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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. 
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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. 




