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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 
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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 



Chapter 6 

 142 

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-



General discussion 

 143 

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.  

 




