by almost 36%. In addition, we showed that 

the effect of lit-1(ne1991) mutation on the life span is elt-3 dependent. We used elt-3 

(RNAi) to inactivate elt-3 GATA activity in lit-1(ne1991) mutant background starting 

on the first day of adulthood, and then measured the worm’s life span. We compared 

the survival curves of lit-1(ne1991) and lit-1(ne1991) ; elt-3 (RNAi) mutants to that of 

the wild type controls and found that lit-1(ne1991); elt-3 (RNAi) double mutant lives 

significantly shorter (Supplemental Table 1).  

Second, we determined the effects of the wrm-1(ne1982) temperature sensitive 

mutant on longevity. We grew the wild type and mutant worms at the permissive 

temperature (15˚C) until day 1 of adulthood. Subsequently, we transferred the animals 

to non-permissive temperature (25˚C) to activate wrm-1(ne1982) mutation thereby 

reducing wrm-1/β-catenin activity 165, and we measured their life span. We performed 

the experiment multiple times, and found that the wrm-1(ne1982) mutation extended the 
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life span on average by 42% compared to the wild type controls (Figure 4A and 

Supplemental Table 1). To check whether this effect is also elt-3 dependent, we crossed 

the wrm-1(ne1982) mutant into the elt-3(gk121) mutant background, and found that 

wrm-1(ne1982); elt-3(gk121) double mutant lives significantly shorter compare to the 

control (Figure 4D and Supplemental Table 1). 

Third, we analyzed the effect of sys-1/β-catenin(RNAi) and the pop-

1/TCF(RNAi) and found 10% and 25% life span extension respectively compared to the 

control (RNAi). As in the case of the wrm-1(ne1982) or lit-1(ne1991) mutants, the 

effect of the pop-1(RNAi) on longevity is also elt-3 dependent. RNAi treatment against 

pop-1 did not extend the life span in animals with elt-3(gk121) genetic background 

(Figure 4B, and Supplemental Table 1). 

Finally, we tested whether the previously described longevity phenotype of the mom-

2(or77) mutant depends on the elt-3 GATA transcription factor. We performed the 

analysis of the effect of mom-2(or77) on life span at 15˚C and confirmed the life span 

extension. However, this effect was not dependent on elt-3 (Figure 4C and 

Supplemental Table 1). Clearly, MOM-2/Wnt regulates many pathways during aging, 

and some of them probably do not involve pop-1/TCF, β-catenins, or elt-3/GATA 

transcriptional circuit.  
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Figure 4: effects on longevity of Wnt/β-catenin asymmetry pathway components. 
Survival curves of (A) MAP kinase cascade components participating in the Wnt 
asymmetry pathway: lit-1(ne1928), wrm-1(ne1982) and mom-4(ne1539). Effect of elt-3 
on the life span extension in (B) pop-1 (RNA)i (C) mom-2(or77) (D) wrm-1(ne1982) 
mutant backgrounds. 
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Effect of WRM-1 on longevity depends on the time of the inactivation 

We previously showed that the general mom-2 mediated Wnt activity increases 

in the first five days during adulthood 126. We asked whether the wrm-1-mediated 

detrimental effects on longevity occur within this time range. To test this idea, we 

shifted the wrm-1(ne1982) mutant to non-permissive temperature on different moments 

during aging. We chose four time points, ranging from L4 to day 5 of adulthood. We 

found that the largest effect on life span is observed when wrm-1 is early inactivated on 

day 1 of adulthood (Figure 5B and Supplemental Table 1). In Contrast, inactivation past 

this day led to a smaller effect that disappeared by day 5 of adulthood (Figure 5C-D and 

Supplemental Table 1).  

 

 

Figure 5: Survival analysis following inactivation of wrm-1 at different time points. 
(A) Life span analysis at 15˚C (non-restrictive temperature) Inactivation of the wrm-
1/β-catenin was induced by shifting the animals to restrictive temperature on (B) day 1 
(C) day 2 and (D) day 5 of adulthood.  
 

Worms live much shorter in general when grown at 25°C. We hypothesized 

that the negative effects of the higher temperature might off-set the beneficial effects of 

the wrm-1(ne1982) later in life. To investigate if the longevity effect of the wrm-

1(ne1982) mutant was independent from the temperature shift (from 15°C to the 25°C), 

but rather to the Wnt signalling inactivation, in addition to the life span we measured 
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the expression level of the one of the most characterized aging biomarkers: the 

superoxide dismutase-3::GFP. (sod-3). The sod-3 gene encodes one of the five C. 

elegans superoxide dismutases (SOD). These antioxidant enzymes protect the 

organisms from high concentrations of reactive oxygen species, by converting 

superoxide (O2
-) to hydrogen peroxide (H2O2) 166. High levels of the sod-3 expression 

correlate with the young age 167. However, as the worm grows old the sod-3 expression 

diminishes. We used the sod-3pro::GFP reporter strain and the sod-3pro::GFP; wrm-

1(ne1982) double mutant to determine first, whether the switch from 15°C to the 25°C 

affected the rate of aging. Upon shifting to the restrictive temperature, the expression of 

the sod-3pro::GFP in the reporter strain significantly decreased. This indicates that the 

worms age faster at higher temperatures. (Figure 6A and B). Second, we asked if the 

inactivation of the wrm-1(ne1982) mutation makes the worms younger. In this case, the 

expression of the sod-3pro::GFP reporter in the wrm-1(ne1982) double mutant 

background decreased, still remaining significantly higher than in the control strain 

(Figure 6A and B). This result suggests that these worms are younger than their wild 

type counterparts at the same temperature. We repeated this experiment by shifting the 

sod-3pro::GFP; wrm-1(ne1982) double mutant strain to restrictive temperature at day 5 

of adulthood and we measured the expression of the sod-3pro::GFP reporter 48 hours 

later. The expression of the sod-3pro::GFP reporter in wrm-1(ne1982) background was 

equal to sod-3pro::GFP reporter expression in the wild type background, which 

indicated that wrm-1 inactivation did not have a rejuvenation effect on middle aged 

worms (data not shown). Based on these results we conclude that the Wnt/β-catenin 

asymmetry pathway plays a detrimental role in longevity, and its negative effect cannot 

be reversed past day 1 of adulthood. 
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Figure 6: sod-3 expression in wrm-1(ne1982) mutant background. (A) Expression 
levels of sod-3pro::GFP in the control strain and in wrm-1(ne1982) mutant background, 
on day 3 and 6 of adulthood. wrm-1(ne1982) mutation was induced by transferring 
worms to 25°C on day 1 of adulthood. The y-axis denotes the reporter’s expression 
level (arbitrary units). Average expression and standard error from 20 animals are 
shown. P-value (t-test) * < 0.05; **** < 0.0001; ns = not significant. (B) Representative 
images of the animals on each time point. 
 

 To identify in which tissue mom-2/Wnt and wrm-1/β-catenin are more 

important to affect the longevity of the worms, we used mutant strains where RNAi 

activity is preserved only in intestine, hypodermis, vulva or muscles. Starting from day 

1 of adulthood, we exposed these mutants to dsRNAs against wrm-1 and we measured 

their life span. We observed a longevity effect only in the intestine specific RNAi strain 

(Supplemental Figure 1). In contrast, no significant effect was scored when RNAi was 

performed in vulval, hypodermal or muscle tissue (Supplemental Figure 1). The same 

results were obtained with mom-2(RNAi) (Supplemental Figure 1).  

  
Transcriptome analysis of mom-2 and wrm-1 longevity mutants 

To better understand the molecular mechanism underlining the effect on 

longevity mediated by Wnt asymmetry pathway, we performed a gene expression 

analysis on the mom-2(or77) and wrm-1(ne1982) mutants by RNA-seq. Wnt/β-catenin 

asymmetry pathway is known to be one of the major developmental pathways, so we 

sought to investigate how it influences the gene expression on the transition from 

developmental stages to adulthood and aging. For this reason, we chose the L4 

developmental time point and day 2 (3 for wrm-1(ne1982)) in early adulthood.  

We hypothesized that Wnt/β-catenin asymmetry pathway regulates the same 

genes or pathways during development and aging. However, when we compared the 
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gene expression profile of the mom-2(or77) and N2 animals in L4 larval stage, we 

found no significant change (Figure 7A). In adulthood (day 2), we identified only 46 

genes differentially expressed between mom-2(or77) and wild type worms (Figure 7A). 

These genes are involved in general metabolic processes, such as, oxidation and drug 

metabolism, rather than organismal morphological development. Although surprising, 

this is consistent with our previous observations. In fact, mom-2(or77) mutation is a 

weak allele, and do not affect timing or physiology of the worm’s development. This 

result also suggests that the longevity phenotype is probably not due to compensating 

mechanisms taking place during development.  

In contrast, by comparing the gene expression in the temperature-sensitive 

wrm-1(ne1982) mutant to the wild-type animals we observed more profound effects, 

both in development and adulthood. We found 193 differentially expressed genes in the 

wrm-1(ne1982) mutants compared to the wild type at the L4 larval stage (Figure 7B). 

These genes are mostly down-regulated, suggesting that wrm-1/β-catenin is acting as an 

activator during development. Gene ontology (GO) analysis of the targets revealed that 

wrm-1/β-catenin regulates many aspects of development and metabolism. 

In adulthood, we identified 391 differentially expressed genes (Figure 7B). 

Interestingly, these genes are almost evenly distributed between being up and down 

regulated. This suggests that in adult worms Wnt signalling functions both as activator 

and as repressor. GO analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

database search shown that most of the wrm-1 down-regulated genes are involved in 

body morphogenesis (mainly cuticle development), fat metabolism, age-regulation, and 

chromatin remodeling, which possibly indicates secondary responses involving 

activation/repression of the transcription (Supplemental Figure 2).  

Additional analysis of both, developmental and adult, datasets revealed that 

many wrm-1(ne1982) regulated genes were previously identified as age-regulated genes 

(ARG – Age-Regulated genes) (Figure 7C, and Supplemental Figure 3). GO analysis of 

all the targets in adulthood revealed that most of the ARG intervene in body 

morphogenesis and regulation of aging, as well as amino acids and fatty acid 

metabolism (Supplemental Figure 3). 

When we compared the developmental and adult datasets, we found 35 genes 

in common. Surprisingly, most of these genes display an opposite direction passing 

from L4 to adulthood, with 27 out of 35 genes being down-regulated in L4, and up-
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regulated on day 3 (Figure 7D). This expression profile suggests a change in the 

transcriptional activity mediated by wrm-1, which switches from activator in L4 to 

repressor of the same target genes in early adulthood. 

 

 

Figure 7: Transcriptome analysis of the mom-2(or77) and wrm-1(ne1982) mutants. 
(A) Volcano plots demonstrating the gene expression changes in the mom-2(or77) 
mutant, on L4 larval stage and day 2 of adulthood. (B) Volcano plots demonstrating the 
gene expression changes in the wrm-1(ne1982) mutant, on L4 larval stage and day 2 of 
adulthood. (C) Venn diagram demonstrating the role of wrm-1/β-catenin in regulation 
of previously identified age-regulated genes in both development and adulthood. (D) 
Heat map of the 35 genes in common between L4 and day 3 in the wrm-1(ne1982). 
Blue/yellow indicate a decrease/increase in gene expression relative to the wild type. 
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The gene set showing a switch in expression from development to adulthood 

contains several transcripts of unknown function, annotated as non-coding RNAs (10 

out of 27). Among the annotated genes, the col-type genes are the most represented 

(col-179, -7, -143, -19, 178, -20, -101), followed by the vitellogenin genes (vit-4 and 

vit-1). In addition, tbh-1, rgs-9 and wago-9 were also found. The tbh-1 (tyramine beta-

hydroxylase) is orthologous to human DBH whose activity is required for the 

biosynthesis of the octopamine neurotransmitter. rgs-9 is an ortholog of several human 

RGS proteins (regulators of G-protein signalling RGS1, 13, 16, 18 and 21). Lastly, 

wago-4 is an ortholog of multiple human AGO components (argonaute RISC catalytic 

component 1, 2, 3, and 4).  

To validate these expression changes, we selected four transcriptional reporters 

among those available from Caenorhabditis Genetic Center (CGC). We found GFP 

transcriptional reporters for col-19 and tbh-1. Unfortunately reporter strains for either 

vit-4 or vit-1 were not available. However, these genes are predicted to have lipid 

transporter activity similarly to the better characterized vit-2 gene, so we decided to use 

an already existing transcriptional reporter of this gene. We also selected ins-7, which is 

a gene that does not display this switch in expression, but it is present in the general 

dataset and previously shown to be an important regulator of longevity in worms 168. 

We measured the GFP expression of these reporters in L4 larval stage and in adulthood, 

after exposing the animal to either wrm-1(RNAi) or control RNAi. We started the RNAi 

treatment from eggs for the L4 measurements, and from day one for the adulthood time 

points. In L4 animals, both col-19 and vit-2 showed a significant reduction in 

expression on wrm-1(RNAi) compared to the control. tbh-1 showed only a modest 

decrease that did not reach statistical significance. However, tbh-1 expression showed 

great variability on the control RNAi (Figure 8A). When we analyzed the aging time 

points, all three transcriptional reporters showed a reversed expression pattern 

compared to the control, all resulting up regulated (Figure 8B), confirming the RNA-

seq observations. As expected, ins-7 did not switch expression passing from 

development to adulthood (Figure 8A and B). 

 

wrm-1(RNAi) treatment in worms lacking the germline does not extend the life span  

The sequencing results indicate that WRM-1 may function as activator during 

development and as inhibitor in adulthood. We reasoned that this change in function 
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might appear when other components or signalling pathways start to operate. Our 

previous results showed that Wnt signalling is more active in the first five days of 

adulthood. Moreover, past this period inactivation of wrm-1 has no longer effect on the 

life span of the worms. This time range roughly overlaps with the reproductive period 

of the animal, so we hypothesized a functional connection between germline and wrm-1 

life span effect. To test this hypothesis, we used the glp-1(e2141) mutant strain. When 

grown at non-permissive temperature (25˚C) from L2 larval stage, glp-1(e2141) 

animals do not develop a germline and grow to be sterile and long-lived adults 143,169. 

We fed the glp-1(e2141) temperature sensitive mutant worms bacteria expressing either 

dsRNA against wrm-1 or empty vector, and determined the effect on the worms life 

span. We exposed the glp-1(e2141) animals and their wild type counterparts to RNAi 

treatment starting at the day 1 of adulthood, and we found that in absence of the 

germline wrm-1(RNAi) does not extends the life span any further (Figure 8C). 
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Figure 8: Validation of the expression changes from development to adulthood in 
wrm-1(RNAi), and survival curves in glp-1(e2141); wrm-1(RNAi) double mutant. 
GFP transcriptional reporters of the selected genes measured in (A) L4 larval stage, and 
(B) during adulthood. The red boxplots indicate wrm-1(RNAi) treatment and the x axes 
indicate the larval stage (panel A), and the days of adulthood (panel B). The error bars 
indicate the standard error; p-value (t-test) *< 0.05; **<0.01; ***<0.001. (C) Survival 
curves of the animals treated with wrm-1(RNAi) in glp-1(e2141) mutant background. 
 

This result suggests the existence of a functional relation between the C. 

elegans germline and the Wnt signalling activity in age-regulation. Several long-lived 

mutants are characterized by having a reduced (or absent as in the case of glp-1 

mutants) reproduction 170,171. Therefore, is possible that the Wnt mutants have a 

diminished fertility.  We tested this hypothesis by measuring the brood size of various 

Wnt signalling mutants. We analyzed the effect on the total number of eggs laid by wild 

type animals exposed to pop-1(RNAi), wrm-1(RNAi), and mom-2(or77) mutants. We 

found an average reduction of 18% only in the animals treated with pop-1(RNAi) 
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(Figure 9A and Supplemental Table 2). In the other mutants no significant effect was 

observed, although wrm-1(RNAi) animals laid significantly more eggs on day two of 

the assay (Figure 9B and C and Supplemental Table 2). Thus, these analyses indicate 

that Wnt signalling does not affect the overall germline functionality in terms of brood 

size.  

Another possibility is that the germline affects the Wnt signalling during the 

reproductive period. To test this idea, we measured in glp-1 mutant background the 

expression of mom-2, the most upstream component of the signalling cascade. We 

chose three time points during adulthood, spanning the whole reproductive period, and 

we found that in absence of the germline mom-2 expression is greatly reduced (Figure 

9D). This may also explain why wrm-1 does not extend the life span of the sterile 

animals, since the very low expression of mom-2 may indicate an already low Wnt 

signalling activity. 

 

 

Figure 9: Brood size of Wnt asymmetry pathway mutants and mom-2 expression 
in absence of germline. Brood size analysis of the animals treated with (A) pop-
1(RNAi) and (B) wrm-1(RNAi). (C) Brood size of the mom-2(or77) mutant worms. (D) 
Expression level of mom-2 in animals lacking the germline. In all the panels the error 
bars indicate the standard deviation, and *= p-value (t-test) < 0.05. 
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These results suggest that the germline activates mom-2 expression and 

possibly general Wnt signalling activity in the early adulthood. 
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Discussion 

In this study we investigated the role of the Wnt/β-catenin asymmetry pathway 

in aging in C. elegans. We showed that WRM-1 is expressed throughout the life of the 

worms and it still regulates the elt-5/6/3 GATA transcriptional circuit in a similar 

fashion as it does during development. In the wrm-1(ne1982) mutant background the 

expression of the repressors elt-5 and elt-6 diminishes, and elt-3 is found up-regulated 

relative to the wild type. This is an expression pattern that was previously shown to be 

associated with prolonged longevity 82,126. We found this to be the case for the Wnt/β-

catenin asymmetry pathway. We showed that wrm-1 mutation, along with all the other 

components of the MAP kinase cascade that participate in its regulation, prolong the 

life span of the worms. These results suggest an overall post-development detrimental 

effect of this pathway in age-regulation. However, this life span effect is only partly 

mediated by elt-3, underscoring the complexity of longevity as phenotype, where a 

multitude of factors participate to determine the final outcome. 

In order to dissect the additional molecular mechanisms underlying the 

observed aging phenotype, we analyzed the transcriptome changes driven by the Wnt 

asymmetry signalling cascade using the mom-2(or77) and wrm-1(ne1982) mutants. In 

the MOM-2 mutant, the analysis reported only 46 genes differentially expressed during 

aging, whereas in development no significant change in gene expression was found. 

This result is not completely surprising because this particular mutation is known to 

produce a weak but still functional allele. In the mom-2(or77) mutant the temperature 

plays an important role in determining the strength of the mutation. When these animals 

are grown at 15˚C they develop properly with only 8% displaying lack of gut. In this 

case, the life span extension is observed. However, if the animals are grown at 20˚C the 

developmental defects are stronger and the pro-longevity effect is lost. We performed 

our RNA-seq experiment at 15˚C and this may account for the very little changes we 

observed in the gene expression. 

In contrast, the temperature sensitive mutation wrm-1(ne1982), a stronger 

embryonic lethal mutation, showed a larger effect. Analysis of the gene expression 

indicated that the genes down-regulated in wrm-1(ne1982) are enriched in cuticle 

components, chromatin organization and organismal aging. The up-regulated genes are 

enriched in components participating in oxidation reduction processes and fatty acid 

metabolism.  
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When we compared the L4 dataset with the day 3 one, we found a group of 

genes for which wrm-1 acts as activator in development and as inhibitor in early 

adulthood. This suggested a qualitative change in WRM-1 function, as the animals 

complete their development and enter into adulthood. Reasoning that this event may be 

mediated by other factors/pathways intervening during this transition, we identified the 

germline as a possible tissue affecting the Wnt activity in adulthood. We showed that in 

absence of the germline mom-2 expression is drastically reduced, possibly indicating a 

general Wnt activity parallel reduction. However, we observed no drastic changes in the 

germline function of Wnt signalling pathway mutants. An exception is pop-1 mutant 

that showed a little but significant reduction in the number of eggs laid. This effect may 

be ascribed to embryo early development defects, but more work is needed to dissect 

this aspect. However, overall our results suggest that the germline affects Wnt 

signalling starting from early adulthood and not the other way around.  

It has been reported that germline plays an important role in aging process. 

Worms with functional gonads but lacking the germline, are sterile and live longer 
143,169. The absence of the germline results in the activation of several effectors, which 

prolong the longevity. In such condition for example, DAF-16/FOXO3a and PHA-

4/FOXOA1, two transcription factors known to promote longevity, are both activated in 

the intestinal cells 143,172–174. The gene expression changes mediated by these 

transcription factors, not only render the animals more resistant to stresses, but also 

enhance autophagy and fat metabolism 143,173–175. In these examples, the absence of the 

germline activates these proteins. In our study instead, we found that Wnt signalling 

may be attenuated rather than activated by the lack of the germline, as indicated by 

mom-2 expression levels in the glp-1(e2141) mutant.  

Interestingly, DAF-16 and PHA-4 were found activated in the intestine, the 

same tissue we also found to be important for longevity in the Wnt mutants. These 

observations indicate a direct link between the intestine and the germline, with the 

former reacting to signals coming from the latter. Another important observation is that, 

with the exception of pop-1, the Wnt mutants live longer without displaying a 

compromised reproduction, condition that very often characterizes the long-lived 

mutants. It remains to understand the precise nature of the signal coming from the 

germline, and the exact mechanism by which it affects Wnt (and possibly others) 

signalling pathways.  
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In summary, we used C. elegans to analyze the function of the Wnt/β-catenin 

asymmetry pathway in age-regulation. We showed that the pathway is active in 

adulthood and is detrimental for the longevity. By analyzing the gene expression 

changes in the wrm-1(ne1982) mutants we discovered a functional switch of this Wnt 

component from activator to inhibitor of a small set of genes, suggesting a possible 

cross-talk with other transcription/regulatory factors. In addition, we found that WRM-1 

goes from regulating mainly organismal growth in development, to regulating oxidative 

phosphorylation and fat metabolism pathways during aging. We believe that the Wnt 

signalling targets presented here can be used as biomarkers in future screens. This study 

should help to further characterize the effects on longevity mediated by Wnt signalling, 

a developmental pathway whose functions in aging are still to be fully elucidated. 
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Supporting Information  

 

 

Supplemental Figure 1: Life span analysis using tissue specific RNAi strains. 
Survival curves of the animals exposed to either wrm-1(RNAi) or mom-2(RNAi) 
treatment in specific tissues. (A) Intestine (strain VP303), (B) Muscle (NR350), (C) 
Hypodermis (NR222), and (D) gonad (NK640). An increase in median survival of 15% 
was observed only in the Intestine specific RNAi strain. P value (Mantel-Cox test) < 
0.01. 
  



Chapter 3 

 86 

 

Supplemental Figure 2: Biological processes regulated by the genes differentially 
expressed in the wrm-1(ne1982) mutant worms on day 3. Summary of the GO 
analysis of the 391 genes found differentially expressed in the wrm-1(ne1982) mutant 
on day 3 of adulthood. (A) GO terms of the up-regulated genes and (B) down-regulated 
genes. 
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Supplemental Figure 3: Biological processes regulated by the age-regulated genes 
differentially expressed in the wrm-1(ne1982) mutant worms. Summary of the GO 
terms for the 108 age-regulated genes found differentially expressed in the wrm-
1(ne1982) mutant. 
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Supplemental Table 1: Summary of all the life span experiments performed in this 
study 

Mutation: Strain: Median Life Span: 

Average 
Median 
Life Span 
(STD): 

Life 
Span 
Increase: 

N2 N2 10.6 10.6 10.8 10.7 (±0.12)  
wrm-1 
(ne1982)III WM74 16.2 c 15.6 c 13.8 b 15.2 (±1.25)  42.5 

elt-3(gk121)X VC142 10.1 10.2 10.1 10.1 (±0.06) No change 
wrm-1 
(ne1982)III; elt-
3(gk121)X 

SD1766 12 11.3 11.6 11.6 (±0.35) 9.1 

N2 N2 10.6 10.7 10.8 10.7 (±0.1)  
lit-1 (ne1928)III WM93 12.3 b 16.7 c 14.5 c 14.5 (±2.2) 35.5 
lit-1 (ne1928)III;  
elt-3(RNAi) WM93 11 a 12.2 b 11.9 b 11.7 (±0.62) 9.3 

Control N2 16.1     
lit-1(RNAi) N2 20.7a    28.6 
N2 N2 10.6 10.7 10.2 10.5 (±0.26)  
mom-4 (ne1539)I WM92 13.9 b 14 b 13.1 b 13.7 (±0.49) 30.2 
N2 N2 20.6 19.4 19.6 19.9 (±0.64)  
mom-2 (or77)V EU1424 28.2 d 26.7 d 24.8 b 26.6 (±1.7) 33.7 
mom-2 (or77)V;  
Control (RNAi) EU1424 26 31 30 29 (±2.64)  

mom-2 (or77)V;  
elt-3(RNAi) EU1424 29e 27e 30 28.6 (±1.52) No change 

Control N2 14.3     
mom-2(RNAi) N2 19.1 d    33.6 
Control N2 17.2 16.4 15.5 16.4 (±0.85)  
sys-1(RNAi) N2 16.2 a 19.4 b 18.3a 18 (±1.63) 9.8 
pop-1(RNAi) N2 18.2 b 21.1 b 18.3 b 19.2 (±1.65) 17.3 
N2 N2 15.4 16  15.7 (±0.42)  
pop-1(q624)I JK2945 24.6 b 23.3 b  23.9 (±0.92) 52.5 
pop-1(hu9)I KN592 21.7 b 20.7 b  21.2 (±0.71) 35 
N2 (to 25˚C at 
L4 larvae) N2 10.5     

wrm-1 
(ne1982)III (to 
25˚C at L4 
larvae) 

WM74 10e    No change 

N2 (to 25˚C at 
day1) N2 9.6 10.8 10.9 10.4 (±0.72)  

wrm-1 
(ne1982)III (to 
25˚C at day1) 

WM74 13.9b 13.8b 13.3 b 13.7 (±0.3) 31.7 
increase 

N2 (to 25˚C at 
day2) N2 11.5     

wrm-1 
(ne1982)III (to 
25˚C at day2) 

WM74 13 d    13 
increase 

N2 (to 25˚C at 
day5) N2 14.5 13.8 13.3 13.9(±0.6)  
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wrm-1 
(ne1982)III (to 
25˚C at day5) 

WM74 15e 14.2e 13.8e 14.3(±0.61) No change 

P-value (Mantel-Cox test): a = p≤0.5; b = p≤0.05; c = p≤0.01;  d = p≤0.001, e = not 
significant. 
 
 
 
 
 
 
Supplemental Table 2: Summary of the fertility assays conducted in this study. 

Genotype: Strain: 
Average 
Brood 
Size: 

Standard 
Deviation: 

% of 
Hatching 

% Change 

Wild type N2 330 ± 39 99%  
mom-2 (or77) EU1424 324 ± 38 99% - 2%c 
Control N2 276 ± 38 99%  
pop-1 (RNAi) N2 221 ± 28 0% - 20%b 
Control N2 301 ± 33 99%  
pop-1 (RNAi) N2 252 ± 42 61% -16 %a 
wrm-1 (RNAi) N2 321 ± 26 99% + 166%c 
sod-3 
pro::GFP 

CF1553 215 ± 49 84%  

sod-3 
pro::GFP; 
wrm-1 
(ne1982) 

YB90 258 ± 36 0% +20 %c 

The total amount of eggs laid is indicated. N = 10 animals per each experiment. P-
values (t-test) a = p≤0.05; b = p≤0.01;  c = not significant. 



 



 

Chapter 4: Molecular aging driven by the canonical Wnt 

signalling pathway: the role of the BAR-1/β-catenin in 
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Summary 

The canonical Wnt/β-catenin pathway is an important developmental pathway 

in all the multicellular organisms and very well conserved in Caenorhabditis elegans. 

The effects of this pathway during development are extensively studied but very little is 

known about its function during adulthood. Here we analyze the effects on the 

longevity of the weak allele bar-1(mu63) mutant and the gain-of-function hsp-

16.2pro::delNTBAR-1 mutant. We provide results that are consistent with a detrimental 

effect of this developmental signalling pathway on the longevity. By analyzing the 

transcriptome changes in the bar-1(mu63) mutant, we found that the Wnt signalling 

components are down-regulated, indicating that the signalling cascade activity is 

diminished in this mutant background. We further characterized the role of the 

canonical Wnt pathway in the age-regulation by comparing the global gene expression 

changes in the bar-1(mu63) mutant to other two Wnt mutants. We provide a set of 

genes that point to a molecular mechanism driven by the canonical Wnt pathway in the 

regulation of the aging process. 
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Introduction 

Several studies have linked the Wnt signalling pathway to aging 
72,73,115,117,126,176,177. Despite the increased knowledge about the functions mediated by 

this developmental pathway during adulthood, it is still unclear whether it mediates 

beneficial or detrimental effects on longevity 126,178. For example, in mice Wnt 

signalling activity has been linked to accelerated aging. Age-dependent increase in Wnt 

activity drives different aspects of the aging process such as the myogenic to fibrogenic 

conversion in skeletal muscle 72,73,117, the decrease in stem cell number and increased 

senescence 73,177. On the other hand, other studies have shown that Wnt mediates 

beneficial effects in mice brain tissue, where it preserves the hippocampal neurogenesis 

counteracting the cognitive decline 115,176. Using the nematode Caenorhabditis elegans, 

we previously reported that down-regulation of its five Wnt ligands can result in both 

extension and shortening of the lifespan 126, underscoring the dual role of the Wnt 

pathway in aging.  

In C. elegans, the canonical Wnt signalling is the most similar to the well-

described Wnt/β-catenin signalling pathway present in vertebrates. In the nematodes it 

utilizes the BAR-1/β-catenin, and its architecture is very well conserved. Similarly as in 

vertebrates, when the signal is absent, the BAR-1/β-catenin is continuously degraded 

after being targeted for proteosomal degradation by the destruction complex. The 

signalling cascade gets activated when a Wnt ligand binds to the Frizzled receptor and 

the LRP co-receptor. The binding results in the inhibition of the destruction complex 

and stabilization of BAR-1/β-catenin in the cytoplasm. Subsequently, BAR-1 migrates 

into the nucleus where it binds to the POP-1/TCF factor bound on the promoter regions, 

and together they activate the transcription of the target genes (Figure 1). 
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Figure 1: Wnt canonical pathway in C. elegans. Schematic representation of the 
canonical Wnt pathway with its major components. See the text for more details. 
 

During C. elegans development, the Wnt pathway participates in many 

biological processes including stem cell function, differentiation and cell migration 
87,179,180. Previous work showed that Wnt signalling regulates the expression of a genetic 

circuit of elt-5, elt-6 and elt-3 GATA transcription factors involved in C. elegans larval 

development83,84,162. Through a systems biology approach, it has been shown that this 

GATA circuit persists past development and that it is functionally relevant in age-

regulation 82. Expression of elt-5 and elt-6 increases in old age, leading to a parallel 

decrease of elt-3 expression, which results in expression changes of many downstream 

target genes. The expression dynamics of elt-5/6/3 is not affected by the damage or 

environmental stress 82,159 thus leaving the possibility that the same regulators acting 

during development, namely Wnt signalling, keep on controlling this circuit during 

aging.  

Although its functions are very well studied during development, very little is 

known about possible functions of Wnt signalling in age-regulation. In this work we 

investigate the role of the Wnt canonical pathway in aging by analyzing the role of 

BAR-1/β-catenin, the central protein of this pathway. We show that BAR-1 regulates 
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elt-5/elt-3 GATA transcription factors past development, possibly indicating a 

developmental drift in the context of this genetic circuit. We analyze the effect of 

several mutations in bar-1/β-catenin and demonstrate a direct link between BAR-1/Wnt 

pathway activity and longevity in C. elegans. Finally, by analyzing the global gene 

expression changes mediated by this β-catenin, we provide sets of genes and pathways 

that may play a relevant role in the age-regulation driven by the canonical Wnt 

signalling pathway.  
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Material and methods 

 

C. elegans strains used in this study 

N2: C. elegans wild isolate 

CF376: bar-1(mu63)X 

KN53: hsp-16.2pro::delNTBAR-1 

EW15: bar-1(ga80)X 

WM74: wrm-1(ne1982)III 

MT5383: lin-44(n1972)I 

 

Analysis of Lifespan  

Lifespan analyses were conducted at 15 or 20°C as previously described 78. At least 100 

worms were used for each experiment. The heat-shock treatment to induce BAR-1 

expression in hsp-16.2pro::delNTBAR-1 mutant was performed on day 1 of adulthood 

as follows: 30 minutes at 33˚C, 2 hours at 20˚C followed by another 30 minutes at 

33˚C. The animals were then shifted back again to 20˚C and kept at this temperature for 

the rest of the assay. Age refers to days in adulthood, 24h past the L4 larval stage. P-

values were calculated using the log-rank (Mantel-Cox) method 133 in Prism 6 software.  

 

RNA extraction and qRT-PCR analysis 

The animals were synchronized by hypochlorite treatment. Worms were harvested on 

day 2 of adulthood and total RNA was extracted using Trizol and Direct-zol RNA 

MiniPrep Kit (Zymo Research, Cat #R2052) according to the manufacturer’s 

instructions. 80 ng of total RNA per reaction were used for the quantitative real-time 

PCR (qRT-PCR) analysis, performed in triplicate with Power SYBR Green RNA-to-Ct 

1-Step Kit (Applied Biosystems, Foster City, CA, USA, Part #4389986), according to 

the manufacturer’s instructions. Vector pD4H1 containing mCherry sequence was used 

to build a standard curve for absolute quantification. The primers used: 

mCherry-Fw AGGGTTTTAAGTGGGAACGC 

mCherry-Rev GCATAACAGGTCCATCC 

elt-5 –Fw CGTTGGTGAGCTGTTGAGAA 

elt-5 – Rev CGTTGGTGAGCTGTTGAGAA 

elt-3 –Fw CATCAGCAAGAAATGCTCCA 
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elt-3 – Rev CGTTGGTGAGCTGTTGAGAA 

 

High-throughput sequencing 

Multiplexed single-end mRNA-seq libraries were sequenced for 50 cycles using 

Illumina HiSeq 2000 according to the manufacturer’s instructions. Sequencing, image 

analysis, base calling and quality scoring were performed with a standard Illumina 

pipeline by the Baseclear B. V. (Leiden, Netherlands). 

 

Processing of mRNA-seq reads and differential expression analysis.  

Reads were aligned to the C. elegans genome with the TopHat (v2.0.4) software 

package 163 using known gene model annotations (WS220). Transcript abundance 

(FPKM, fragments per kilobase of transcript per million fragments) and differential 

expression were calculated using Cuffdiff (v2.0.2) included in the Cufflinks software 

package 163. All conditions/samples were analyzed in biological duplicate or triplicate. 

Statistically significant differentially expressed genes (DEGs) were identified using a 

5% FDR. Differential gene expression values were calculated as the ratio of FPKM 

values. To test for significant overlap between gene lists the hypergeometric test was 

used (phyper R function). Unexpressed genes having a FPKM of 0 in any of the 

samples were removed from analysis. Analysis and visualization of the differential 

expression data were performed with the R software package using cummerbund library 

(version 2.0). 
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Results 

Effect of BAR-1/β-catenin on elt-5/elt-3 GATA transcription circuit 

During embryonic and larval development, the asymmetry Wnt signalling 

pathway is known to drive the expression of the elt-5 GATA transcription factor 83,85. 

We have shown that the expression of elt-5 GATA increases during aging and it drives 

the decrease of elt-3 expression. BAR-1 is the β-catenin functioning in the canonical 

pathway of C. elegans. We hypothesized that canonical Wnt signalling, through BAR-

1/β-catenin, regulates elt-5/elt-3, and possibly others genes past development affecting 

the longevity outcome (Figure 2A). To test this hypothesis, we measured the expression 

of the elt-5 and elt-3 GATA factors in the BAR-1 mutant background. Among the wide 

variety of well characterized bar-1 mutants we found two C. elegans strains carrying a 

bar-1 mutation alone. The first mutation, bar-1(ga80) (strain EW15), is predicted to 

produce a truncated form of the protein at amino acid 97 (the total wild type length is 

811 amino acids). This mutation results in only 40% of the animals being wild type and 

several developmental defects can sometimes be observed in vulval precursor cells, 

neuroblast QL and P12 cell 181,182. In addition, this mutant has been previously reported 

as short-lived, possibly because of its strong loss-of-function resulting phenotype 119. 

The second mutation, bar-1(mu63) (strain CF376), is characterized by a C/T 

substitution at position 39108 183. This mis-sense mutation is predicted to cause a 

G524D mutation that results in a weaker allele of bar-1 147. The bar-1(mu63) animals 

are morphologically wild type, without any visible developmental defects. Moreover, 

compared to other bar-1 mutants, bar-1(mu63) carries no defects in reproductive 

capabilities (data not shown), Therefore we chose this mutant for our analysis. We 

measured by qPCR the expression of the two aforementioned GATA transcription 

factors on day 2, and found that in adulthood the bar-1(mu63) animals show a lower 

level of elt-5 and a parallel increase of the elt-3 expression level (Figure 2B). We 

reasoned that if this regulation depends on the BAR-1 upstream activity, an over-

activation of this β-catenin should display an opposite expression profile. To test this 

idea we used a previously characterized gain-of-function variant of BAR-1 expressed 

from the heat shock promoter (hsp-16.2pro::delNTBAR-1) 184. The BAR-1/β-catenin 

contains in its amino terminal region the regulatory phosphorylation sites recognized by 

GSK3β 185. Deletions of this region generate a truncated version of the protein that is no 

longer degraded in the cytoplasm, and constitutively activates the Wnt-regulated target 
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genes 186. Over-expression of such BAR-1 variant leads to a Wnt gain-of-function 

phenotype in C. elegans, and it also activates the transcription of genes normally 

dependent on SYS-1/POP-1 for full expression 161. We over-expressed BAR-1 on the 

first day of adulthood and analyzed the expression levels approximately 24h later. As 

expected, the over-expression caused an increased in the expression of elt-5. We also 

observed a decrease of elt-3 expression compared to the control animals, although the 

effect did not reach statistical significance. (Figure 2C). A possible explanation to this 

observation is that 24h after the induction of BAR-1 is a sufficient time to score a 

significant effect on elt-5 expression (direct target of Wnt), but not on elt-3 (target of 

elt-5). We did not test other time points, so more work is needed to answer this 

question. To show that this regulation does not depend on the heat shock treatment used 

to induce BAR-1, we exposed the N2 (wild type) animals to the same conditions and 

observed that in the wild type background the heat shock treatment does not cause any 

change in the expression of the two GATA genes (Figure 2D). These results indicate 

that BAR-1/β-catenin affects the elt-5/elt-3 GATA transcription circuit during aging.  

 

 

Figure 2: The elt-5/elt-3 GATA expression level in BAR-1 mutant background. (A) 
Schematic representation of the hypothesis. Wnt canonical pathway through BAR-1/β-
catenin affects the longevity, regulating the elt-5/elt-3 GATA transcriptional circuit and 
other genes. (B) Expression levels of elt-5 and elt-3 in the bar-1(mu63) mutant. (C) 
Expression levels of elt-5 and elt-3 following the over-expression of BAR-1. (D) Heat 
shock treatment in the wild type animals does not affect the expression of either elt-5 or 
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elt-3. All the measurements were carried out on day 2 of adulthood. *= p-value (t-test) 
< 0.05 
 
BAR-1 affects the life span in Caenorhabditis elegans 

Our experiments indicate that the elt-5/elt-3 transcription factors are regulated 

by BAR-1 post developmentally. Our model predicts that decreased Wnt signalling 

would prolong the life span, so we decided to test the longevity of the bar-1(mu63) 

animals. We performed the experiment multiple times at different temperatures and 

found that the bar-1(mu63) mutants live on average 28.5% longer compared to the wild 

type animals (Figure 3A). In addition, we also confirmed the impaired survival of the 

bar-1(ga80) mutant as previously reported (Supplemental Table 1).  

We next analyzed the life span changes in the gain-of-function phenotype. In 

order to do this, we used a heat shock exposure (30 minutes at 33°C) to induce the 

delNTBAR-1 expression on day 1 of adulthood. As, predicted, the exposed worms lived 

significantly shorter than the unexposed (Figure 3B - dashed lines). This can not be 

ascribed to the heat shock treatment since the N2 worms in the same experimental set 

up lived longer (Figure 3B – solid lines). These experiments suggest that bar-1/β-

catenin is one of the important regulators of longevity, and its function is detrimental 

for the worm’s survival. 

 

 

Figure 3: Effect on the life span of BAR-1. (A) The bar-1(mu63) mutants at 20˚C 
lives on average 30% longer than the wild type. p value (Mantel-Cox test) < 0.0001. (B) 
The bar-1 gain-of-function decreases the median lifespan of 23%; p value (Mantel-Cox 
test) < 0.0001. The heat-shock treatment caused an increase in median lifespan of 30% 
in the wild type animals; p value (Mantel-Cox test) < 0.0001. Hs, heat shock. 
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Analysis of gene expression changes in the bar-1(mu63) mutant 

These results indicate that BAR-1 is active past development; it regulates the 

elt-5 and elt-3 GATA transcription factors and it affects the longevity of the nematodes. 

To identify the genes and the biological processes affected by the canonical Wnt 

pathway, we performed a transcriptome analysis of the bar-1(mu63) mutants. We 

analyzed three time points: L2 and L4 larval stages, and day 2 of adulthood; and we 

found 218 differentially expressed genes in L2 (90% up and 10% down-regulated), 

1536 in L4 (51% up and 49% down-regulated), and 286 on day 2 (49% up and 51% 

down-regulated) (Figure 4A-B). We hypothesized that the canonical pathway regulates 

in aging the same genes it regulates during development, so to test this idea we 

compared the three datasets to each other to see whether the differentially expressed 

genes remain the same during these processes. However, we found only 35 genes in 

common, indicating that the targets of the Wnt signalling change over this time frame 

(Figure 4C). These genes are largely uncharacterized transcripts, and together they do 

not regulate a specific pathway (Supplemental Table 2); however, the gene ontology 

analysis revealed that they function in a cluster related to larval development and 

growth.  

 

Figure 4: Transcriptome analysis of the bar-1(mu63) mutant. (A) Volcano plots 
demonstrating the gene expression changes in the bar-1(mu63) mutant, on L2, L4 larval 

0

1

2

3

4

20 10 0 10 20

bar-1(mu63)/wt - L2 larvae bar-1(mu63)/wt - L4 larvae bar-1(mu63)/wt - Day 2 adult

5490
35

39 431

1017

2357

L2 L4

Adulthood

log  (fold change)
2

-l
o

g
  
 (

p
-v

a
lu

e
)

1
0

0

1

2

3

4

20 10 0 10 20
log  (fold change)

2

-l
o

g
  
 (

p
-v

a
lu

e
)

1
0

0

1

2

3

4

20 10 0 10 20
log  (fold change)

2

-l
o

g
  
 (

p
-v

a
lu

e
)

1
0

A

B C
Adulthood L4 L2

ucr-2.3
wago-2
desp-1
sdha-2
immt-2
Y54G11A.3

pgl-1
F13D12.6

R07B7.2

ani-2
ZC434.8

T19H12.2

Y111B2A.3

F13D12.5

T25E4.1

abu-11
Y43F8B.3

R74.2

C18E9.7

F13H8.5

R02F11.1

pqn-74
F46C8.8

C02E7.6

cut-2
F26F12.4

grl-16
hsp-12.2
cdh-5
abu-14
F40E10.5

K04H4.2

rrn-2.1
ZK1193.2

F30H5.3

0 1 2 3 4 5 6 7 8 9 

GO:0040007~growth 

GO:0002119~nematode larval 
development 

GO:0002164~larval development 

GO:0009791~post-embryonic 
development 

D

% of genes in the category 

0.6 

0.8 

0.8 

0.8 

P-value 

0 10-10



Chapter 4 

 102 

stages, and day 2 of adulthood. (B) Venn diagram for the three datasets (C). Heat map 
and (D) Functional annotation analysis of the 35 genes in common. 
 
The bar-1(mu63) mutant results in the decreased activity of the Wnt signalling 

Previous work showed that the short-lived bar-1(ga80) mutant is characterized 

by an increased expression of the other three β-catenins, which might imply a general 

activation of the Wnt pathway 187. According to our model, the life span extension 

observed in the bar-1(mu63) mutant is due to a general decreased Wnt signalling 

activity. We used two approaches to evaluate whether in the bar-1(mu63) mutant during 

aging the Wnt signalling is diminished.  

First, we checked the expression levels of the components involved in the 

signalling cascade in our ‘aging’ dataset. As previously reported for the bar-1(ga80) 

mutant, we also observed an increased expression of the other three β-catenins (wrm-1, 

sys-1 and hmp-2), and one component of the MAP kinase cascade (lit-1). Also one Wnt 

ligand (mom-2) showed an increased expression in the mutant whereas the others were 

down-regulated (lin-44, cwn-1 and cwn-2) or did not show any change in expression 

(egl-20). However, none of the known Wnt targets is differentially expressed in the bar-

1(mu63) mutant, with the exception of ceh-13 which is down-regulated (Supplemental 

Table 3). In addition, we found gsk-3 and kin-19 up-regulated in our dataset. These are 

key components of the destruction complex that targets the β-catenins for proteosomal 

degradation, suggesting a lowered activity of the signalling cascade. We did not find 

any component of the Wnt pathway differentially expressed in the L2 larval stage, and 

only mom-2 (1.9 fold change), cwn-2 (-2.4 fold change) and lrp-1 (-2.4 fold change) in 

the L4 larval stage. 

Second, we performed a functional annotation analysis of the aging dataset and 

looked for the cellular pathways affected. We found that the down-regulated genes in 

the bar-1(mu63) mutant regulate the Wnt and the TGF-β pathways (Figure 5A – bottom 

panel), whereas the up-regulated genes were found enriched, among the others, for the 

Hedgehog pathway (Figure 5A – top panel). This result is opposite to the one observed 

in the bar-1(ga80) mutant, where components of the Wnt pathway were found over-

expressed whereas the Hedgehog components were down-regulated 187. In the 

developmental time points we also found that the fatty acid metabolism is affected in 
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L4 larval stage (p-value 0.04). Altogether, these analysis suggest that in the bar-

1(mu63) mutant the Wnt signalling is reduced. 

We next performed a gene ontology analysis of the dataset to reveal which 

biological processes are affected in the bar-1(mu63) mutant. We identified 30 

biological processes organized in ten functional clusters, with p-value cut off of 0.05 

(Supplemental Table 4). The biological processes affected the most in bar-1(mu63) 

mutant are those related to the cuticle and collagen genes, cell cycle and germline 

function, cellular morphogenesis and regulation of the life span (Figure 5B). 

 

Figure 5: Functional annotation analysis of the bar-1(mu63) mutant on day 2 of 
adulthood. (A) Cellular pathways affected in the bar-1(mu63) mutant by the up-
regulated (top panel) and the down-regulated (bottom panel) genes. (B) Functional 
annotation clustering of the biological processes regulated by the differentially 
expressed genes in the bar-1(mu63) mutant background. See also supplemental table 4. 
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Comparison with other longevity Wnt mutants 

 To identify which biological processes or pathways regulated by the Wnt 

pathway affect the most the life span, we decided to compare the bar-1(mu63) dataset 

with two obtained from other two Wnt mutants: wrm-1(ne1982) and lin-44(n1792). As 

the bar-1(mu63) animals, also these mutants display an altered longevity compared to 

the wild type animals. The WRM-1 protein is the β-catenin participating, together with 

SYS-1/β-catenin, in the Wnt asymmetry pathway. The wrm-1(ne1982) mutant lives on 

average 32% longer, when the β-catenin is inactivated in the early adulthood (see 

chapter 3). To the contrary, the median life span of the lin-44(n1792) animals is on 

average 40% shorter than the control animals (see chapter 2). The gene lin-44 encodes 

one of the five Wnt ligands in C. elegans, and it is associated to the canonical Wnt/β-

catenin pathway. We reasoned that the lists of genes differentially expressed in these 

three mutants should overlap in regulation of some common biological processes 

important for the longevity.  

The comparison between the two long-lived bar-1 and wrm-1 mutants resulted 

in 148 common genes differentially expressed that have a similar expression profile 

(Figure 6A – left panel). The biological processes regulated by these genes are similar 

to those found in the bar-1(mu63) dataset alone, and they include genes regulating the 

life span and the cuticle development (Figure 6A – right panel). When we compared the 

bar-1(m63) dataset to the short-lived lin-44(n1792) we found 135 genes in common. As 

expected, the majority displayed an opposite expression pattern (Figure 6B – left panel). 

Also this dataset was enriched for similar regulated biological processes, but the 

significance cutoff was not reached (p-value > 0.05). However, the fatty acid 

metabolism resulted significantly enriched as pathway regulated by this set of genes 

(Figure 6B – right panel). 
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Figure 6: Common differentially expressed genes in the bar-1(mu63), wrm-
1(ne1982) and lin-44(n1972) mutants. (A) Left panel – Heat map indicating the log2 
fold change of the 148 genes in common in the long-lived Wnt mutants. Right panel - 
biological processes affected by these genes (B) Left panel – Heat map indicating the 
log2 fold change of the 135 genes in common between the bar-1(mu63) and lin-
44(n1972) mutants. Right panel - biological processes affected by these genes 
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Discussion 

In this study we analyzed the impact of the Wnt canonical pathway in aging, 

investigating the effects mediated by BAR-1/β-catenin. We used a weak allele mutant 

of bar-1 and showed that these animals live longer. Conversely, by over-expressing this 

β-catenin on the first day of adulthood, the animals show a decreased life span. In 

addition, we showed that BAR-1 regulates the elt-5/3 GATA transcriptional circuit 

during aging in a similar fashion as WRM-1 does during development. In the bar-

1(mu63) mutant background the expression of the repressor elt-5 diminishes, and elt-3 

is found up-regulated relative to the wild type. This is an expression pattern that was 

previously shown to be associated with increased life span 82,126. These results suggest 

an overall detrimental effect of this pathway in age-regulation.  

In order to dissect the additional molecular mechanisms underlying the 

observed aging phenotype, we analyzed the transcriptome changes driven by the Wnt 

asymmetry signalling cascade using the bar-1(mu63) mutants. The analysis reported 

2865 genes that are differentially expressed during aging, 218 genes and 1537 genes in 

L2 and L4 larval stages respectively. These datasets are enriched for genes that regulate 

many aspects of C. elegans development.  

When we compared the development datasets with the adulthood dataset, we 

found a group of 35 genes in common for which bar-1 switches its function from early 

development to adulthood. Specifically, it acts mainly as an inhibitor during early 

stages of development, and as both an inhibitor and an activator in late development 

and early adulthood (Figure 4). This suggests a qualitative change in the BAR-1 

function, as the animals complete their development and enter into adulthood. These 

changes are similar to the ones we observed in the analysis of the WRM-1 regulated 

genes (see Chapter 3).  

We have reported that the germline plays an important role in both aging 

process and in the Wnt/β-catenin asymmetry signalling pathway activity during early 

adulthood. This relation may be true for the canonical Wnt signalling pathway as well. 

We did not addressed directly this hypothesis in this study, however the germline 

function was found as an enriched biological process regulated in the bar-1(mu63) 

mutant. Therefore is possible that a connection between the germline and the canonical 

Wnt pathway exists. 
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 Having analyzed the global gene expression changes in five different Wnt 

signalling mutants, gave us in the unique possibility to perform multiple comparisons 

among these mutants displaying a different life spans. We compared the gene 

expression changes in the long-lived mutants mom-2(or77), wrm-1(ne1982) and bar-

1(mu63) mutants. We discovered that both the canonical and the Wnt/asymmetry 

signalling pathways regulate the same set of genes that are responsible for the 

epigenetic and metabolic changes that contributes to the aging process. In contrast, lin-

44/Wnt mediated signalling might engage the fatty acid metabolism to slow down the 

aging process and promote the survival. These data also raise the key question whether 

do we have a clear separation between the canonical and the asymmetry Wnt signalling 

cascades during aging. The great overlap between the wrm-1 and bar-1 regulated genes 

indicates that both pathways, although regulating different aspects of development, 

might converge on the same functions during aging. This study provides a basis for 

further detailed investigation into the role that the canonical Wnt signalling governed 

developmental pathway, and its downstream targets, may play in the progression of 

aging. 
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Supporting Information  

 
Supplemental Table 1: Summary of all the life span experiments performed in this 
study 

Mutation: Strain: Median Life Span: 

Average 
Median 
Life Span 
(SDV): 

% Of Life 
Span 
Change: 

N2 (-heat shock) N2 16.4 16.3 17.2 16.6 (±0.49)  
N2 (+heat shock) N2 21.2b 22.7 b 21.1 b 21.7 (±0.9) 23.2 increase 

hsp::delNTbar-1 
(-heat shock) 

KN53 13.3 19.2 19.1 17.2 (±3.4)  

hsp::delNTbar-1 
(+heat shock) 

KN53 8.7 d 9.9 d 11.1 d 9.9 (±1.2) 42.4 
decrease 

N2 N2 13.9 15.4 17 15.1 (±1.66) 
 

bar-1(mu63)X CF376 19d 17.1c 22e 19.4 (±2.47) 28.5 increase 

bar-1(ga80)X EW15 11.5a 12.3c 
 

12.4 (±1.27) 17.9 
decrease 

a -  p≤0.5; b - p≤0.05;  c - p≤0.01;  d - p≤0.001, e – p≤0.0001. 
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Supplemental Table 2: List of the common differentially expressed genes in the 
three bar-1(mu63) mutant datasets 
 
Gene/ 
Sequence ID L2 L4 Day 2 Description 

abu-11 3.1 -2.3 -3.4 

Transmembrane proteinabu-
11expression is induced by 
blockage of the unfolded-protein 
response in the endoplasmic 
reticulum, and ABU-11 may 
help protect the organism from 
damage by improperly folded 
nascent protein. 

abu-14 4.8 1.6 -4.5 
Predicted to contain a 
glutamine/asparagine (Q/N)-rich 
('prion') domain. 

 
 4.1 1.8 1.3 

One of three C. elegans anillins; 
ANI-2 activity is required in the 
syncytial gonad for proper gonad 
structure and oocyte formation. 

cdh5 2.1 1.8 -2.1 A homolog of cadherin. 

cut-2 2.0 1.5 -4.3 

Secreted protein, which is a 
component of cuticlin, the 
insoluble residue of nematode 
cuticles. 

deps-1 4.0 -1.5 0.9 P-granule-associated protein 
required for germline RNAi. 

grl-16 2.2 1.1 -3.7 Encodes, by alternative splicing, 
two hedgehog-like proteins. 

hsp-12.2 2.5 2.2 -2.3 

A small heat-shock protein that 
forms heterotetramers with HSP-
12.3 and has no chaperone-like 
activity. 

immt-2 3.2 -4.4 0.8 

Ortholog of human IMMT (inner 
membrane protein, 
mitochondrial); immt-2 is 
involved in response to reactive 
oxygen species, cristae formation 
and mitochondrion 
morphogenesis; immt-2 is 
localized to the mitochondrial 
proton-transporting ATP 
synthase complex. 

pgl-1 5.1 1.8 1.3 
Predicted RNA-binding protein 
that contains a number of C-
terminal RGG box motifs. 

pqn-74 3.2 -5.4 -3.7 Protein with two chitin-binding 
peritrophin-A domains, 
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separated by a 
glutamine/asparagine (Q/N)-rich 
('prion') domain. 

rrn-2.1 -2.0 2.7 2.8 

Encodes a 5.8s ribosomal RNA 
(rRNA), a non-coding 
component of the large 
ribosomal subunit.  

sdha-2 1.6 -0.9 0.7 

One of two C. elegans 
flavoprotein subunits of the 
mitochondrial succinate 
dehydrogenase complex 
(Complex II). 

ucr-2.3 3.4 -1.2 0.8 
An ubiquinol-cytochrome C 
reductase complex core protein 2 
ortholog. 

wago-2 3.0 -1.5 0.6 
Ortholog of human AGO1/2/3/4 
(argonaute RISC catalytic 
component 1/2/3/4). 

R02F11.1 3.3 -1.7 -5.9  
T19H12.2 2.8 1.6 0.7  
Y54G11A.3 2.5 -4.6 0.8  
C02E7.6 1.7 0.9 -4.7  
C18E9.7 2.8 -1.7 -2.1  
F13D12.5 2.0 2.1 0.8  
F13D12.6 4.4 1.5 2.0  
F13H8.5 2.2 -2.4 -2.1  
F26F12.4 2.6 1.3 -3.6  
F30H5.3 6.2 8.5 -5.2  
F40E10.5 5.3 1.5 -3.7  
F46C8.8 1.5 1.1 -4.3  
K04H4.2 5.5 1.6 -5.2  
R07B7.2 3.8 2.3 0.8  
R74.2 2.3 -2.0 -3.3  
T25E4.1 3.2 -1.5 -3.2  
Y111B2A.3 2.6 2.1 1.3  
Y43F8B.3 2.4 -1.8 -3.6  
ZC434.8 2.9 2.0 0.7  
ZK1193.2 2.9 -8.7 1.5   
List of the 35 genes in common in the three bar-1(mu63) mutant datasets. The L2, L4 
and Day 2 columns indicate the log2 fold change observed in the mutant. The last 
column retrieves the WormBase description, when available. 
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Supplemental Table 3: Expression changes of the Wnt components in the bar-
1(mu63) mutant 
 

Pathway component C. elegans gene Function Log2 Fold change 

Wnt ligand 

mom-2 

Signalling ligand 

1.1 
lin-44 -2.5 
cwn-1 -1.8 
cwn-2 -2.6 
egl-20* nc 

Frizzled receptor 

mom-5* 

Receptor 

1.0 
cfz-2 -2.2 
mig-1 nc 
lin-17* nc 
lin-18  nc 

LRP/Arrow lrp-1 Co-receptor -0.9 
lrp-1 nc 

Dishevelled-family  
mig-5 * 

Adaptor protein 
0.8 

dsh-2 * 0.7 
dsh-1 nc 

Destruction  
complex 

gsk-3 
Post-translational  
degradation of  
β-catenin 

1.8 
kin-19 1.8 
apr-1 nc 
axl-1 nc 
pry-1 nc 

β-catenin 

sys-1 *  Transcriptional  
co-activator/TCF  
nuclear export 

0.9 
hmp-2 0.8 
wrm-1 * 0.7 
bar-1 nc 

MAP kinase 
lit-1 * TCF nuclear export 1.3 

mom-4 lit-1/wrm-1 activator nc 
TCF/LEF-1 pop-1 DNA binding protein nc 

Known target genes 

ceh-13 

Transcription factor 

-1.6 
ceh-10* nc 
ceh-22* nc 
egl-5 nc 
egl-18* nc 
end-1*  nc 
end-3* nc 
elt-6* nc 
lin-39 nc 
mab-5 nc 
psa-3 nc 

List of the known Wnt pathway genes and their expression change observed in the bar-
1(mu63) mutant on day 2 of adulthood. * = genes associated with the Wnt/β-catenin 
asymmetry pathway; nc = no change. 
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Supplemental Table 4: Functional annotation clustering analysis of the 
differentially expressed genes in the bar-1(mu63)  during aging 
 
Annotation Cluster 1 - Enrichment Score: 5.0 
Term N of genes % P-Value 
GO:0018988~molting cycle, protein-based 
cuticle 71 2.64 0.00 

GO:0018996~molting cycle, collagen and 
cuticulin-based cuticle 71 2.64 0.00 

GO:0042303~molting cycle 71 2.64 0.00 
Annotation Cluster 2 - Enrichment Score: 3.9 
Term N of genes % P-Value 
GO:0051729~germline cell cycle switching, 
mitotic to meiotic cell cycle 14 0.52 0.00 

GO:0060184~cell cycle switching 14 0.52 0.00 
GO:0051728~cell cycle switching, mitotic to 
meiotic cell cycle 14 0.52 0.00 

Annotation Cluster 3 - Enrichment Score: 2.5 
Term N of genes % P-Value 
GO:0007409~axonogenesis 16 0.60 0.00 
GO:0048667~cell morphogenesis involved in 
neuron differentiation 16 0.60 0.00 

GO:0000904~cell morphogenesis involved in 
differentiation 16 0.60 0.00 

Annotation Cluster 4 - Enrichment Score: 2.5 
Term N of genes % P-Value 
GO:0010259~multicellular organismal aging 60 2.23 0.00 
GO:0008340~determination of adult life span 60 2.23 0.00 
GO:0007568~aging 60 2.23 0.00 
Annotation Cluster 5 - Enrichment Score: 1.9 
Term N of genes % P-Value 
GO:0051170~nuclear import 6 0.22 0.01 
GO:0006606~protein import into nucleus 6 0.22 0.01 
GO:0034504~protein localization in nucleus 6 0.22 0.02 
Annotation Cluster 6 - Enrichment Score: 1.9 
Term N of genes % P-Value 
GO:0019941~modification-dependent protein 
catabolic process 38 1.41 0.01 

GO:0043632~modification-dependent 
macromolecule catabolic process 38 1.41 0.01 

GO:0051603~proteolysis involved in cellular 
protein catabolic process 38 1.41 0.02 
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Annotation Cluster 7 - Enrichment Score: 1.9 
Term N of genes % P-Value 
GO:0032318~regulation of Ras GTPase 
activity 12 0.45 0.00 

GO:0043087~regulation of GTPase activity 12 0.45 0.02 
GO:0051336~regulation of hydrolase activity 12 0.45 0.03 
Annotation Cluster 8 - Enrichment Score: 1.6 
Term N of genes % P-Value 
GO:0008406~gonad development 26 0.97 0.02 
GO:0048608~reproductive structure 
development 26 0.97 0.02 

GO:0045137~development of primary sexual 
characteristics 26 0.97 0.04 

Annotation Cluster 9 - Enrichment Score: 1.6 
Term N of genes % P-Value 
GO:0035194~posttranscriptional gene 
silencing by RNA 10 0.37 0.02 

GO:0031047~gene silencing by RNA 10 0.37 0.02 
GO:0016441~posttranscriptional gene 
silencing 10 0.37 0.02 

Annotation Cluster 10 - Enrichment Score: 1.4  
Term N of genes % P-Value 
GO:0006334~nucleosome assembly 11 0.41 0.04 
GO:0034728~nucleosome organization 11 0.41 0.04 
GO:0031497~chromatin assembly 11 0.41 0.04 
Biological processes clusters enrichment analysis  
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Summary 

In nematodes, genome-wide RNAi-screening has been widely used as a rapid and 

efficient method to identify genes involved in the aging processes. By far the easiest 

way of inducing RNA interference (RNAi) in Caenorhabditis elegans is by feeding 

Escherichia coli that expresses specific double stranded RNA (dsRNA) to knockdown 

translation of targeted mRNAs. However, it has been shown that E. coli is mildly 

pathogenic to C. elegans and this pathogenicity might influence aging and the accuracy 

of the RNAi-screening during aging may as well be affected. Here, we describe a novel 

system that utilizes the non-pathogenic bacterium Bacillus subtilis, to express dsRNA 

and therefore eliminates the effects of bacterial pathogenicity from the genetic analysis 

of aging. 
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Introduction 

Aging is a fundamental event in all animals and is a major risk factor for most 

diseases. Several model organisms are currently being used to study the aging process 

including yeast, fruit flies, nematodes, and mice 40. Of these, the nematode C. elegans is 

one of the most attractive organisms to study longevity. C. elegans normally has a 

relatively short lifespan of two weeks, enabling one to rapidly assess the effects of 

different mutations or treatments on the life expectancy. There is no somatic cell 

division in adult worms and a cell that is inadvertently lost is not replaced by a new cell 

division. Therefore, aging in C. elegans is entirely post-mitotic, reflecting the gradual 

loss of function in somatic cells as they grow old 46.  

We know very little about how worms grow old and why they die in old age it 

is therefore important to understand C. elegans aging at the molecular level. The vast 

majority of aging research in C. elegans is based on finding and characterizing 

conditions or mutations that affect longevity. The RNAi technology is widely used to 

identify many aging related mutations on a genome wide scale. During RNAi, double-

stranded RNA is introduced into C. elegans hermaphrodites leading to the rapid and 

sequence-specific degradation of the targeted endogenous mRNA of corresponding 

sequence 129. This technique has become an extremely important tool for studying gene 

function in vivo. Initial studies with RNAi showed that injection of dsRNA in any part 

of the animal resulted in a robust RNAi effect in all tissues, implying that interference 

can cross over cellular boundaries. Later studies demonstrated that in addition to 

injections, RNAi can be performed by soaking worms in a solution of dsRNA, or by 

feeding RNAse III-deficient bacteria expressing dsRNA to C. elegans 128,129,188. All 

three methods (injection, soaking, and feeding) can be effectively used in large-scale 

genome-wide studies. However, because feeding RNAi to the worms is far less labor-

intensive and considerably less expensive, performing RNAi by feeding has become the 

preferred method for conducting genome-wide RNAi screens in aging studies. To date, 

scientists have identified approximately 300 C. elegans mutants that show either 

extended or shortened lifespan 189. However, in any organism, including C. elegans, 

genetics is not the only factor influencing longevity. A great volume of recent data 

points towards the importance of the environment and diet in age-regulation. 

Historically, C. elegans has been grown on the E. coli OP50 strain, which is an 

uracil auxotroph derivative of E. coli 132. Although this strain has been widely used by 
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C. elegans researchers since the 1970s, it remains poorly characterized. OP50 is 

considered to be non-pathogenic, however there is evidence of OP50 colonization and 

blockage of the worm intestine during old age which consequently triggers disruption of 

the intestinal lumen and eventually the entry of bacteria into adjacent tissues 50,51,190. 

Therefore, we argue that E. coli might not be the best food source for C. elegans, 

especially in aging studies. A key question herein is: how closely does a laboratory diet 

of E. coli resemble the natural diet of nematodes.  

In nature, C. elegans lives predominantly on decomposing plant material 

where it encounters a wide variety of different microbes, such as Bacilli (B. subtilis and 

related bacteria), Staphylococci, Streptomyces, Micrococcus luteus, Bacillus 

megaterium, Comamonas and many Pseudomonas species 191–193. Interestingly, Ausubel 

and colleagues have found that the C. elegans lifespan is strongly affected by bacterial 

pathogens; worms live almost 50% longer when they are grown on a more “natural” 

food sources, such as B. subtilis, than when grown on E. coli 130. However, it is not 

known whether B. subtilis has any pathogenic property in C. elegans. It is also 

unknown whether pathogenicity in general is a part of the natural aging process, as it is 

not known if its magnitude changes over time as the organism ages. It could be that 

bacteria secrete pathogenic toxins in young adults and that pathogenic damage 

occurring early on in life limits total lifespan or produces a mild hormesis effect that 

extends longevity. In this case, bacterial pathogenicity could play a role in limiting or 

extending lifespan, but it would not be part of the aging process per se. With this line of 

reasoning the following critical question arises: How do we distinguish the genetic 

mutations that extend the lifespan through up-regulation of immune response, 

conferring to the organism an advantage against pathogens, from those that regulate 

longevity by other means unrelated to pathogenicity and the immune response?  

We made a first attempt to answer this question by developing a new tool that 

allows us to use B. subtilis as a food source and as a shuttle organism to express dsRNA 

for use in RNAi experiments. Here, we demonstrate that this system works as robustly 

as E. coli mediated RNAi, and could be easily adapted for genome-wide applications. 
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Materials and methods 

 

Bacterial strains, genotypes, and growth conditions 

The bacterial strain MC1061 (F- Δ(ara-leu)7697 [araD139]B/r Δ(codB-lacI)3 galK16 

galE15 λ- e14- mcrA0 relA1 rpsL150(strR) spoT1 mcrB1 hsdR2(r-m+)) 194 was provided 

by S. Brul (MBMFS, University of Amsterdam, Netherlands). The DE3 (H115) strain 

(F- mcrA mcrB IN(rrnD-rrnE)1 λ- rnc14::Tn10) 188 was obtained from Caenorhabditis 

Genetic Center (CGC, University of Minnesota, Minneapolis, MN, USA). The B. 

subtilis strain, BG322 (ΔrncS SpR) was obtained from D. Bechhofer (Mount Sinai 

School of Medicine of New York University, New York, NY, USA). This strain carries 

spontaneous background mutations that suppress rncS null lethality 195. 

Plasmids were prepared in the E. coli MC1061 strain. Luria-Bertani (LB) medium was 

used for cultures of B. subtilis and E. coli 196. Antibiotics were used at the following 

concentrations: 5 µg/ml of kanamycin for B. subtilis, and 50 µg/ml of kanamycin or 100 

µg/ml of ampicillin for E. coli. 

 

Plasmid construction 

The 1200 bp fragment containing two Pspac promoter sequences, flanking each side of 

the 580 bp spacer (random DNA sequence), was synthesized de novo by BaseClear BV 

(Leiden, Netherlands) and subcloned into the pUC57 vector to generate the pYB292 

vector. A BlpI-BsiWI fragment of the Pspac driven rodZ gene in the pDG148-rodZ 

vector was replaced by the BlpI-BsiWI fragment containing the Pspac –spacer- Pspac 

to generate the pYB296 feeding vector as a basis for cloning DNA fragments from 

genes of interest. Briefly, the 580 bp spacer can be removed by HindIII digestion and 

replaced by a gene-specific DNA fragment. The dsRNA can be produced in bacteria by 

transcription with RNA polymerase. pYB296 also contains a lacI repressor to ensure 

suppression of dsRNA expression in the absence of iso- propyl-b-D-

thiogalactopyranoside (IPTG), and provides resistance against ampicillin and 

kanamycin (Figure 1). 

The GFP gene fragment was isolated after PCR amplification with genomic DNA from 

the SD1084 C. elegans strain, using primers 5’ 

GGGAAGCTTGATATCGGAGAAGAACTTTTCACTGGA 3’ and 5’ 

CCCAAGCTTGATATCGGTTGTCTGGTAAAAGGACAGGGCC 3’ carrying a 
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HindIII restriction sites (underlined italics). The PCR product was cloned into the 

HindIII site of the pYB296 vector replacing the spacer with the 750bp GFP DNA 

sequence to generate the pYB298 vector. Plasmids were transformed into either the E. 

coli H115 (DE3) or the B. subtilis BG322 RNase-III-deficient strains, in which RNA 

polymerase can be induced by addition of IPTG to a final concentration 1 mM. The 

sequence of the final plasmid was verified by sequencing.  

 

Preparation and use of chemically competent cells 

Efficient chemically competent H115 (DE3) and MC1061 E. coli bacteria were 

prepared and used as described in 197. 

Chemically competent BG322 B. subtilis bacteria were prepared as follows: one colony 

from LB plates was incubated overnight at 37˚C, 250 rpm. The coming day, 1 ml 

culture was added to 10 ml GCHE medium and incubated for 3 hours at 37˚C, 250 rpm. 

Next, 11 ml of pre-warmed GE medium were added and continued the incubation for 

other 2 hours. Competent cells so prepared were then immediately used or stored at - 

80˚C for later use. 

Transformation Procedure.  

100 ml of freshly made (or thawed in ice) competent cells were mixed with up to 10 ml 

(0.7-1.5 mg) of plasmid. Cells were incubated for 30 minutes at 37˚C, 250 rpm. 300 ml 

of pre-warmed LB medium were added and kept the incubation at 37˚C, 250 rpm for 

other 45 minutes. The cells were then plated on LB plates containing 5 mg/ml 

kanamycin and put at 37˚C overnight. 

 

C. elegans strains and growth conditions 

C. elegans strains were maintained and handled as described previously 132. The strains 

used in this study are: N2 (wild type C. elegans strain from Bristol); SD1084 (gaIs148 

[ges-1p::FLAG::pab-1 + sur-5::GFP]); CF1553 (muIs84 [(pAD76) sod-3p::GFP + rol-

6]) and TJ356 (zIs356 [daf-16p::daf-16a/b::GFP + rol-6]) 

 

Analysis of Lifespan in C. elegans 

Lifespan analyses were conducted at 15°C or 20°C as previously described 78. Briefly, 

worms were synchronized by hypochlorite treatment. At least 70 N2 worms were 

grown on E. coli OP50 from L1 until the L4 stage and then transferred, as one-day-old 
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young adults, onto FUdR-NGM plates freshly seeded with different bacterial strains. 

The population was checked for dead worms approximately every other day during 

adulthood and p-values were calculated using the log-rank (Mantel-Cox) method 133 in 

Prism 6; GraphPad software. 

 

RNA-interference (RNAi) experiments 

DE3 or BG322 bacteria transformed with RNAi vectors expressing dsRNA of the genes 

of interest were grown at 37°°C in LB with either 100 µg/ml ampicillin for E. coli, or 5 

µg/ml kanamycin for B. subtilis, then seeded onto NGM-ampicillin/kanamycin plates 

supplemented with 2 mM IPTG. One-day-old young adult worms were added to the 

plates and GFP fluorescence was measured 24 or 48 hours later.  

 

RNA extraction and qRT-PCR analysis 

The animals were synchronized by hypochlorite treatment. The animals were exposed 

to RNAi treatment (control/gfp RNAi; E. coli/B. subtilis) for 2 days at 20°C until 

L4/young adult stage. Worms were harvested and total RNA was extracted using Trizol 

and Direct-zol RNA MiniPrep Kit (Zymo Research, Cat #R2052) according to the 

manufacturer’s instructions. 80 ng of total RNA per reaction were used for quantitative 

real-time PCR (qRT-PCR) analysis, performed in triplicate with Power SYBR Green 

RNA-to-Ct 1-Step Kit (Applied Biosystems, Foster City, CA, USA, Part #4389986), 

according to the manufacturer’s instructions. Vector pD4H1 containing mCherry 

sequence was used to build a standard curve for absolute quantification. The relative 

fold change of daf-2 and glp-1 mRNA expression was normalized to tba-1 level of 

expression. The primers used: 

mCherry-Fw AGGGTTTTAAGTGGGAACGC 

mCherry-Rev GCATAACAGGTCCATCCGAG 

GFP Fw GGAGAAGAACTTTTCACTGGA 

GFP Rev CCGAACTGTTTAAACTTACGT 

daf-2 Fw CTGGTCAGAGAATGGTCAACTG 

daf-2 Rev CACGTAGATGCGGAAAAGTG 

glp-1 Fw GGCTATGGAGGTCCTGACTG 

glp-1 Rev TTCTGCGCATTCATTTTGAG 

unc-62 FW GGAGTCTATTTATGCCCATCC A 
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unc-62 Rev CAAATTCGTTGAGATCATCTTTG 

tba-1 Fw TCAACACTGCCATCGCCGCC 

tba-1 Rev TCCAAGCGAGACCAGGCTTCAG 

 

RNAi-induced phenotypes assays 

unc-62 RNAi  198: L4 animals fed with control or unc-62(RNAi) were allowed to lay 

eggs for 24h at 20°C. Next day parents were removed and the plates left for another day 

at 20°C. Embryonic lethality was scored by counting unhatched embryos. To check 

larval lethality, surviving larvae were followed until they died (larval lethal phenotype), 

or became fertile adults (no effect). 

daf-2 RNAi 169: fertile animals were allowed to lay eggs at 20°C and then the plates 

were shifted at 27°C. The dauer phenotype was scored 48h later, by treating the animals 

with a 1% SDS solution for 15–20 minutes and counting the survived animals as dauer 

larvae. 

glp-1 RNAi  199:L4 animals were allowed to lay eggs for 24h at 20°C and number of 

progeny at day one was counted. 

 

Imaging 

Images of 20-25 live animals anesthetized with 1 mM levamisole, were captured using 

the Zeiss Axiovert 40CFL microscope equipped with an Axiovert digital camera, and 

analyzed using ImageJ software. Representative images were assembled using Adobe 

Illustrator. 
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Results and discussion 

Bacillus subtilis strain selection and construction of the RNAi vector. 

Performing RNAi by feeding requires cloning a DNA fragment corresponding 

to the gene of interest into a vector for dsRNA expression under an inducible promoter. 

This vector could then be transformed into an RNase III-deficient strain of B. subtilis 

where expression of dsRNA can be induced. It has been shown that RNase III 

deficiency significantly improves the efficiency of RNAi by feeding, likely because the 

dsRNA fragments produced are more stable in the bacteria 200. We started by putting 

together these two important components for RNAi in B. subtilis. 

The first step in developing a B. subtilis strain that is useable for RNAi was to 

ensure that a vector and eventual dsRNA could be expressed without perturbing host 

strain viability. B. subtilis contains the rncS gene, which encodes the sole 

endoribonuclease that specifically cleaves dsRNA. This is an essential gene and DrncS 

strains are not non-viable. Fortunately, a few years ago, the D. Bechhofer’s group was 

able to isolate a rare rncS null strain (BG322) that carries spontaneous background 

mutations which suppress rncS null lethality but not the RNase III processing defects of 

rRNAs or prescRNAs 195. We wanted to check whether this spontaneous mutation (or 

the lack of the RNase III gene) does not introduce a potential toxic effect that would 

affect worm’s lifespan. In this case worms grown on the BG322 strain should live as 

long as, or at least similarly to, the ones grown on wild type PY79 B. subtilis bacteria 

previously used in longevity studies 167. We performed a lifespan analysis of the wild 

type C. elegans strain, N2, on the traditional E. coli strains, OP50 and the strain for 

RNAi analysis (H115 (DE3)), and on the B. subtilis strains, wild type (PY79) and 

BG322. Our results show that worms grown on B. subtilis live, on average, 50% longer 

than on E. coli (Figure 1). Both the worms fed on the E. coli and B. subtilis RNAi 

strains live slightly shorter than over their wild type counter parts, suggesting that the 

mutation in the RNase III gene might affect bacterial physiology and, as a consequence, 

C. elegans lifespan. However, this effect is very small compared to the effect that both 

B. subtilis strains have on overall longevity. In addition we perform a wide variety of 

food switching experiments, and found that as soon as C. elegans grow on non-

pathogenic bacteria in adulthood (post-development), they would live longer 

(Supplemental Figure 1 and Supplemental Table 1). Worms grown on E. coli from L1 

to adulthood before being transferred to B. subtilis live as long as worms that lived on 
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B. subtilis from L1 larvae stage. It implies that developing worms either are not affected 

by pathogenicity of E. coli, or manage to efficiently fight the infection 

 

 

Figure 1: Effects of various E. coli and B. subtilis strains on longevity. (A) Worms 
fed on wild type B. subtilis strain (PY79) live 65% longer compared to wild type, 
standard laboratory food E. coli strain (OP50). (B) Worms fed on RNase III-
null B.subtilis (BG322) strain live 55% longer compared to DE3, E. coli strain used for 
expressing stable dsRNA for RNA interference. Median survival on: OP50 = 21 days, 
PY79 = 35 days DE3 = 18 days, BG322 = 28 days. Age refers to days of adulthood. 
Three biological replicates were observed for each experiment (n = 70–80 worms per 
experiment); error bars indicate Standard Error. In both graphs p < 0.0001. 
 

Second, we designed a vector, pBSR (Bacillus subtilis RNAi), for bidirectional 

transcription of the desired dsRNAs. This vector has the following properties: (i) It 

carries two origins of replication and two selection markers: the ColE1 replication 

sequence and a b-lactamase gene (AmpR) for amplification and selection in E. coli; the 

pUB110 origin and kanamycin resistance gene, for amplification and selection in B. 

subtilis 201. (ii) The vector has two bidirectional isopropyl-β-D-thiogalactopyranoside 

(IPTG)-inducible Pspac promoters. The Pspac promoter is a hybrid of the phage SPO1 

promoter and one of the three lac operators, designated “O1” 202,203. Separating these 

two promoters there is a 500 bp spacer, which is flanked by a HindIII and a SalI 

restriction sites to facilitate the cloning steps. (iii) The vector carries the lacI gene, 

encoding the E. coli under control of the penicillinase promoter (Ppen) of Bacillus 

licheniformis that prompts lacI to be constitutively expressed in B. subtilis 202. The 

Pspac promoter is repressed by lacI and consequently can only be induced when IPTG 

is present 202 (Figure 2A).  

 

B. subtilis-induced RNAi is effective in inhibiting a GFP transgene. 
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Next, we evaluated the effectiveness of dsRNA expressed from the pBSR 

vector to interfere with green fluorescent protein  (gfp) transgene expression. For these 

experiments, we used two GFP-expressing strains: the SD1084, expressing the nuclear 

localized sur-5::GFP translational fusion, and the TJ356 strain, expressing the 

predominantly cytoplasmic daf-16::GFP translational fusion. The sur-5 gene encodes a 

protein with a high similarity to the Homo sapiens Acetoacetyl-coenzyme A synthetase, 

and it is broadly expressed in C. elegans 204. daf-16 encodes the sole C. elegans 

forkhead box O (FOXO) homologue that acts in the insulin/IGF-1-mediated signalling 

(IIS) pathway which regulates development, dauer formation, longevity, fat 

metabolism, stress response, and innate immunity 205. When these animals expressing 

the GFP transgene were fed B. subtilis bacteria expressing dsRNA corresponding to the 

GFP reporter gfp reporters 129,206, a decrease in GFP fluorescence was observed in about 

90% of the worms in the population (Figure 2B and C and Supplemental figure 2A). 

GFP expression levels were reduced to 3% of the original expression level in the DAF-

16::GFP worms, and were lowered almost 6 times in SUR-5::GFP animals. As on E. 

coli, B. subtilis expressing dsRNA was not able to affect neuronal GFP expression 

(Figure 2). These results suggest that dsRNA against GFP is produced by B. subtilis and 

is capable of an effective gene-specific knock-down of GFP expression in C. elegans 

upon ingestion. 

 

 

Figure 2: Genetic interference following ingestion of anti-GFP dsRNA-
expressing B.subtilis by C. elegans. (A) Physical map of the pBSR vector. The DNA 
sequence corresponding to dsRNA of interest was cloned between flanking copies of 
the Pspac promoter to replace the spacer. B. subtilis strain BG322 was used as a host. 
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GFP-expressing C. elegans strains TJ356 (B) and SD1084 (C) were fed on BG322 
strains transformed with original pBSR vector and on bacteria expressing dsRNA 
corresponding to the gfp coding region. Under these conditions, 95% of the animals 
showed dramatic decrease in GFP expression after 24 hours of feeding. (D) DAF-
16::GFP and SUR-5::GFP expression is significantly decreased in the GFP (RNAi) 
treated animals. RNAi was induced starting at L4 larvae stage by feeding 
worms B. subtilis bacteria expressing dsRNA against GFP. GFP expression was 
measured at day 2 of adulthood. The y-axis denotes GFP expression (arbitrary units). 
Average expression and Standard Error from 20 animals are shown. *-p-value < 0.001 
(t-test p-values). Scale bar = 100 µm. 
 

Effect of B. subtilis induced RNAi against known regulators of longevity on DAF-16 

nuclear localization.  

To further validate the effectiveness of B. subtilis induced RNAi, we created 

plasmids designed to produce dsRNAs corresponding to three endogenous C. elegans 

genes that were found to be involved in the modulation of longevity. Our first choice 

was the daf-2 gene, which encodes the insulin/IGF-1 signalling (IIS) receptor ortholog 

in C. elegans. Mutant worms with a defective daf-2 function have been shown to live 

twice as long when compared to wild type animals 78 and this phenotype largely 

depends on the function of the daf-16/FOXO transcription factor: loss-of-function 

mutations in daf-16 suppress the longevity phenotype of daf-2 mutants, showing that 

daf-2 acts upstream of the daf-16 FOXO transcription factor repressing its activity 207. 

The second gene chosen was glp-1 which encodes a Notch family receptor, essential for 

germline development and longevity 169. RNAi inactivation of the glp-1 gene leads to a 

significant lifespan extension, and also this effect is dependent on the daf-16/FOXO 

transcription factor 3. Finally, we chose the unc-62 gene. unc-62 is an important 

developmental regulator, and an ortholog of the Drosophila Homothorax gene. unc-62 

directly binds to the promoter of many age-regulated genes and in this way modulates 

lifespan 208. Although unc-62 is expressed in diverse tissues, its functions in the 

intestine play a particularly important role in modulating lifespan, as an intestine-

specific knockdown of unc-62 by RNAi increases lifespan by 30% when compared to 

wild type worms. Even in this case, it has been shown that unc-62 (RNAi) leads to an 

activation of daf-16, which is required for the extended lifespan in the treated worms 
208. 
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Although all of these three genes play a different role in the worm physiology, 

and are expressed in different tissues, mutation analysis of each of these showed a 

significant lifespan extension when worms are grown on E. coli; and the long life of 

these mutants depends on the activity of daf-16/FOXO transcription factor. Therefore, 

we set out to test whether dsRNAs corresponding to each of these genes expressed in B. 

subtilis can influence daf-16 and hence C. elegans lifespan. 

Fragments corresponding to daf-2, glp-1, or unc-62 were cloned into the pBSR 

vector (see materials and methods). Clones that tested positive by PCR analysis and 

restriction digestion were transformed into the B. subtilis BG322 strain for further 

analysis. The efficiency of RNAi-mediated down-regulation of these genes was tested 

by qRT-PCR and by scoring previously described phenotypes. First, the daf-2 (RNAi) 

and glp-1 (RNAi) treatments in wild type worms lead to approximately 20 to 40% 

decrease in the corresponding mRNA levels (Supplemental Figure 2B). The daf-2 

(RNAi) and glp-1 (RNAi) treatments in RNAi-sensitive (NL2099) worms lead to 

approximately 40 to 50% decrease in the corresponding mRNA levels (data not shown). 

Unfortunately we were unable to detect a significant reduction in unc-62 level of 

expression. Second, we were able to score several known phenotypic effects on the 

treated animals (Supplemental Figure 2C) 81,198,199. For example, similar to E. coli 

treatments, daf-2 (RNAi) treatment using B. subtilis in combination with increased 

temperature (27° C) forces wild-type worms to enter into the dauer stage and the glp-1 

(RNAi) treatment caused mild sterility, whereas the unc-62 (RNAi) treatment led to 

embryonic and larval lethal phenotypes. Furthermore, these effects proved to be more 

prominent when the assays were carried out using the NL2099 strain. 

To test the effectiveness of dsRNA against daf-2, glp-1, and unc-62 in 

regulation of daf-16 localization, we used the reporter strain TJ356, a daf-16::GFP 

translational fusion strain. When IIS pathway is active, DAF-16 is inactive and 

sequestered in the cytoplasm. However, upon inactivation of insulin signalling, DAF-16 

becomes active and translocates in the nucleus. Multiple publications have shown that 

when worms are fed on E. coli, a down-regulation of daf-2 or glp-1 leads to DAF-

16/FOXO nuclear translocation in various tissues, including intestine and skin cells 

(Figure 3A and 3B and 3,208,209). Interestingly, 90% of worms grown on the daf-2 

(RNAi) B. subtilis or 83% of worms grown on the glp-1 (RNAi) B. subtilis exhibited 

DAF-16 nuclear localization, but mainly in cells located in the head region (Figure 3C-
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E and Supplemental Figure 2D). In contrast, 95.5% of worms grown on the daf-2 

(RNAi) E. coli exhibit strong nuclear localization in the head and intestinal cells. When 

the worms were grown on B. subtilis unc-62 (RNAi), we could not see any DAF-16 

nuclear localization, neither in the head, nor in the intestine region (Figure 3F and 

Supplemental Figure 2D). One possible explanation for this difference can be that the 

dsRNA is not optimally ingested by C. elegans grown on B. subtilis dsRNA expressing 

cells because the worm cannot efficiently grind and digest the B. subtilis vegetative 

cells due to the thick cell wall. Alternatively, the B. subtilis strain we used might form 

spores in our experimental conditions, preventing the worms from digesting these 210.  

The first possibility, that C. elegans cannot digest B. subtilis vegetative cells, 

can be discarded because RNAi against GFP works very well in most C. elegans cells 

when B. subtilis is used as host strain. We indeed observed an almost complete knock-

down of both the cytoplasmic and the nuclear expressed GFP targets. Moreover, no 

intact bacterial cells were observed in the worms’ intestine when they were fed E. coli 

or B. subtilis vegetative cells, suggesting the complete destruction of these bacteria by 

the worm’s grinder (data not shown; previously shown in 210,211). Next, we tested the B. 

subtilis strain BG322 ability to sporulate on NGM plates, but no spores could be found. 

In addition to circumvent this possible problem, we transferred the worms every 2-3 

days onto fresh dsRNA expressing BG322 strains. 

Finally, when the worms were grown on B. subtilis unc-62 (RNAi), we could not see 

any DAF-16 nuclear localization, neither in the head, nor in the intestine region (Figure 

3F). 
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Figure 3: DAF-16/FOXO activated in daf-2 (RNAi) and glp-1(RNAi) mutants when 
grown on E. coli or B. subtilis. Green fluorescent protein images of adult TJ356 (Isdaf-
16::GFP) transgenic animals shown at 40X. (A) Images of an animal raised 
on E. coli expressing empty vector for RNA interference. (B) Images of an animal 
grown on E. coli and exposed to E. coli expressing daf-2 dsRNA for 48 hours post 
development. Note strong nuclear localization in most tissues, including the intestine. 
(C) Image of an animal grown on B. subtilis expressing the empty vector for RNA 
interference. Images of animals fed B. subtilis expressing either (D) daf-2 dsRNA, 
(E) glp-1 dsRNA, or (F) unc-62 dsRNA for 48 hours post development. Note weak 
activation of DAF-16/FOXO in the head area upon treatment with daf-2 and glp-1 
dsRNA. Scale bar = 100µm 

 

DAF-16 activity in worms exposed to B. subtilis induced RNAi against longevity 

regulators.  

We next analyzed the activity of DAF-16 by measuring the expression of sod-

3 gene, a well-known DAF-16 direct target, which encodes one of the C. elegans 

manganese-superoxide dismutases involved in oxidative stress response and longevity 
196,204. To this purpose, we used the CF1553 strain expressing a sod-3::GFP 

transcriptional fusion. We chose this gene because our studies as well as recent 

publications have demonstrated that its expression highly correlates with C. elegans 

lifespan and can be used as a predictor of remaining life in the worm 82,167,208.  
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When C. elegans grows on either B. subtilis or E. coli as a food source, sod-3 

expression decreases with age (Supplemental Figure 3). When young adults expressing 

the sod-3::GFP transgene were fed B. subtilis bacteria expressing dsRNA corresponding 

to either daf-2 or glp-1 genes, an increase in GFP fluorescence was observed mainly in 

the head region (pharynx, head hypodermis, and neurons) (Figure 4A and 4B). These 

results are consistent with the DAF-16::GFP nuclear localization observed in the same 

region of the worm (Figure 3D and 3E). 

On B. subtilis unc-62 (RNAi) however, the expression of sod-3 significantly 

increased in the head and in the intestine region of the worm (Figure 4C). The 

expression levels remained high throughout the C. elegans life (Supplemental Figure 

3B), whereas on E. coli unc-62 (RNAi), the worms showed an increase in sod-3::GFP 

expression mainly in the intestine (Figure 4D). This is a very puzzling phenotype since 

we were unable to see any nuclear localization of the DAF-16/FOXO in B. subtilis unc-

62 (RNAi) (Figure 3F).  

 

Figure 4: Consequences of daf-2 (RNAi), glp-1 (RNAi), and unc-62 (RNAi) on sod-
3 expression. (A) sod-3::GFP expression is increased in daf-2 (RNAi) and glp-
1 (RNAi) treated animals. RNAi was induced at L4 larval stage by feeding 
worms B. subtilis expressing dsRNA. sod-3::GFP expression was measured at day 2 of 
adulthood. The y-axis denotes GFP expression (arbitrary units). Average expression and 
Standard Error from 20 animals are shown. (B) Representative pictures of expression 
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of sod-3::GFP at day 2 of adulthood in unc-62 (RNAi), daf-2 (RNAi) and glp-1 (RNAi) 
treated animals. The dashed lines indicate areas where fluorescence intensity was 
quantified to measure GFP intensity in the head or intestine (dashed lines in 
representative pictures (B) indicate the areas used in quantifications) upon RNAi 
treatment. sod-3::GFP expression is increased in the intestine of unc-62 (RNAi) treated 
animals. RNAi was induced starting at L4 larvae stage by feeding worms 
(C) B. subtilis or (D) E. coli bacteria expressing dsRNA. *-p-value < 0.05, **- p-value 
< 0.01, and **-p-value <0.001 (t-test p-values). Scale bar = 50µm. 
 

These data suggest that this increased expression of sod-3 is not dependent on 

DAF-16 activity. There are two other alternative explanations for this observation. First, 

expression of the unc-62 in worms grown on B. subtilis is much lower then in worms 

grown on E. coli. In this case, B. subtilis as a food source gives as the same benefits as 

unc-62 down-regulation. The second, unc-62 is expressed at regular level, but because 

B. subtilis is non-pathogenic, and does not cause any damage to intestine (see next 

section) down regulation of this gene does not provide additional benefit on worm life 

span. The further analysis of unc-62 expression behavior on different food sources is 

beyond the scope of this paper. More work is needed to investigate this observation 

further.  

 

Worms grown on B. subtilis accumulate less lipofuscin. 

Lipofuscin is a fluorescent aggregate of lipids and damaged proteins which 

accumulates with age and it is often used as a biomarker for aging 212–215. It was 

previously demonstrated that accumulation of lipofuscin is accelerated, as the worms 

grow older 50. Interestingly, in long-lived mutants lipofuscin accumulates at low rates 

and has been associated more with physiological rather than chronological life span 216. 

Here, we would like to report a quite intriguing phenotype of lipofuscin accumulation 

when worms were grown on unc-62 (RNAi) expressed in either E. coli or B. subtilis.  

First, we observed very little lipofuscin accumulation in the gut of the worms 

grown on B. subtilis compared to worms grown on E. coli (Supplemental figure 4). This 

result corroborates the previous observation that B. subtilis could be a healthier diet for 

C. elegans grown under laboratory conditions. As the intestine is the primary site for 

the response to a pathogenic infection 190, one possible explanation for this effect could 

be that B. subtilis is less pathogenic in this organ and therefore causes less damage to 

proteins and lipids residing in the worm’s intestine.  
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Second, we observed a significant reduction in intestinally accumulated lipofuscin 

in unc-62 (RNAi) worms grown on E. coli (Supplemental Figure 4). It has been 

previously shown, that UNC-62 regulates many intestine specific age-regulated genes, 

including all six vitellogenin encoding genes 208 that are prone to damage and 

aggregation with age. In long-lived unc-62 (RNAi) animals grown on E. coli, 

expression of vitellogenin is reduced, and this might contribute to low overall 

gut/lipofuscin auto-fluorescence and longer life. On B. subtilis however, we observed 

quite the opposite effects of the unc-62 (RNAi) knockdown on the lipofuscin 

accumulation in the gut of the worms compared to empty vector control bacteria. These 

worms show almost seven fold increase in accumulation of gut autofluorescence 

(Supplemental Figure 4). These results show that unc-62 is expressed in worms grown 

on B. subtilis, and its inactivation leads to increase in accumulations of autofluourscent 

proteins in the gut. Several interesting questions were raised by these observations. Is 

the lipofuscin composition different when worms are using B. subtilis as a food source? 

What kind of gene expression and metabolic changes accompany B. subtilis promoted 

health span extension? More experiments are needed to address these issues. It is 

entirely possible that we can use B. subtilis and C. elegans to identify a novel 

mechanism of longevity in worms by examining the beneficial effects of food on organ 

(intestine in this case) physiology. 

In summary, we designed a second system that would allow continuous feeding of 

C. elegans with B. subtilis bacteria that have been engineered to produce high levels of 

dsRNA against various worm target genes. As proof of principal, we tested this RNAi 

system to produce animals with loss-of-function phenotypes for a small number of 

target genes previously shown to be involved in aging. These experiments showed first 

the effectiveness of this alternative method, and second, highlighted phenotypic 

differences that depend on which bacterial host is being used to deliver the dsRNAs 

molecules. Lastly, This system can be easily adapted to produce large libraries for 

genome wide studies, and offers the new possibility to perform RNAi manipulation in 

C. elegans, using an alternative food source. 

In the aging research, this opens up the exiting opportunity to study this process in 

a less harmful and less pathogenic environmental condition; potentially allowing the 

discovery of new aging mechanisms went unnoticed before. 
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This thesis addressed the role that the Wnt pathways play in the natural aging 

process, using C. elegans as model organism. Wnt signalling is present throughout the 

animal kingdom as it represents one of the major developmental pathways mediating 

the organismal patterning. During development, the functions mediated by this 

signalling cascade have been extensively studied in a variety of organisms. For 

example, Wnt signalling controls the segmentation of the epidermis in Drosophila 

melanogaster 217,218 and the body axis formation in Xenopus laevis 219,220. In adulthood, 

Wnt signalling has been mainly known for its role in self-renewing tissues and for the 

diseases connected to this function, most notably, several forms of cancer 110,118,180. 

Although the Wnt pathway has been widely studied in a classic age-related disease such 

as cancer, its role in the general aging process is still very poorly understood. 

C. elegans is a very convenient model organism for the study of this pathway. 

Like in humans, the genome of this organism encodes a complete set of Wnt genes, but 

with a reduced degree of complexity. In fact, there are only five genes (compared to 19 

in humans) that encode Wnt ligands (Wnts) in C. elegans; lin-44, egl-20, mom-2, cwn-1 

and cwn-2 87. C. elegans utilizes these distinct ligands to control the activity of the three 

β-catenins involved in  signal transduction. The β-catenins in turn activate the sole 

TCF/LEF-1-like transcription factor, POP-1, starting the transcription of the specific 

Wnt target genes. As in other organisms, the Wnt pathway participates in multiple C. 

elegans developmental processes, but its functions during adulthood and aging are less 

understood. 

The first connection between the aging process and Wnt signalling in C. 

elegans came with the discovery of the age-regulation of a transcriptional circuit 

composed by the three GATA transcription factors ELT-3, ELT-5 and ELT-6. During 

larval developmental, ELT-5 and ELT-6 drive the repression of ELT-3 allowing the 

seam cells to adopt the hypodermal fate 84. As the worms complete development and 

enter into adulthood, ELT-5 and ELT-6 continue to increase in expression, keeping on 

repressing the ELT-3 GATA transcription factor. Higher levels of ELT-3 are beneficial 

for the longevity, so its decline limits the life span of the animals 82. The genetic circuit 

of elt-5, elt-6 and elt-3 GATA transcription factors represents one example of 

antagonistic pleiotropy in C. elegans. In fact, it mediates important developmental 

events early in life, becoming detrimental for the survival of the worms later on. Closer 

examination of the age-regulation of the elt-3/5/6 GATA genes found no evidence that 
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their expression pattern is driven by the cellular damage or environmental stresses 82. 

This observation implies that the drift observed in this genetic circuit must be driven by 

other sources. During normal hypodermal development, both elt-5 and elt-6 are 

regulated by Wnt signalling 83–85, so this led to the hypothesis that age-related changes 

in this developmental pathway accounts for the drift of the elt-5/elt-6/elt-3 GATA 

transcriptional circuit (and possibly others) during the aging process. 

To begin to untangle the functions of the Wnt signalling pathway in age-

regulation, we started to study the effects of mutations in each of the five Wnt ligands 

present in C. elegans [chapter 2]. Using transcriptional reporters for the five Wnt 

proteins, we observed that all the ligands are expressed past development, although the 

source of the expression changes relative to developmental stages. This result suggests 

that, while the expression of the Wnt ligands persists in adulthood, they may be subject 

to a different regulation compared to their activity during development. The expression 

of the Wnt proteins corresponds to an increased activity of the entire pathway during 

aging, as demonstrated by the use of the TOPFLASH Wnt activity reporter. We 

observed an overall increase of the activity in the first five days of adulthood. Past this 

day, Wnt signalling decreases to levels that are still two times higher compared to the 

young adults. We next determined the effect that the ligands have on the elt-3/elt-5 

transcriptional circuit, and we found that they all function as activators of elt-5 GATA 

expression. In fact, RNAi experiments showed down-regulation of any of the Wnts 

causes the down-regulation of elt-5 and subsequent up-regulation of elt-3. Although this 

result suggested a redundant detrimental function of the Wnt ligands during aging, we 

found that the mutants displayed diverse phenotypes. Lifespan analysis in fact showed 

that the activity of mom-2/Wnt and cwn-2/Wnt in adult worms is harmful for the 

longevity, while lin-44/Wnt and egl-20/Wnt enhance the survival of the animals. These 

results underscore the complexity of the responses mediated by the Wnt pathway. The 

elt-5/elt-3 GATA transcriptional circuit is clearly only one of possibly many genetic 

programs affecting the longevity and under the control of the Wnt signalling pathway. 

To conclude our characterization of the Wnt mutants in the aging context, we analyzed 

the role played by stress in the survival changes observed. Generally, it is often stated 

that damage is the main force driving the aging process and it is undoubtedly true that 

some long-lived mutants show an increased resistance to several forms of stress 221–225. 

However, this is not true for the Wnt mutants. We exposed, both long- and short-lived 



Chapter 6 

 138 

mutants, to high oxidative and thermal stress and we found no differences relative to 

wild type. This result like many others in the past underscores the need to integrate the 

role of damage accumulation as the exclusive cause of aging with other mechanism that 

might be operative in steering the aging process. In doing so, moreover, it is as always 

of extreme importance to separate as much as possible cause and consequence. 

Altogether, the current results indicate that there is a drift of the Wnt activity from the 

various developmental stages into adulthood. However, this activity is not fully harmful 

for the survival of the nematodes, so it can only partly be considered antagonistic 

pleiotropic. 

In C. elegans, the five Wnt ligands operate by activating two signalling 

cascades, namely the canonical and the non-canonical pathway. Both these Wnt 

pathways use the β-catenin proteins to activate the transcription of the target genes. In 

C. elegans, the non-canonical pathway plays an important role in many developmental 

processes that involve asymmetrical cell divisions. For this reason, this pathway is also 

known as Wnt/β-catenin asymmetry pathway. This signalling cascade uses the WRM-

1/β-catenin and the SYS-1/ β-catenin, two of the four β-catenins present in C. elegans. 

We investigated further the effects on age-regulation of the Wnt pathway by studying 

the non-canonical signalling [chapter 3]. By measuring the expression of a 

transcriptional reporter, we showed that WRM-1 is expressed throughout the life of the 

worms. As previously observed for the Wnt ligands, also WRM-1 regulates the elt-

5/elt-6/elt-3 GATA transcriptional circuit. WRM-1 positively regulates elt-5 and elt-6 

during aging, which results in a lower expression of elt-3. This is the same regulation 

that wrm-1 mediates during the developmental stages.  

We next analyzed the effect that this β-catenin, along with the other 

components of the Wnt asymmetry pathway, has on the overall survival. Analysis of the 

mutants and RNAi experiments showed that longevity is limited by the activity of these 

proteins, demonstrating a general detrimental effect of the pathway for the survival of 

the animals. Together with our previous results on mom-2(or77) this result indicates 

that the asymmetry pathway during adulthood is detrimental for the life span in C. 

elegans. MOM-2 is indeed strongly associated with WRM-1 and the asymmetry 

pathway, although the Wnt pathways are characterized by a certain degree of 

redundancy of function among its components. To unravel the molecular mechanisms 

dependent from this signalling cascade, we analyzed the transcriptome of the two long-
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lived mutants mom-2(or77) wrm-1(ne1982) by RNA-sequencing in development and 

aging.  

In the MOM-2 mutant, only a small set of genes was found differentially 

expressed during aging whereas in development this mutant allele does not produce any 

change in gene expression. This result may possibly depend on the nature of the 

mutation, which has been characterized as a weak allele. Such kinds of mutations are 

advantageous when a developmental pathway is being investigated in the context of 

aging. They do not severely compromise the development stage, thereby producing 

healthy animals that do not show defective phenotypes such as, for example, the egg-

laying defective (Egl), protruding vulva (Pvl) or uncoordinated (Unc) phenotype. In 

strong mutant backgrounds sick and short-lived individuals can be observed and wrong 

conclusions may be drawn about the role of that particular gene in the aging process. 

This situation is very well exemplified by the mom-2(or77) mutants. When these 

animals are grown at 20˚C the effect of the mutation is strong enough and no effect can 

be observed on the lifespan of the animals. For this reason we performed all our 

experiments with this mutant at 15˚C. 

Wrm-1(ne1982) is a strong embryonic lethal mutation. Fortunately though the 

mutation is temperature sensitive allowing it to be activated only after development is 

complete. In this case we found hundreds of differentially expressed genes. The 

analysis of this dataset showed that the genes down-regulated in wrm-1(ne1982) are 

enriched in cuticle components, organismal aging and chromatin organization. The 

latter group suggests, the existence of secondary effects activated following the early 

response mediated by the direct targets of Wnt. The up-regulated genes are enriched in 

components participating in oxidation reduction processes and, more importantly, fatty 

acid metabolism including several genes already linked to the aging process. 

Noteworthy is the finding that for a subset of genes wrm-1 acts as activator in 

development and as inhibitor in early adulthood. This suggests a switch in its function, 

possibly mediated by other factors intervening in transcription regulation. We identified 

the germline as a possible tissue affecting Wnt activity in adulthood, as we found that in 

absence of the germline mom-2 expression is drastically reduced. The latter could 

indicate a parallel general Wnt activity reduction. These results suggest that starting 

from early adulthood, the germline positively regulates the Wnt asymmetry pathway, 

possibly in the intestine of the animals, where it mediates metabolic changes involving 
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the oxidative reduction and fatty acid metabolism. However, the specific signal coming 

from the germline remains to be identified.  

To further elucidate how Wnt activity affects aging, we also studied the 

canonical pathway of Wnt [chapter 4]. In C elegans, this pathway functions in multiple 

processes during embryo and larval development, and it uses the BAR-1/β-catenin. For 

our study, we used the CF376 strain characterized by the bar-1(mu63) mutation. This is 

a missense mutation characterized by a C/T substitution at position 39108 that is 

predicted to be a weak allele of bar-1. This implies that in this mutant background the 

Wnt pathway activity should be diminished. According to our model, the Wnt activity 

negatively regulates the longevity so we reasoned that the bar-1(mu63) animals should 

live longer. In order to test this hypothesis we started to analyze the expression levels of 

the elt-5 and elt-3 GATA transcription factors in the bar-1(mu63) mutant background. 

These transcription factors are normally under the control of the WRM-1/β-catenin 

during development of the worms. At that stage they intervene in the formation of the 

hypodermis. In adulthood, as we mentioned before, these genes are still active and they 

play a functional role in determining the life span of the animals 82,126. We measured the 

expression levels of these two GATA genes by qPCR in the bar-1(mu63) animals and 

observed a reduced expression of elt-5 and a parallel increase of elt-3 compared to the 

wild type control animals. This expression profile correlates with young age, suggesting 

that the bar-1(mu63) animals are genetically younger than the age-matched wild type 

worms. We confirmed this by analyzing the survival of this mutant and found that the 

bar-1(mu63) animals live on average 28% longer. To corroborate the notion that these 

effects are due to a diminished Wnt signalling activity, we repeated the same 

experiments in an over activated Wnt activity genetic background. We used for this 

scope the previously characterized gain-of-function variant of BAR-1 expressed from 

heat shock promoter (hsp-16.2pro::delNTBAR-1) 184. When over-expressed, this mutant 

BAR-1 protein activates the whole signalling pathway, sustaining the expression also of 

those genes that normally are under the control of the non-canonical Wnt pathway 161. 

Consistently with our hypothesis, we found that elt-5 increases in expression whereas 

elt-3 decreases when the pathway is over-activated. The over-expression of the 

delNTBAR-1 also reduced the overall survival of the animals by 30%, consistently with 

the negative role of Wnt pathway in aging. 
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The elt-5/6/3 GATA transcriptional circuit represents only one aspect of the 

genetic regulation of aging driven by Wnt, and we showed that a younger expression 

profile of this genetic circuit does not always corresponds to a longer life span 126. 

Therefore we analyzed by RNA-sequencing the transcriptome of the bar-1(mu63) 

mutant. This analysis revealed that BAR-1, similarly to WRM-1, changes its function 

over time. A set of common regulated genes from development to adulthood showed 

that the pathway inhibits these genes in early development while it becomes an 

activator of the same later on. This common feature observed among the β-catenin 

proteins (see also WRM-1 in chapter 3) probably reflects the importance of cofactors 

other than POP-1 in determining the final transcriptional output. 

The analysis of the Wnt components in this mutant background suggests that 

the pathway is actually down-regulated. Although we observed an increased expression 

of some genes of the asymmetry pathway (mom-2, mom-5, mig-5, sys-1, wrm-1, and lit-

1), none of the known Wnt target genes are up-regulated in the mutant. The only known 

target we found differentially expressed in our dataset is the lowered ceh-13. In 

addition, the negative regulators of the β-catenins gsk-3 and kin-19 are over-expressed 

in the bar-1(mu63) mutant. This implies that the β-catenins are degraded at a higher 

rate, therefore diminishing the strength of the signalling cascade. Also, we found that 

several down-regulated genes affect the Wnt (and TGF-β) pathway, whereas the 

Hedgehog pathway genes are over-expressed. 

We finally compared the transcriptome changes of bar-1(mu63) to other two 

Wnt mutants: the long-lived β-catenin mutant wrm-1(ne1982) and the short-lived Wnt 

ligand mutant lin-44(n1972). These comparisons revealed first that the Wnt pathway 

regulates a core set of biological processes, which are related to cuticle development 

and determination of the adult life span. The cluster analysis of the β-catenin mutant 

also showed that chromatin organization is strongly affected. This aspect indicates that 

downstream of the Wnt activity, many other events at the transcriptional level may 

occur. The fact that the validated known targets of this pathway are all transcription 

factors, also corroborates this notion, and the Wnt signalling may represents an 

intermediate nexus affecting many other biological processes, not directly linked to it. 

A much more detailed time resolved analysis should be able to deconvolute the various 

interwoven pathways that are likely involved in the signalling cascades that we look at. 

We also identified the fatty acid metabolism as a strong candidate pathway affected by 
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the Wnt activity as somehow involved in the regulation of the aging process in C. 

elegans. Altogether, these datasets provide a powerful knowledge to further investigate 

the biology regulated by the Wnt signalling pathway during adulthood. This should help 

to elucidate the role that this developmental pathway plays in the aging process 

In the final part of this work we introduce an alternative method to perform 

RNA interference (RNAi) in C. elegans [chapter 5]. RNAi is a technique that allows 

the down-regulation of a specific messenger RNA (mRNA) by introducing a double 

stranded RNA molecule (dsRNA) of complementary sequence 129. In C. elegans the 

most common protocol to deliver these dsRNA molecules into the organism is by 

ingestion. This is achieved be feeding the worms an E. coli strain transformed to 

express these dsRNAs 128,188. The bacterium E. coli is considered to be non-pathogenic 

for the nematodes, however it affects the worms by colonizing the intestine during old 

age with consequent disruption of the intestinal lumen and the invasion of the adjacent 

tissues 50,51,190. Moreover, when C. elegans is grown on B. subtilis it lives almost 50% 

longer ,compared to E. coli 130. Therefore we transformed a B. subtilis RNase III 

deficient strain, which allows the production of dsRNAs, to create an alternative system 

to deliver dsRNA.s in RNAi experiments. We first confirmed that also on this mutant B. 

subtilis strain the worms live longer. However, we observed a slightly reduction of the 

life span compared to the wild type B. subtilis strain. This may indicate that the lack of 

the RNase III in the bacterial food source results in unidentified effects that impact the 

longevity of the nematodes. We observed the same reduction also in the E. coli bacterial 

host compared to its relative control.  

After choosing a GFP transcriptional reporter and three targets linked to aging, 

we tested the alternative RNA system and achieved the down-regulation of these 

targets. Although the reduction was lower compared to the one triggered by the E. coli-

based system, it was sufficient to score several phenotypic responses in the animals, 

making the B. subtilis RNAi system a valid alternative. 

The changing of the food source has a great impact on the physiology of the 

worms, thereby changing the range and/or the type of the observable effects not only in 

aging studies, but also in other fields of research. This implies that the same RNAi 

treatments may lead to different results when performed using different bacterial host 

strains. We in part showed this by analyzing the lipofuscin accumulation in response to 

unc-62 (RNAi) treatment. When the down-regulation was achieved with the E. coli-
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based system it resulted in a decrease of accumulation of this protein. In contrast, when 

B. subtilis was used as a vector an opposite result was observed.  

More in general, this novel RNAi system not only provides an alternative to 

the use of E. coli in RNAi experiments, but it also highlights the importance of the 

energy source that the organism uses to sustain itself (nutrition) in determining 

phenotypic outcomes like the general longevity, and most likely many others. 

 

Final remarks 

Studies in C. elegans have revealed an important role of the developmental 

pathways in aging process, and they provide a new way to approach the question of 

how molecular pathways regulate longevity. In our studies we found that the activity of 

one of the major developmental cascades, the Wnt signalling pathway, increases as the 

worms grow old and it guides several changes that define the aging process in C. 

elegans. We found that most of the genes in the Wnt pathway negatively impact the 

survival of the animals. These genes represent in this context classic examples of 

antagonistic pleiotropic traits 65,66 , because they are useful/necessary early on in life 

and become detrimental to the animal in old age. Nevertheless, we also observed 

beneficial effects mediated by certain components of the signalling cascade, so the 

pathway as a whole is not entirely antagonistic to the survival in old age. In fact, the 

results concerning the function of lin-44 and egl-20 Wnt ligands during aging (see 

chapter 2) indicate that the activity of these two Wnt ligands enhance the overall 

survival of C. elegans. .  

This duality of the Wnt pathway activity during aging can be addressed by 

dissecting in grater detail the biological processes regulated by this developmental 

pathway during adulthood. In this way, it may be possible to discern the beneficial from 

the detrimental effects and selectively act on the latter. By developing C. elegans as a 

model system to study the molecular mechanisms of aging regulated by the Wnt 

signalling cascade we made a first attempt to answer the prominent question of which 

developmental forces continue to work as the animals grow old, and thus contribute to 

the aging and progression towards the death. If we understand this aspect, we can 

potentially apply this knowledge to higher organisms to develop therapies to delay the 
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onset of many age-related diseases and promoting health span and not ‘simply’ our life 

span.  
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Summary  

Aging is a universal biological process characterized as the gradual decline of 

a multitude of physiological functions that leads to an increasing probability of death. 

To date we have a very poor understanding of what actually causes aging. A commonly 

held view is that aging is the result of damage accumulation over a lifetime, although 

recent results in worms and mice have led researchers to question the free radical theory 

as the primary or exclusive cause of aging. Another theory proposes that aging is driven 

by genetic programs that are useful for the organisms early in life, becoming 

detrimental for the survival al later stages (antagonistic pleiotropy theory of aging).  

The scope of this thesis was to investigate whether one of the most important 

developmental pathways, the Wnt signalling, plays any functional role in C. elegans 

during natural aging. To do so, we tested whether the different components 

participating in the signalling cascade are still active past development and they affect 

the overall survival of the animals. We found that the Wnt pathway is actually involved 

in age-regulation in C. elegans, and although it does not affect the stress resistance of 

the animals, its functions cannot be entirely linked to the antagonistic pleiotropy view. 

Chapter 1 introduces in the first part the concept of aging and presents the 

most recent findings in the aging research field together with the major theories to 

explain this process. The second part explains the architecture and functions of the Wnt 

signalling during development and aging, and summarizes the most recent discoveries 

connected to the aging process in C. elegans and others model organisms. The chapter 

concludes with an outline of the contents presented in this thesis. 

Chapter 2 describes the analysis of the five Wnt ligands present in C. elegans 

and their effect on longevity. It presents data that demonstrate that all the Wnt ligands 

are expressed past developmental stages and keep on signalling during adulthood, 

keeping the Wnt activity during adulthood. These proteins regulate the previously 

known aging genetic circuit composed by the elt-5/elt-3 transcription factors. The 

observed expression pattern suggests that the down-regulation of any of the 5 Wnt 

ligands would favor a prolonged life span. However, we found that only 2 Wnt ligands 

(mom-2 and cwn-2) are detrimental for longevity, whereas other 2 (lin-44 and egl-20) 

are beneficial. Interestingly, we provide evidence that these changes in life span are not 

linked to altered stress resistance in the animals. 



Summary/Samenvatting 

 167 

Chapter 3 focuses on the non-canonical Wnt pathway and on its major 

components MOM-2 and WRM-1. We found that this pathway is overall harmful for 

longevity since down-regulating the gens involved prolong the life span of the animals. 

We performed RNA sequencing (RNA-seq) experiments discovering that the long-lived 

mutants are characterized by an altered fat metabolism and increased production of 

collagen. We also found that Wnt promotes aging starting from the beginning of 

adulthood and its detrimental effects cannot be reversed past day 5. Further analysis 

indicated that Wnt acts in the intestine to regulate the longevity and it is modulated by 

signals coming from the germline that possibly activate the signalling cascade.  

The chapter 4 characterizes the effects on gene expression mediated by the 

canonical Wnt pathway, by analyzing the transcriptome changes in a bar-1/β-catenin 

mutant. In this chapter, we also compared the gene expression changes of several Wnt 

mutants and discuss the biological processes most affected by these mutations in the 

context of aging. 

Chapter 5 presents an alternative method to perform RNAi by feeding in C. 

elegans. We developed an RNAi system that uses Bacillus subtilis instead of 

Escherichia coli as bacterial host strain. As food source, B. subtilis represents a 

healthier option since the nematodes fed this kind of bacteria live on average 60% 

longer 130. This work provides a new genetic tool to the C. elegans community and, in 

aging studies, offers the chance to address new research questions. 

The chapter 6 discusses the findings presented in this study. It summarizes the 

effects mediated by the different components participating in both, canonical and 

noncanonical Wnt signalling cascade, and highlights the double nature of Wnt pathway 

in aging. The chapter concludes by discussing the role of Wnt signalling in the context 

of the aging theories, in particular in relation to the antagonistic pleiotropy theory of 

aging. 

 

Samenvatting 

 Veroudering is een universeel biologisch proces wat omschreven wordt als de 

geleidelijke afname van meedere fysiologische functies met een toenemende kans van 

overlijden als gevolg. Tot op heden hebben we weinig kennis van wat veroudering in 

werking zet. Een algemene opvatting is dat veroudering het resultaat is van afbreuk 

gedurende een langere periode, alhoewel recente studies in nematoden en muizen 
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vraagtekens zetten bij de vrije radicalen theorie als de primaire of enkele bron van 

veroudering.  Een andere theorie stelt dat veroudering gedreven wordt door genetische 

programmeringen welke bruikbaar zijn voor organismen in een eerder stadium maar 

schadelijk tijdens latere stadia (antagonistische pleiotropische theorie van veroudering).  

Dit proefschrift probeert antwoord te geven op de vraag of Wnt signalering een 

functionele rol speelt in C. elegans gedurende de natuurlijke veroudering. Hiertoe 

hebben we getest of de verschillende componenten die een rol spelen in de signalerings-

cascade nog steeds actief zijn na de ontwikkelingsfase en of ze invloed uitoefenen op de 

algehele overlevingskans van de dieren. Onze bevindingen wezen uit dat de Wnt 

pathway deel uitmaakt van de leeftijdsregulatie in C. elegans. Hoewel deze niet de 

stressbestendigheid in het organisme beïnvloedt, kan haar functie niet volledig 

verklaard worden door de theorie van antagonistische pleiotropie. 

Hoofdstuk 1 introduceert allereerst het concept van veroudering en geeft een 

overzicht van de meest recente bevindingen in het onderzoeksgebied van veroudering 

alsmede de voornaamste theorieën die dit proces verklaren. Vervolgens worden de 

opmaak en functies van Wnt signalering gedurende de fasen van ontwikkeling en 

veroudering besproken. Tevens wordt een overzicht gegeven van de meest recente 

ontdekkingen aan het verouderingsproces in C. elegans en andere modelorganismen. 

Het hoofdstuk sluit af met een overzicht van de inhoud van dit proefschrift. 

Hoofdstuk 2 beschrijft de analyse van de vijf Wnt liganden in C. elegans en 

hun effect op de levensduur.  

Het geeft data weer welke aantonen dat elk van de Wnt liganden tot ná de 

ontwikkelingsfase tot expressie gebracht worden en blijven signaleren gedurende de 

volwassenheid, en zo de Wnt activiteit in stand houden. Deze eiwitten reguleren het 

reeds bekende genetische verouderings circuit opgemaakt uit de elt-5/elt-3 

transcriptiefactoren. Het geobserveerde expressiepatroon suggereert dat verminderde 

expressie van elk van de vijf Wnt liganden een langere levensduur bevordert. Slechts 2 

Wnt liganden (mom-2 en cwn-2) zijn echter schadelijk voor een lange levensduur, 

terwijl twee andere (lin-44 en egl-20) juist bevordelijk zijn. Onze bevindingen wijzen 

uit dat deze veranderingen in levensduur niet te maken hebben met veranderde 

stressbestendigheid in de organismen. 

In hoofdstuk 3 staat de “non-canonical” Wnt pathway en haar grootste 

componenten MOM-2 en WRM-1 centraal. Onze bevindingen wijzen uit dat deze 
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pathway in zijn geheel schadelijk is voor de levensduur aangezien verminderde 

expressie van de genen die een rol spelen hierin de levensduur van de organismen 

verlengen. We pasten RNA sequencing toe, welke uitwees dat de lang levende 

mutanten gekenmerkt worden door een veranderde vetmetaboliek en een verhoogde 

productie van collageen. 

Wnt bevordert veroudering vanaf de start van volwassenheid en haar neveneffecten 

kunnnen niet worden teruggedraaid voorbij dag vijf. Verdere analyse toonde aan dat 

Wnt een rol speelt in de darmen om de levensduur te reguleren; zij wordt gemoduleert 

door signalen van de kiemlijn welke mogelijk de signaleringscascade activeert. 

Hoofdstuk 4 karakteriseert de effecten op genexpressie welke gemedieerd 

worden door de standaard Wnt pathway door de transcriptoom veranderingen in een 

bar-1/β-catenin mutant te analyseren. In dit hoofdstuk vergelijken we tevens de 

veranderingen in gen-expressie van verschillende Wnt mutanten en bespreken de 

biologische processen welke het meest beïnvloed worden door deze mutaties in de 

context van veroudering. 

 

Hoofdstuk 5 geeft een alternatieve RNAi methode door middel van voeding in C. 

elegans. We hebben een RNAi systeem ontwikkeld dat Bacillus subtilis als bacteriële 

gastsstam gebruikt in plaats van E. coli.  

Als voedselbron representeert B. subtilis een gezondere optie, aangezien de nematoden 

gevoed op deze bactiëren gemiddeld een 60 procent langere levensduur hebben. Dit 

onderzoek geeft een nieuw genetisch modelsysteem aan de C.elegans gemeenschap en 

biedt, in verouderings studies, de mogelijkheid om nieuwe onderzoeksvragen te 

formuleren. 

Hoofdstuk 6 bespreekt de resultaten van dit proefschrift. Het geeft een 

samenvatting van de effecten gemedieerd door de verschillende componenten die een 

rol spelen in zowel de standaard als de niet-standaard Wnt signaleringscascade. Tevens 

wijst het op de dubbele rol die de Wnt pathway in het verouderingsproces speelt. Dit 

hoofdstuk concludeert met een uiteenzetting van de rol die Wnt signalering speelt in de 

context van verouderingstheoriën, met name in relatie tot de antagonistische pleiotropie 

theorie van veroudering. 
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