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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. 
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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 



Chapter 1 

 20 

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) 
  



Chapter 1 

 22 

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. 



General introduction 

 25 

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. 

 




