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Abstract        Julie Pinkston 

 

The link between aging and tumor growth in C. elegans 

  

In nature, there is a strong correlation between physiological aging and tumor 

susceptibility.  Understanding how youthful animals resist tumors may provide new 

insights into tumor biology, particularly if genes that regulate aging influence tumor 

susceptibility. Mutations in the C. elegans gene gld-1 produce a lethal germline tumor.  

We find that mutations that extend C. elegans' lifespan, by caloric restriction, 

mitochondrial dysfunction, or a reduction in daf-2/insulin/IGF-1 signaling, confer 

resistance to these tumors.  Remarkably, mutations that reduce daf-2 function, which 

double the lifespan of worms, can completely prevent the shortened lifespan caused by 

these tumors.  daf-2 mutations protect tumorous animals by triggering apoptosis through 

the FOXO transcription factor DAF-16 and the tumor-suppressor p53, and by activating 

daf-16 dependent and daf-16-independent processes that inhibit tumor cell division. 

Interestingly, the inhibition of mitosis is specific to tumor cells.  Together these findings 

suggest a fundamental link between mechanisms that promote cell maintenance and 

animal longevity and mechanisms that inhibit tumor cell proliferation.   

To identify downstream components of this process, we have screened through 

734 potential daf-16/FOXO targets and found 16 genes that are necessary for daf-2 

mutations to fully suppress tumor growth, and 14 genes that normally promote tumor 

growth.  Approximately one quarter of these genes are known to have roles in human 

cancer, suggesting that the other genes may be involved in mammalian cancer as well.   
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CHAPTER 1 

INTRODUCTION 
 

As we get older, our risk for developing cancer increases.  This correlation cannot 

simply be explained by the passing of chronological time, because organisms with very 

different lifespans develop tumors at the same physiological rather than chronological 

age. For instance, cancer rates in mice increase rapidly at approximately eighteen months 

of age, dogs at ~ten years and humans at sixty years or more.  This suggests that a 

common molecular mechanism may link cancer progression to aging, and therefore, that 

slowing the aging process could potentially delay cancer.   

Other studies have suggested that longevity pathways themselves may be 

involved in tumor progression.  Caloric restriction and a reduction of insulin/IGF-1 

signaling can promote longevity as well as delay the onset of tumors in rodents (Ramsey 

et al., 2002; Tannenbaum, 1940).  Conversely, the PTEN phosphatase, an inhibitor of 

insulin/IGF-1 signaling, is a commonly mutated tumor suppressor gene.  PTEN mutations 

cause cancer by up-regulating Akt and the TOR pathway, which have also been 

implicated in cancer (Inoki et al., 2005). Up-regulation of Akt is thought to cause cancer 

by preventing the FOXO transcription factor FKHR-L1 from initiating apoptosis by 

activating Fas ligand and Bim (Brunet et al., 1999; Dijkers et al., 2000). 

So far, links between aging and cancer pathways have been limited to rodents and 

in vitro systems.  In this study, we have explored this potential link in C. elegans.   

Several pathways extend life-span in C. elegans.  Mutations that decrease insulin/IGF-1 

endocrine signaling, such as mutations in the insulin-like receptor daf-2, can double the 

life-span of worms through the FOXO transcription factor DAF-16 (Kenyon et al., 1993).  
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Caloric restriction has also been studied in worms using feeding mutants that are long-

lived (Lakowski and Hekimi, 1998).  In addition, certain mutations affecting 

mitochondria extend life-span (Felkai et al., 1999; Feng et al., 2001). 

To better understand the relationship between longevity mechanisms and cancer, 

we have asked how mutations that extend C. elegans lifespan affect tumorigenesis.  In the 

gld-1 tumor-suppressor mutant, meiotic germ cells that would normally become oocytes 

instead reenter the mitotic cell cycle and proliferate extensively (Francis et al., 1995a; 

Francis et al., 1995b). The mutant cells eventually break out of the gonad and fill the 

body, ultimately killing the animal (Francis et al., 1995a). Like transformed vertebrate 

cells, these cells proliferate in a growth-factor independent-fashion (Francis et al., 

1995b), and they do not undergo programmed cell death (Gumienny et al., 1999). 

We have found that the genes that control aging also control the progression of 

this tumor-like condition.  Further, we have identified several downstream components of 

the daf-2/insulin/IGF-1 pathway that affect either cell death or proliferation.  Some of 

these genes have roles in longevity as well, serving as potential downstream links 

between aging and cancer. 

Aging in C. elegans 

C. elegans is a good model for aging with its relatively short lifespan of ~3 weeks 

and several well-studied pathways and processes that regulate longevity.  Several 

mutations have been identified that extend the lifespan of C. elegans. These appear to 

affect at least three regulatory systems.  First, mutations that decrease insulin/IGF-1 

endocrine signaling, such as mutations in the insulin-like receptor daf-2, can double the 

lifespan of worms through the FOXO transcription factor DAF-16 (Kenyon et al., 1993).  
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DAF-16 then influences the expression of several downstream genes, which are involved 

in many different cellular processes, such as stress-response, antimicrobial protection, 

and metabolism. {Murphy, 2003 #23; Oh, 2006 #74; McElwee, 2003 #34; Lee, 2003 

#48}.  Finally, this pathway acts during adulthood to influence aging (Dillin et al., 2002). 

Caloric restriction can also be studied in worms using mutants that affect feeding 

behavior and are long-lived, such as eat-2 worms (Lakowski and Hekimi, 1998). This 

lifespan extension does not require DAF-16, suggesting that caloric restriction through 

the eat-2 mutation extends lifespan independent of the insulin/IGF-1 pathway. 

Finally, the inhibition of mitochondrial respiration can extend lifespan {Feng, 

2001 #14; Felkai, 1999 #10; Dillin, 2002 #8}.  For instance, respiratory chain mutations 

(isp-1) (Feng et al., 2001), and mutations disrupting ubiquinone production (clk-1) 

(Felkai et al., 1999) both extend lifespan.   

Previous analysis suggests that these three pathways are distinct from one another, 

although they could conceivably converge on common downstream processes.  Finally, 

all three pathways have counterparts in vertebrates that, when perturbed, can increase 

lifespan {Weindruch, 1986 #38; Liu, 2005 #32; Holzenberger, 2003 #18; Tatar, 2003 

#53; Kenyon, 2005 #22}.   

Germline control in C. elegans 

The C. elegans gonad contains two symmetrical U-shaped arms. The distal 

portion of each gonad arm contains a somatic distal tip cell (DTC), which controls a glp-

1/notch signaling pathway that maintains a small group of proliferating cells.  As germ 

cells move proximally in their maturation process, they stop receiving mitogenic signals 

from the distal tip cell and enter meiosis (Figure 1.1 a, b) (Crittenden et al., 1994; 
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Hubbard and Greenstein, 2000; Schedl, 1997). Under normal conditions, approximately 

one-half of these female germ cells will die via apoptosis (Gumienny et al., 1999). 

In addition to normal, physiological cell death, germ cells can undergo 

programmed cell death in response to DNA damage.  This can be induced by exposure to 

gamma-irradiation or the monofunctional alkylating agent ENU, or by the accumulation 

of aberrant meiotic intermediates.  This type of cell death requires the core apoptotic 

machinery, but also requires cep-1/p53 and the checkpoint genes hus-1, mrt-2 and clk-2 

(Figure 1.2) (Gartner et al., 2000; Schumacher et al., 2001). 

The gld-1 tumor model  

Can we study cancer in C. elegans?  Although worms do not naturally develop 

“tumors,” many mutant phenotypes are relevant to cancer.  The somatic tissues of the 

worm are post-mitotic, however the adult germline maintains a small group of stem cells 

throughout adulthood. The germline also contains many of the same genes and 

mechanisms used to prevent tumors in higher organisms.  For instance, genes involved in 

apoptosis (ced-3/ caspase effector, ced-9/ Bcl-2, cep-1/p53), cell division (cki-1/cycline 

kinase inhibitor, glp-1/Notch), and genome instability (msh-2,6/ mismatch repair) (Berry 

et al., 1997; Hengartner et al., 1992; Kostic et al., 2003; Schumacher et al., 2001; 

Tijsterman et al., 2002; Yuan et al., 1993).  The C. elegans germline has already been a 

fruitful system to identify and study cancer genes, and is potentially a great tool to delve 

deeper into specific tumor genes functions. 

Recently, a tumor model has been characterized in the C. elegans germline.  A 

single loss of function mutation in the gene gld-1 causes a tumor-like phenotype by 

preventing germ cells from progressing through meiosis and by promoting proliferation 
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(Francis et al., 1995a; Francis et al., 1995b).   GLD-1 is an RNA binding protein that 

normally represses the translation of several mRNA targets that inhibit meiosis 

progression and promote cell division (Hansen et al., 2004).  In gld-1 null mutants, germ 

cells arrest at the pachytene stage of meiosis and then resume mitosis.  The germ cells 

then proliferate ectopically, forming what appears to be a germline tumor in the proximal 

end of the gonad (Figure 1.1c) (Francis et al., 1995a; Francis et al., 1995b; Hansen et al., 

2004). This excessive proliferation is independent of signaling from the distal tip cell, 

suggesting that the tumorous phenotype circumvents normal germline control 

mechanisms (Hansen et al., 2004).  The dividing cells eventually break through the cell 

wall lining of the gonad and spread through the body cavity, causing the animal to die 

prematurely (Francis et al., 1995b).   This tumor mutant is a model for the early stages of 

cancer, but not the later stages of metastasis and angiogenesis.  

Since this overproliferation phenotype has features in common with human 

cancer, and since much of C. elegans biology is known to be conserved evolutionarily, it 

is possible that mechanisms that can suppress this tumorous phenotype in C. elegans may 

suppress human tumors as well. Moreover, germline tumors exist in humans and some 

ovarian cancers arise from a similar defect in early meiosis (Surti et al., 1990). 

Aging and tumorigenesis  

In nature, there is such a strong link between aging and cancer.  Thus, by 

exploiting our knowledge about the genetics of aging, we have sought to explore the 

mechanism of the timing of tumors.  Using this new approach to study cancer, we have 

identified new and exciting genes that may be important in tumor biology. 
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Figure 1.1- Germ cell death in C. elegans.   
Diagram of the genetic regulation of the different death programs in 
C. elegans (Deng et al., 2004) 
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Figure 1.2-  Tumor Phenotype of gld-1 mutants.   
(a) Nomarski image of a C. elegans adult hermaphrodite. (b-c) Diagram of one gonad arm shown  
on top, Nomarski image shown on bottom.  (b) Wildtype  (c) gld-1 null. 

 

a 
 

c. 
 

b. 
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 ABSTRACT 

Mutations in gld-1 cause lethal germline tumors in the nematode C. elegans.  We 

find that a wide variety of mutations that extend C. elegans’ lifespan confer resistance to 

these tumors.  The long lifespans of daf-2/insulin-receptor mutants were not shortened at 

all by gld-1 mutations, due to decreased cell division and increased DAF-16/p53-

dependent apoptosis within the tumors.  Mutations that increase lifespan by restricting 

food intake or inhibiting respiration did not affect apoptosis but reduced tumor cell 

division.  Unexpectedly, none of these longevity mutations affected mitosis in normal 

animals, suggesting that cellular changes that lead to longevity preferentially antagonize 

tumor cell growth.  
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In nature, there is a strong correlation between physiological aging and tumor 

susceptibility.  Mice, which have short (2-year) mean lifespans, frequently acquire tumors 

after ~1 year, whereas dogs do so after ~10 years, and humans only after many decades.  

Understanding how youthful animals resist tumors may provide new insights into tumor 

biology. particularly if genes that regulate aging influence tumor susceptibility. Many 

apoptotic, signaling and other genes that affect tumors in mammals have orthologs in C. 

elegans.  Moreover, mutations affecting insulin/IGF-1 signaling, mitochondrial activity, 

and food intake each extend lifespan in both worms and mammals (Hekimi and Guarente, 

2003; Kenyon, 2005; Liu et al., 2005; Tatar et al., 2003). Thus C. elegans may be a 

valuable organism in which to investigate links between aging and tumors.   

In C. elegans gld-1 tumor-suppressor mutants, germ cells in the early stages of 

oogenesis re-enter the mitotic cell cycle and over-proliferate (Francis et al., 1995b). The 

cells eventually break out of the gonad and fill the body, killing the animal early in life. 

Like transformed vertebrate cells, these cells proliferate in a growth-factor-independent 

manner (Francis et al., 1995b), and they do not undergo programmed cell death 

(Gumienny et al., 1999).  As they do not exhibit an angiogenesis-inducing or clear 

metastatic phenotype, these cells most likely approximate vertebrate cells in the early 

stages of tumorigenesis.  In this study, we asked whether the lethal effects of this over-

proliferation could be delayed by longevity mutations that inhibit insulin/IGF-1 signaling 

[the receptor mutations daf-2(e1370) and daf-2(mu150)] (Garigan et al., 2002; Kenyon et 

al., 1993), a mutation that extends lifespan via caloric restriction [the feeding mutant eat-

2(ad1116)] (Lakowski and Hekimi, 1998) and mitochondrial mutations that disrupt 

respiratory-chain components [isp-1(gm150)] (Feng et al., 2001) or ubiquinone 
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production [clk-1(qm30)] (Felkai et al., 1999).  These mutations affect distinct pathways 

(Hekimi and Guarente, 2003; Kenyon, 2005; Lakowski and Hekimi, 1998), although they 

may converge on common downstream processes.  In principle, longevity mutations 

might not affect the tumor, in which case they would not extend the short gld-1 mutant 

lifespan.   Alternatively, as certain p53 mutations that inhibit tumors also accelerate aging 

and shorten lifespan (Tyner et al., 2002), mutations that lengthen wild-type lifespan 

might promote tumor growth and accelerate death.  In contrast, all of the longevity 

mutations tested extended the lifespans of gld-1 mutants (Figure 2.1).  In fact, the long 

lifespans of the two daf-2 mutants were not shortened at all by gld-1 mutations.  Thus we 

observed a strong correlation between lifespan extension and tumor resistance.  

How do these longevity mutations affect the tumor?  We found that none of the 

mutations restored oocyte production, but they all reduced germ cell number (Figure 2.2).  

Thus these mutations were likely to inhibit germ cell proliferation, and/or increase germ 

cell death. 

In wild type, many germ cells undergo apoptosis as they enter oogenesis, but in 

gld-1 mutants, this apoptosis is blocked (Gumienny et al., 1999).  Using the dye SYTO12 

to label apoptotic cells (Gumienny et al., 1999), we found that daf-2 mutations stimulated 

apoptosis in the gld-1 germlines (Figure 2.3A,B). daf-2 mutations also stimulated 

apoptosis in wild-type germ cells undergoing oogenesis (Figure 2.3D). Therefore, daf-2 

mutations appear to trigger a general increase in germline cell death.   

How might daf-2 mutations affect apoptosis? Timed RNAi experiments showed 

that daf-2 acts during adulthood to influence cell death (Figure 2.4). We found that the 

transcription factor DAF-16/FOXO, which is required for the longevity of daf-2 mutants 
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(Kenyon et al., 1993), was required for daf-2 mutations to increase germline apoptosis in 

both wild type and gld-1 mutants (Figure 2.3D). The C. elegans p53 gene cep-1 

(Schumacher et al., 2001) was required as well (Figure 2.3E).  p53/cep-1 does not appear 

to be a DAF-16 transcriptional target (McElwee et al., 2003; Murphy et al., 2003).  

Together, these findings suggest that daf-2 inhibition during adulthood increases the 

expression of DAF-16 target genes whose products function, directly or indirectly, along 

with p53/CEP-1 to stimulate germline apoptosis.   

In C. elegans, p53 stimulates germline apoptosis in response to genotoxic stress, 

but plays only a minor role in germline apoptosis under normal conditions (Schumacher 

et al., 2001). Thus we hypothesized that daf-2 mutations might affect apoptosis by 

shifting cells into a physiological state resembling that induced by genotoxic stress. This 

idea is attractive because inhibiting daf-2 activity is known to activate multiple stress-

resistance processes (Kenyon, 2005; Tatar et al., 2003).  Consistent with this, DAF-16 

was required for the increase in germline apoptosis caused by gamma irradiation in wild-

type animals (Figure 2.3G). In addition, the checkpoint genes hus-1, mrt-2 and clk-2, 

which act upstream of p53 in the DNA-damage-induced apoptotic pathway, were 

required for daf-2 mutations to increase apoptosis in otherwise wild-type animals 

(Gartner et al., 2000) (Figure 2.3G). 

The cell death that occurs in wild-type and gld-1; daf-2-mutant germ cells is 

restricted to cells entering oogenesis. For this reason, we also examined a germline tumor 

mutant in which cells do not progress to meiosis. The glp-1(ar202gf) mutation renders 

the GLP-1/Notch receptor, which maintains the germ cells in the stem-cell state, 

constitutively active (Pepper et al., 2003). We found that daf-2 mutations were unable to 
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stimulate apoptosis in this germline tumor (Table 2.1). Thus, daf-2 mutations may trigger 

cell death specifically in cell populations that are already “primed” for apoptosis. 

Consistent with this interpretation, p53 levels are known to be elevated in gld-1 mutants 

(Schumacher et al., 2005).   

 The lifespans of gld-1(RNAi); daf-2(-) animals were shortened when cell death 

was prevented with either the ced-3(n1286) caspase mutation (Yuan et al., 1993) or the 

cep-1(gk138) p53 mutation (Deng et al., 2004).  [Cell death mutations do not reduce 

wild-type or gld-1(+); daf-2(-) lifespans (Garigan et al., 2002) (Table 2.2).]  

Nevertheless, daf-2 mutations still more than doubled the lifespans of both of these 

apoptosis-defective tumor strains (Figure 2.3C).  This suggested that daf-2 mutations 

might influence cell proliferation as well as apoptosis.     

 We assayed cell proliferation using an M-phase-specific (phospho-histone H3) 

antibody (Ajiro et al., 1996), and found that daf-2 mutations decreased the number of 

actively-dividing germ cells in gld-1 mutants (Figure 2.5A-B). We observed a similar 

decrease when apoptosis was blocked by a ced-3 mutation (Table 2.3), indicating that the 

decrease in labeling was not due to increased apoptosis. daf-2 mutations also inhibited 

cell division in the glp1/Notch germline tumors, and, consistent with this, these animals 

had a smaller overall germ cell number and increased lifespans (Figure 2.1F, Figure 2.6).  

 daf-16 was required for daf-2(mu150) mutations to inhibit gld-1 germline mitosis.  

However, a small portion of the effect caused by the stronger allele, daf-2(e1370), was 

daf-16-independent (Figure 2.5C).  Likewise, daf-2(e1370) mutations slightly extended 

the lifespans of gld-1(RNAi) daf-16(null) mutants (~20%, P < .0001) (Figure 2.7).    
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 Unexpectedly, daf-2(-) mutations did not affect the number of M-phase germline 

cells in a wild-type background (though we may not have detected a subtle change with 

this antibody) (Figure 2.5C)  Thus, daf-2(-)’s anti-proliferative effect appeared to be 

specific to tumor cells. This was particularly intriguing for the glp-1/Notch mutant, since 

its tumors are thought to consist of an overabundance of normal germline stem cells. 

Perhaps the insulin/IGF-1 pathway, which controls food utilization and growth in many 

species, becomes limiting for cell proliferation in the face of such a large metabolic load.  

 In Drosophila, insulin/IGF-1-pathway mutations were recently reported to 

prevent normal germ cell growth and maturation (LaFever and Drummond-Barbosa, 

2005).  The discrepancy between this finding and ours may reflect the strength of the 

mutations examined, because stronger daf-2 alleles in C. elegans inhibit reproduction 

severely (Gems et al., 1998). In contrast, the daf-2(mu150) mutants reproduced normally, 

both in terms of reproductive timing and brood size, and daf-2(e1370) mutants grown at 

20°C had only a slight reduction in fecundity (Table 2.4), as reported previously (Garigan 

et al., 2002; Kenyon et al., 1993). 

 Our findings have possible implications for mammalian tumor biology.  In 

humans, PTEN tumor-suppressor mutations stimulate oncogenesis by elevating 

insulin/IGF-1 signaling (Inoki et al., 2005).  This inhibits the DAF-16 ortholog FOXO3a, 

which in turn prevents apoptosis and promotes cell proliferation (Essafi et al., 2005). 

Here, we decreased insulin/IGF-1 signaling (and elevated DAF-16 activity) throughout 

the animal and obtained a strong tumor-suppressive effect.  Perhaps this will be possible 

for human tumors as well; including those that do not carry mutations in the insulin/IGF-

1 signaling pathway.  
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 Mutations that inhibit growth hormone signaling extend lifespan and increase 

tumor resistance in rodents (Ramsey et al., 2002). Our findings suggest that reduced 

insulin/IGF-1 signaling, which results from GH deficiency, is responsible for their cancer 

resistance, and that this resistance is mediated by FOXO (and possibly p53) activity.  

 Are these tumor-suppressive mechanisms activated by other longevity pathways?  

To address this, we analyzed mutations that cause caloric restriction (eat-2)(Lakowski 

and Hekimi, 1998) or impair mitochondrial activity (isp-1 and clk-1)(Felkai et al., 1999; 

Feng et al., 2001).  None of these mutations affected germline apoptosis in gld-1 tumor 

mutants (Figure 2.3F, Figure 2.8). Thus this effect appears to be specific to the 

insulin/IGF-1 pathway.  However, all of the mutations reduced the number of M-phase 

germ cells (Figure 2.5D). Remarkably, as with daf-2 mutations, none of these mutations 

reduced the number of M-phase germ cells in gld-1(+) animals (Figure 2.5D).  Thus all 

of the longevity mutations we examined preferentially affected the proliferation of tumor 

cells. This implies a molecular link between processes that protect and repair cells, and 

processes that disadvantage tumor cell growth. 

 Caloric restriction inhibits tumorigenesis in mammals, and our findings suggest 

that inhibiting the mammalian orthologs of isp-1 and clk-1 may do so as well. isp-1 

mutations are thought to increase lifespan by inhibiting respiration (Feng et al., 2001; 

Hekimi and Guarente, 2003; Kenyon, 2005; Liu et al., 2005) Perhaps tumor cells, which 

have low rates of respiration, are particularly sensitive to further reductions, or perhaps 

reducing respiration rates in surrounding cells inhibits tumor growth.  The mechanism by 

which clk-1 mutations increase lifespan is not known. C. elegans clk-1 mutants, which 

receive essential quinones from the environment (Jonassen et al., 2001) do not have 
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reduced metabolic output (Braeckman et al., 2002), and in mice, the longevity of clk-1+/- 

mice has been associated with increased stress resistance (Liu et al., 2005).  Because one 

could imagine mimicking the effects of clk-1 mutations therapeutically, it will be 

particularly interesting to investigate their effects on mammalian tumors.  

In summary, we find that many C. elegans longevity mutations are tumor 

protective. The generality of our findings, along with the cancer resistance of long- lived 

calorically-restricted and endocrine-mutant rodents, argues that mutations like the p53 

alleles that inhibit tumors but accelerate aging (Tyner et al., 2002) are likely to be the 

exception and not the rule.  This, in turn, means that during evolution, longevity and 

delayed tumorigenesis probably arose together; for example, from endocrine-pathway 

and mitochondrial mutations that influenced both processes. Likewise, it seems likely 

that if a means of extending the period of youthfulness in humans can be achieved, it will 

also delay the growth of tumors. 
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MATERIALS AND METHODS 

Strains 

The strains we analyzed were:  wild-type N2, daf-2(e1370), daf-2(mu150) (a point 

mutation affecting the extracellular domain; D. Gems, pers. comm.) , daf-16(mu86), isp-

1(qm150), eat-2(ad1116), clk-1(qm30), ced-3(n1286), ced-4(n1162), gld-1(q485), gld-

1(op236),  cep-1(gk138), hus-1(op241), mrt-2(e2663), clk-2(mn159), and unc-119::GFP, 

daf-2(e1370); unc-119::GFP. 

RNA Interference 

RNAi was performed by feeding as described (Kamath et al., 2001).  Each RNAi clone 

was grown overnight at 37°C in LB plus 10 µg/ml tetracycline and 100 µg/ml 

carbenicillin, then seeded onto NG-carbenicillin plates containing 100 µl 0.1 M IPTG. 

Worms were exposed to RNAi bacteria from hatching.  

Lifespan analysis 

Lifespans assays were performed as described previously (Kenyon et al., 1993).  Animals 

were picked as synchronized L4 larvae at t=0. Animals that crawled off the plate, displayed 

extruded internal organs, or died from internally hatched progeny were censored and incorporated 

into the statistical analysis as described (Lawless, 1982).  Worms were transferred away from 

their progeny to new plates every other day until the end of the reproductive period.  All 

experiments were performed at 20°C with exception of experiments (and controls) involving daf-

2(mu150), in which animals were raised at 20°C and were switched to 25°C at the L4 molt in 
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order to obtain maximal lifespan extension.  Data was analyzed and lifespan curves were 

generated using Statview 4.5 (SAS) software and P-values were calculated using the Mantel-Cox 

log rank test. Each lifespan experiment was repeated at least two times, and many experiments 

involving RNAi were also carried out using mutants. All of our lifespan data is presented in the 

supplementary tables. 

Fluorescent Microscopy 

Gonads were dissected, fixed, and stained with DAPI as described (Francis et al., 

1995b).  For antibody staining, dissected gonads were fixed with 3% formaldehyde for 10 

minutes. Antibody incubations and washes were performed as described (Crittenden et 

al., 1994).  Anti-phosphohistone H3 antibody (Upstate Biotechnology) was used at a 

1:400 dilution to visualize mitotic germ cells.  SYTO12 staining was performed as 

described (Gumienny et al., 1999).  For DAPI staining, total germ cell estimates were 

made by counting 100 nuclei sections, and multiplying by the number of sections in the 

gonad arm.  For quantification of SYTO12 and anti-phosphohistone H3 stained animals, 

at least three separate experiments were combined to generate averages.  To visualize 

neurons, the neuronal reporter unc-119::GFP was used.  Images were captured using a 

Zeiss Axioplan.  Images were rotated as appropriate using Adobe Photoshop 7.0. 

Progeny Assay 

 To determine the average brood size, animals were picked at the L4 stage and 

placed on individual plates and kept at 25ºC [daf-2(mu150)] or 20°C [daf-2(e1370)]. 

Every 8-12 hours, adults were transferred to new plates and developed progeny were 

counted approximately two days later.  Averages were made for ~20 worms per 

genotype.   
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FIGURE 2.1- Mutations that increase longevity delay the death caused by germline tumor 

mutations.   
For each chart, experimental and control animals were grown in parallel.  In this and other figures "gld-

1(-)" refers to the null allele gld-1(q485).  All RNAi-treated animals are indicated in the figures [i.e. 
"gld-1(RNAi)"].  (A) daf-2(e1370) and (B) daf-2(mu150) mutations suppress the lethality caused by gld-

1(-).  Similar results were obtained with gld-1 RNAi (Table 2.5). In control experiments, a non-
tumorous gld-1 mutant (op236) behaved like wild type (Schumacher et al., 2005) (Table 2.5).  (C) isp-

1(gm150), (D) clk-1(qm30) and (E) eat-2(ad1116) mutations delayed the death caused by gld-1 RNAi, 
though the animals did not live as long as isp-1, clk-1 or eat-2 mutants exposed to control RNAi.  The 
magnitude of the lifespan extension caused by these mutations was roughly the same in gld-1(-) and 
gld-1(+) backgrounds (Table 2.5).  (F) daf-2(RNAi) delayed the death caused by another germline-
tumor mutant, glp-1(ar202).  All experiments were repeated at least twice with similar results (Table 
2.5). We considered the possibility that germline tumors shorten lifespan by down-regulating the 
lifespan-extending protein DAF-16, since removing the germ cells in wild type extends lifespan in a 
daf-16-dependent manner. However, changes in DAF-16 activity cannot be responsible, because gld-1 

RNAi further shortens the lifespans of daf-16(null) mutants (Table 2.5).  Consistent with tumors killing 
the animal, as they near death, the animals become rigid and so packed with germ cells that none of 

their organs are visible using Nomarski microscopy.   
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FIGURE 2.2- Mutations that increase longevity reduce germ cell number in gld-1(-) mutants. 

Adult animals were stained with the DNA-intercalating dye DAPI.  Left panels, midpoints of the 
gonad arms at day 4 of adulthood; right panels, heads at day 9 of adulthood.  In all panels, anterior is 
to the left.  (A) Wild type.  (B) gld-1(q485) mutants lack oocytes and have many undifferentiated 
germ cells in their gonads (left), which later break out of the gonad and fill the head and body (right) 
(C) gld-1(q485); daf-2(e1370) and (D) gld-1(q485); daf-2(mu150) double mutants lack oocytes; 
however, they have far fewer undifferentiated germ cells (left), and maintain the integrity of their 
gonads (right), even into old age (C, lower panel).  The number of germ cells in a non-tumorous 
mutant of gld-1, gld-1(op236), is unaffected by daf-2 RNAi (Table 2.6).  (E) isp-1(gm150), (F) clk-

1(qm30), and (G) eat-2(ad1116)  mutants also have fewer undifferentiated germ cells in the presence 
of gld-1 RNAi, (left), and the spread of germ cells into the body is delayed (right; data not shown).  

Scale bars, 20 µm.  Germ cell estimates and statistical analysis, Table 2.6.  We considered the 
possibility that daf-2 mutations increased the (low) frequency of transdifferentiation of gld-1(-) germ 
cells into somatic cells.  We found, using Nomarski optics, DAPI stating, and neuronal GFP markers, 
that this was not the case (Figure 2.5). 
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FIGURE 2.3- Insulin/IGF-1 but not 

mitochondrial or feeding mutations 

trigger p53- and DAF-16-dependent 

germline apoptosis. 
Germ cell corpses were identified 
using SYTO12-labeling of day 2 (48-
hour) adults. Each bar represents the 
mean (±SE) of at least three combined 
experiments.  (A) daf-2(e1370) 

mutations partially restored germ cell 
death in gld-1(q485) mutants.  This 
was blocked by a ced-3(-) mutation 
(Table 2.1).  (B) Representative 
SYTO12-labeled gld-1(q485) mutant 
(left) and gld-1(q485); daf-2(e1370) 
double mutant (right).  Arrows, stained 

germ-cell corpses.  Scale bar, 20 µm. 
(C) Lifespans of gld-1(RNAi); daf-

2(e1370) animals were reduced ~20% 
by either ced-3(n1286) (left), cep-

1(gk138) (right), or ced-4(n1162) 

(Table 2.2) mutations (P <.0001). The 
number of germ cells in a gld-1(-); 

daf-2(-) animal was increased by either 
a ced-3(-) or cep-1(-) mutation (Table 
2.6).  Dotted line, mean lifespan of 
animals treated with gld-1 RNAi.  (D-

F) Left panels, gld-1(RNAi) animals; 
right panels, gld-1(+) animals.  (D) 
daf-2 mutations increased germ cell 
apoptosis in wild type as well as gld-

1(-) animals; this increase was daf-16 
dependent.  Residual germ cell 
apoptosis in gld-1(RNAi) animals was 
likely due to incomplete RNAi knock 
down.  The requirement of daf-16 for 
this apoptosis is consistent with 
lifespan data (Figure 2.6). (E) The daf-

2-dependent increase in germ cell 
apoptosis was reversed by cep-

1(gk138). (F) isp-1(gm150), clk-

1(qm30), and eat-2(ad1116) mutations 
did not affect germ cell apoptosis in 

gld-1(-) or wild-type animals. 
Asterisks in this and all figures 
indicate P <.0001.  (G) daf-16 was 
necessary for DNA damage-induced 
apoptosis (left). Germ cell corpses 
were scored 18 hr after irradiation. The 
checkpoint genes hus-1, mrt-1 and clk-

2 were required for daf-2 RNAi to 
increase apoptosis in wild type (right). 
Details and statistical data, Table 2.1. 
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FIGURE 2.4- daf-2 acts during adulthood to affect apoptosis in wild type 

Wild-type animals were grown on bacteria expressing daf-2 dsRNA from hatching or 
from the first day of adulthood. For statistical analysis, see Table 2.1. 
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FIGURE 2.5- Longevity mutations reduce the number of M-phase germ cells in gld-1(-) but 

not wild-type animals. 

 Dividing germ cells were scored using anti-phosphohistone H3 antibody staining at 36 hours of 
adulthood. Each bar represents the mean (±SE) of at least three combined experiments.  (A) daf-

2(mu150) and daf-2(e1370) mutations reduced labeled cells in gld-1(-) mutants by approximately 
50%.  Similar results were obtained using gld-1(RNAi) (Table 2.3).  (B) Representative gonads of 
wild-type (top), gld-1(q485) (middle), and gld-1(q485); daf-2(e1370) (bottom) animals labeled 

with anti-phosphohistone H3. Scale bar, 20 µm. (C) The reduction of mitotic germ cells by daf-

2(e1370), but not daf-2(mu150), mutations was only partially reversed by daf-16 RNAi.  Similar 
results were obtained in gld-1(RNAi) daf-16(mu86); daf-2(e1370) animals (Table 2.3).  In contrast, 
a cep-1(-) mutation had no effect on the number of mitotic cells (Table 2.3).  In a wild-type 
background, daf-2 mutations had no effect on germ cell divisions (right).  (D) isp-1(gm150), clk-

1(qm30), and eat-2(ad1116) mutations reduced the number of M-phase cells in gld-1(RNAi) 
animals by approximately 50%, 35% and 30% respectively, but had no effect in a wild-type 
background.  The scale in D differs from that in A-C because gld-1 RNAi has a less severe effect 
on proliferation than a gld-1(q485) mutation.  Details and statistical data, Table 2.3. 
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FIGURE 2.6- glp-1(ar202) mutants have fewer germ cells in the presence of daf-2 

RNAi.   
Animals grown at 25°C were stained at day 1 of adulthood with the DNA-
intercalating dye DAPI.  (A) glp-1(ar202).  (B) daf-2(RNAi) glp-1(ar202).  Scale bars, 

20 µm.  For germ cell estimates and statistical analysis, see Table 2.6. 
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FIGURE 2.7- daf-2(e1370) [but not daf-2(mu150)] mutations extend the lifespan 

of gld-1(-) animals slightly even in the absence of daf-16.  
In each graph, experimental and control animals were grown in parallel. (A) The 
effect of the daf-2(e1370) mutation on the gld-1(-) mutant lifespan was partially daf-

16-independent, since e1370 extended the lifespan of a gld-1 daf-16(null) mutant (P 

<.0001) (B) The effect of daf-2(mu150) on the lifespan of gld-1 mutants was entirely 
daf-16-dependent (25ºC). For statistical data, see Table 2.5. 
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FIGURE 2.8- Eliminating cell death does not change lifespans of gld-1(RNAi);  isp-1 

and gld-1(RNAi); eat-2 animals.  
The lifespans of (A) gld-1(RNAi); isp-1(gm150) (B) gld-1(RNAi); eat-2(ad1116) animals 
were not affected by the ced-3(n1286) mutation.  (P=.82, P= .95) Dotted lines, mean 
lifespan of animals treated with gld-1 RNAi.   Statistics are shown in Table 2.2. 
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FIGURE 2.9- Suppression 

of the Gld-1 phenotype by 

daf-2(e1370) is not caused 

by increased trans-

differentiation of germ 

cells. 

gld-1 mutations were 
recently reported to produce 
low levels of germ-cell trans-
differentiation into somatic 
cells. This effect was greatly 
enhanced by mex-3 

mutations (Ciosk et al., 
2006).  We asked whether 
daf-2 mutations also 
enhanced trans-
differentiation, and found 
that they did not.  (A) Light 
micrographs of germ cells of 
day-1 adults at high 
magnification.  (B) DAPI 
staining of germ cells in day-
1 adults at high 
magnification.  (C) 
Representative light 
micrographs of day-1 adults.  
(D) Quantification of 
neuronal differentiation in 
day 1.5 adult gonads. 
Neurons were identified 
using an unc-119::GFP 
transgene.  ~20 worms were 
analyzed for each genotype.  
(E) Representative mex-3 

gld-1 gonad showing 
apparent neurons. 
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FIGURE 2.10- daf-16 is required for ced-3(n1286) to affect the lifespan of gld-1; daf-2 

mutants.  
The lifespans of gld-1(RNAi) daf-16(mu86); daf-2(e1370) mutants are not affected by ced-

3(n1286) (P =.75).  Additional statistics are shown in Table 2.2. 
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TABLE 2.1- Inhibiting the insulin/IGF-1 pathway, but not mitochondrial function 

or food intake, increase germ cell death in gld-1(-) and wild-type animals. 

 

 

Genotype/treatment No. SYTO12 

positive cells 

± s.e 

n P 

N2 2.0 ± 0.2 

(1.9 ± 0.5) 
(1.9 ± 0.4) 
(2.1 ± 0.5) 
(2.2 ± 0.4) 

94 

(24) 
(27) 
(14) 
(29) 

 

gld-1(q485) 0.0 ± 0.0 

(0.0 ± 0.0) 
(0.0 ± 0.0) 
(0.0 ± 0.0) 

47 

(24) 
(11) 
(12) 

 

gld-1(q485); daf-2(e1370) 1.2 ± 0.1 

(1.1 ± 0.3) 
(1.0 ± 0.2) 
(1.6 ± 0.3) 

77 

(21) 
(34) 
(22) 

<.0001 

N2, 25°C 1.8 ± 0.2 

(1.6 ± 0.4) 
(1.7 ± 0.3) 
(1.8 ± 0.4) 
(2.1 ± 0.4) 

96 

(24) 
(23) 
(30) 
(19) 

 

gld-1(q485), 25°C 0.0 ± 0.0 

(0.0 ± 0.0) 
(0.0 ± 0.0) 
(0.0 ± 0.0) 

30 

(12) 
(8) 
(10) 

 

gld-1(q485); daf-2(mu150), 25°C 0.9 ± 0.1 
(0.5 ± 0.1) 
(0.8 ± 0.2) 
(0.9 ± 0.2) 

80 
(20) 
(37) 
(33) 

<.0001 

gld-1(RNAi) 0.6 ± 0.2 

(0.7 ± 0.2) 
(0.7 ± 0.3) 
(0.4 ± 0.2) 

59 

(21) 
(27) 
(11) 

 

gld-1(RNAi); daf-2(e1370) 2.4 ± 0.3 

(2.2 ± 0.5) 
(2.1 ± 0.7) 
(2.2 ± 0.6) 
(3.2 ± 0.7) 

100 

(28) 
(19) 
(31) 
(22) 

<.0001 

gld-1(RNAi); daf-2(e1370); ced-

3(n1286) 

0.0 ± 0.0 

(0.0 ± 0.0) 
(0.0 ± 0.0) 
(0.0 ± 0.0) 

34 

(10) 
(12) 
(8) 
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gld-1(RNAi) daf-16(mu86); daf-

2(e1370) 

0.9 ± 0.1 

(1.4 ± 0.3) 
(1.0 ± 0.3) 
(0.6 ± 0.2) 
(0.6 ± 0.3) 

130 

(48) 
(20) 
(25) 
(37) 

.107 

gld-1(RNAi), 25°C 0.1 ± 0.0 

(0.1 ± 0.1) 
(0.1 ± 0.1) 
(0.1 ± 0.1) 

82 

(25) 
(37) 
(20) 

 

gld-1(RNAi); daf-2(mu150), 25°C 0.6 ± 0.1 

(1.4 ± 0.3) 
(0.1 ± 0.0) 
(0.8 ± 0.2) 
(0.6 ± 0.2) 

112 

(22) 
(35) 
(19) 
(36) 

<.0001 

gld-1(RNAi) daf-16(mu86); daf-

2(mu150), 25°C 

0.1 ± 0.1 

(0.1 ± 0.1) 
(0.3 ± 0.2) 
(0.1 ± 0.1) 
(0.1 ± 0.1) 

66 

(18) 
(12) 
(22) 
(14) 

.473 

gld-1(RNAi) 1.0 ± 0.2 

(1.0 ± 0.3) 
(1.2 ± 0.3) 
(0.5 ± 0.4) 
(1.3 ± 0.4) 

54 

(17) 
(14) 
(13) 
(10) 

 

gld-1(RNAi) cep-1(gk138) 1.0 ± 0.1 

(1.2 ± 0.2) 
(0.7 ± 0.2) 
(0.7 ± 0.2) 
(1.2 ± 0.4) 

86 

(21) 
(30) 
(23) 
(12) 

0.96 

gld-1(RNAi); daf-2(e1370) 2.0 ± 0.2 

(0.9 ± 0.2) 
(2.4 ± 0.4 
(2.4 ± 0.2) 
(2.4 ± 0.6) 

64 

(16) 
(15) 
(33) 
(10) 

<.0
001 

gld-1(RNAi) cep-1(gk138); daf-

2(e1370) 
0.8 ± 0.2 

(0.8 ± 0.2) 
(0.6 ± 0.4 
(1.2 ± 0.7) 
(0.6 ± 0.7) 

41 

(16) 
(9) 
(9) 
(7) 

0.53 

gld-1(RNAi); eat-2(ad1116) 0.5 ± 0.1 

(0.7 ± 0.3) 
(0.4 ± 0.1) 
(0.4 ± 0.2) 
(0.5 ± 0.2) 

100 

(17) 
(36) 
(15) 
(32) 

.51 
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gld-1(RNAi); isp-1(gm150) 0.4 ± 0.1 

(0.3 ± 0.2) 
(0.5 ± 0.4) 
(0.4 ± 0.2) 

42 

(17) 
(10) 
(15) 

.18 

gld-1(RNAi); clk-1(qm30) 0.3 ± 0.1 

(0.2 ± 0.1) 
(0.3 ± 0.2) 
(0.4 ± 0.3) 

42 

(18) 
(13) 
(11) 

.06 

glp-1(ar202) 0.5 ± 0.1 

(0.3 ± 0.1) 
(0.5 ± 0.2) 
(0.6 ± 0.2) 

170 

(41) 
(82) 
(46) 

 

daf-2(RNAi) glp-1(ar202) 0.7 ± 0.1 
(0.8 ± 0.2) 
(0.6 ± 0.1) 
(0.6 ± 0.2) 

114 
(29) 
(60) 
(27) 

0.2 

N2, 15°C 1.9 ± 0.2 

(2.0 ± 0.6) 
(2.6 ± 0.8) 
(1.6 ± 0.3) 
(1.8 ± 0.5) 

93 

(23) 
(15) 
(34) 
(21) 

 

N2 2.0 ± 0.2 

(1.9 ± 0.5) 
(1.9 ± 0.4) 
(2.1 ± 0.5) 
(2.2 ± 0.4) 

94 

(24) 
(27) 
(14) 
(29) 

 

daf-2(e1370) 4.4 ± 0.2 

(5.7 ± 0.4) 
(4.0 ± 0.5) 
(3.7 ± 0.4) 
(4.6 ± 0.5) 

97 

(24) 
(24) 
(28) 
(21) 

<.000
1 

daf-16(mu86); daf-2(e1370) 2.2 ± 0.2 

(2.6 ± 0.5) 
(2.8 ± 0.4) 
(1.6 ± 0.4) 
(1.6 ± 0.4) 

97 

(23) 
(25) 
(22) 
(27) 

0.66 

daf-16(mu86) 1.7 ± 0.2 

(2.0 ± 0.5) 
(1.4 ± 0.3) 
(1.9 ± 0.3) 
(1.3 ± 0.3) 

97 

(22) 
(26) 
(32) 
(16) 

0.24 

eat-2(ad1116) 2.3 ± 0.3 

(2.9 ± 0.7) 
(2.2 ± 0.4) 
(1.8 ± 0.5) 

39 

(11) 
(16) 
(12) 

0.47 
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isp-1(gm150) 1.7 ± 0.2 

(1.2 ± 0.3) 
(1.8 ± 0.4) 
(1.8 ± 0.4) 
(1.9 ± 0.4) 

82 

(22) 
(12) 
(23) 
(25) 

0.22 

clk-1(qm30) 1.6 ± 0.2 

(1.1 ± 0.3) 
(1.5 ± 0.4) 
(1.8 ± 0.5) 
(2.2 ± 0.5) 

66 

(22) 
(12) 
(16) 
(16) 

0.18 

ced-3(n1286) 0.0 ± 0.0 

(0.0 ± 0.0) 
(0.0 ± 0.0) 
(0.0 ± 0.0) 

41 

(10) 
(12) 
(19) 

 

N2, 25°C 1.8 ± 0.2 

(1.6 ± 0.4) 
(1.7 ± 0.3) 
(1.8 ± 0.4) 
(2.1 ± 0.4) 

96 

(24) 
(23) 
(30) 
(19) 

 

daf-2(mu150), 25°C 3.6 ± 0.2 

(3.2 ± 0.5) 
(3.3 ± 0.4) 
(4.0 ± 0.5) 
(3.9 ± 0.4) 

96 

(24) 
(30) 
(21) 
(21) 

<.0001 

daf-16(mu86); daf-2(mu150), 25°C 1.7 ± 0.2 

(1.7 ± 0.4) 
(1.6 ± 0.3) 
(1.3 ± 0.4) 
(2.3 ± 0.4) 

96 

(24) 
(40) 
(11) 
(21) 

0.71 

daf-16(mu86), 25°C 1.5 ± 0.3 

(1.9 ± 0.6) 
(1.5 ± 0.6) 
(1.3 ± 0.7) 
(1.2 ± 0.6) 

52 

(14) 
(10) 
(11) 
(17) 

0.39 

N2 1.2 ± 0.2 

(1.2 ± 0.3) 
(1.3 ± 0.3) 
(1.3 ± 0.2) 

52 

(27) 
(14) 
(11) 

 

daf-2(RNAi) (from hatching) 3.2 ± 0.2 

(3.4 ± 0.4) 
(3.3 ± 0.3) 
(2.8 ± 0.2) 

40 

(15) 
(16) 
(9) 

<.0001 

daf-2(RNAi) (adult-only) 3.1 ± 0.2 

(3.3 ± 0.5) 
(3.2 ± 0.2) 
(2.9 ± 0.2) 

46 

(14) 
(17) 
(15) 

<.0001 
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N2 1.7 ± 0.2 

(1.4 ± 0.4) 
(1.6 ± 0.3) 
(2.0 ± 0.3) 
(2.1 ± 0.6) 

88 

(21) 
(30) 
(23) 
(14) 

 

cep-1(gk138) 1.6 ± 0.2 

(1.1 ± 0.3) 
(1.7 ± 0.3) 
(1.7 ± 0.3) 
(1.7 ± 0.5) 

88 

(18) 
(33) 
(23) 
(14) 

0.50 

daf-2(e1370) 3.9 ± 0.3 
(3.3 ± 0.7) 
(2.2 ± 0.5) 
(4.5 ± 0.7) 
(3.9 ± 0.6) 

60 
(11) 
(20) 
(14) 
(15) 

<.0001 

cep-1(gk138); daf-2(e1370) 1.9 ± 0.2 

(1.7 ± 0.4) 
(2.1 ± 0.4) 
(1.7 ± 0.3) 
(1.9 ± 0.4) 

91 

(21) 
(30) 
(23) 
(17) 

0.59 

N2 1.5 ± 0.2 

(1.7 ± 0.2) 
(1.4 ± 0.3) 
(1.1 ± 0.4) 

50 

(25) 
(16) 
(9) 

 

daf-2(RNAi) 3.5 ± 0.3 
(3.3 ± 0.5) 
(3.6 ± 0.5) 
(3.6 ± 0.6) 

58 
(23) 
(20) 
(15) 

<.0001 

hus-1(op241) 2.0 ± 0.3 
(2.3 ± 0.6) 
(1.7 ± 0.7) 
(2.2 ± 0.5) 

61 
(25) 
(16) 
(20) 

 

hus-1(op241); daf-2(RNAi) 1.6 ± 0.2 
(1.3 ± 0.3) 
(1.6 ± 0.3) 
(1.4 ± 0.3) 

59 
(24) 
(14) 
(21) 

0.17 

mrt-2(e2663) 1.7 ± 0.3 
(1.7 ± 0.5) 
(1.9 ± 0.5) 
(1.8 ± 0.5) 

30 
(10) 
(10) 
(10) 

 

daf-2(RNAi) mrt-2(e2663) 1.5 ± 0.2 

(1.3 ± 0.5) 
(1.4 ± 0.4) 
(1.9 ± 0.4) 

36 

(9) 
(14) 
(13) 

0.36 



  35

clk-2(mn159) 2.0 ± 0.4 

(2.2 ± 0.6) 
(2.2± 0.4) 
(1.4 ± 0.6) 

40 

(18) 
(9) 
(13) 

 

daf-2(RNAi) clk-2(mn159) 2.0 ± 0.3 

(1.9 ± 0.4) 
(2.5± 0.6) 
(1.7 ± 0.6) 

41 

(19) 
(10) 
(12) 

0.76 

0 Gy    
N2 0.9 ± 0.1 

(1.0 ± 0.2) 
(0.9 ± 0.2) 

44 
(22) 
(22) 

 

daf-16(mu86) 1.2 ± 0.2 

(1.1 ± 0.2) 
(1.3 ± 0.3) 

43 

(20) 
(23) 

 

daf-2(e1370) 3.0 ± 0.3 

(2.9 ± 0.4) 
(3.1± 0.4) 

38 

(18) 
(20) 

 

60 Gy    
N2 4.6 ± 0.5 

(4.6 ± 0.4) 
(4.6 ± 0.7) 

38 

(14) 
(24) 

 

daf-16(mu86) 1.4 ± 0.2 

(1.4 ± 0.3) 
(1.4 ± 0.3) 

49 

(22) 
(27) 

 

daf-2(e1370) 4.4 ± 0.3 

(4.1 ± 0.5) 
(4.8 ± 0.4) 

36 

(16) 
(20) 

 

120 Gy    
N2 5.7 ± 0.3 

(5.3 ± 0.5) 
(6.2 ± 0.4) 

42 

(20) 
(22) 

 

daf-16(mu86) 1.9 ± 0.3 
(2.1 ± 0.3) 
(1.8 ± 0.4) 

36 
(17) 
(19) 

 

daf-2(e1370) 6.3 ± 0.5 

(6.2 ± 0.5) 
(6.4 ± 0.6) 

32 

(15) 
(17) 

 

*Total averages are shown in bold, individual experiments are listed below each average 
in parenthesis. 
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TABLE 2.2- The tumor-suppressive effects of inhibiting the insulin/IGF-1 pathway, 

but not mitochondrial function or feeding, are dependent on ced-3 and cep-1.     
 

Genotype/treatment Mean 

Lifespan ± 

s.e.m (days) 

No. died/ 

total no. 

animals 

P     

ced-3(n1286), vector 16.7 ± 0.6 
(16.9 ± 0.6) 

50/70 
(35/58) 

 

gld-1(RNAi); ced-3(n1286) 11.2 ± 0.2 
(12.6 ± 0.3) 

52/70 
(51/70) 

<.0001 
(<.0001) 

daf-2(e1370), vector 35.2 ± 1.0 
(31.4 ± 2.3) 

38/70 
(32/47) 

 

gld-1(RNAi); daf-2(e1370) 33.3 ± 1.0 
(30.0 ± 0.9) 

39/70 
(77/90) 

.08 
(.104) 

daf-2(e1370); ced-3(n1286), 
vector 

34.3 ± 0.8 
(35.8 ± 0.9) 

36/70 
(36/57) 

 
 

gld-1(RNAi); daf-2(e1370); ced-

3(n1286) 

27.1 ± 1.0 
(28.8 ± 1.1) 

38/70 
(34/58) 

<.0001 
(<.0001) 

daf-2(e1370), vector  38.5 ±  1.5 
(31.4 ± 2.3) 

28/67 
(32/47) 

 

gld-1(RNAi); daf-2(e1370) 36.7 ± 1.5  
(30.0 ± 0.9) 

35/75 
(77/90) 

.32 
(.104) 

daf-2(e1370); ced-4(n1162), 
vector 

 34.4 ± 1.3 
(35.5 ± 2.3) 

35/75 
(31/51) 

 
 

gld-1(RNAi); daf-2(e1370); ced-

4(n1162) 

 25.6 ± 1.0 
(23.8 ± 1.0) 

48/75 
(30/50) 

<.0001 
(<.0001) 

daf-2(mu150); vector, 25°C 25.8 ± 0.9 
(25.0 ± 1.0) 
(21.4 ± 0.7) 

40/75 
(35/62) 
(44/70) 

 

gld-1(RNAi); daf-2(mu150), 25°C 24.4 ± 1.1 
(24.5 ± 1.0) 
(18.7 ± 0.8) 

34/75 
(37/77) 
(30/69) 

.31 
(.98) 
(.004) 

daf-2(mu150); ced-3(n1286), 
vector, 25°C 

25.5 ± 1.1 
(31.2 ± 1.1) 
(32.5 ± 1.1) 

36/75 
(37/75) 
(30/70) 

 

gld-1(RNAi); daf-2(mu150); ced-

3(n1286), 25°C 

19.4 ± 0.7 
(22.2 ± 1.0) 
(19.9 ± 1.1) 

48/75 
(35/75) 
(42/72) 

<.0001 
(<.0001) 
(<.0001) 

daf-2(e1370), vector  31.7 ±  1.2 
(31.1 ± 2.2) 

19/85 
(21/73) 

 

gld-1(RNAi); daf-2(e1370) 29.3 ± 2.1 
(31.0 ± 1.0) 

47/90 
(36/72) 

.44 
(.94) 

cep-1(gk138); daf-2(e1370), 
vector 

 30.0 ± 1.1 
(29.4 ± 2.7) 

75/120 
(13/70) 

 
 

gld-1(RNAi) cep-1(gk138);  daf-

2(e1370) 
 22.6 ± 0.8 
(24.6 ± 1.3) 

54/120 
(47/70) 

<.0001 
(.03) 



  37

isp-1(gm150), vector 27.7 ± 1.2 
(25.2 ± 0.8) 

34/75 
(61/95) 

 

ced-3(n1286) isp-1(gm150), 
vector 

26.3 ± 1.1 
(24.8 ± 0.8) 

35/70 
(60/94) 

.30 
(.80) 

gld-1(RNAi); isp-1(gm150) 19.6 ± 0.7  
(19.3 ± 0.4) 

39/75 
(69/101) 

 

gld-1(RNAi); ced-3(n1286) isp-

1(gm150)  
19.4 ± 0.7 
(19.0 ± 0.6) 

46/75 
(60/94) 

.82 
(.86) 

eat-2(ad1116); vector 22.3 ± 0.7 
(27.1 ± 1.0) 

57/74 
(36/75) 

 

eat-2(ad1116); ced-3(n1286), 
vector 

22.5 ± 0.9 
(24.0 ± 0.8) 

52/75 
(51/70) 

.95 
(.02) 

gld-1(RNAi); eat-2(ad1116) 13.6 ± 0.3 
(13.9 ± 0.5) 

68/82 
(48/75) 

 

gld-1(RNAi); eat-2(ad1116); ced-

3(n1286) 

14.0 ± 0.3 
(12.8 ± 0.3) 

55/75 
(62/75) 

.55 
(.02) 

daf-16(mu86); daf-2(e1370), 
vector 

14.4 ± 0.4 
(13.1 ± 0.6) 

47/76 
(39/65) 

 

daf-16(mu86); daf-2(e1370); ced-

3(n1286), vector 
14.9 ± 0.3 
(14.1 ± 0.5) 

52/81 
(46/70) 

.33 
(.12) 

gld-1(RNAi) daf-16(mu86); daf-

2(e1370) 
12.7 ± 0.4 
(12.0 ± 0.5) 

39/75 
(24/74) 

 

gld-1(RNAi) daf-16(mu86); daf-

2(e1370); ced-3(n1286) 

12.9 ± 0.4 
(11.8 ± 0.3) 

42/74 
(44/70) 

.75 
(.64) 

*Additional repeats for each lifespan are listed in parentheses. 
*All P-values compare genotype of corresponding row to that of the row immediately 
above. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  38

TABLE 2.3- Longevity mutations reduce the number of M-phase germ cells in a gld-

1(-) but not a wild-type background.    

 

  

Genotype/treatment No. H3 

positive cells ± 

s.e 

n P 

gld-1(q485) 47.0 ± 2.6 

(52.2 ± 9.7) 
(40.5 ± 3.3) 
(48.5 ± 3.4) 
(46.3 ± 2.8) 

27 

(6) 
(7) 
(10) 
(4) 

 

gld-1(q485); daf-2(e1370) 18.9 ± 1.8 

(17.7 ± 2.6) 
(18.7 ± 3.6) 
(21.2 ± 4.0) 

28 

(15) 
(5) 
(8) 

<.0001 

gld-1(q485) daf-16(RNAi) 60.8 ± 2.5 

(57.3 ± 5.9) 
(64.4 ± 3.4) 
(62.6 ± 4.8) 

27 

(7) 
(13) 
(7) 

 

gld-1(q485) daf-16(RNAi); daf-

2(e1370) 
40.9 ± 1.9 

(39.6 ± 3.1) 
(45.5 ± 4.9) 
(34.0 ± 3.2) 
(45.6 ± 3.9) 

43 

(15) 
(5) 
(11) 
(12) 

<.0001 

gld-1(q485), 25°C 55.8 ± 3.0 

(58.9 ± 4.9) 
(55.1 ± 5.0) 
(50.8 ± 5.8) 

28 

(14) 
(7) 
(7) 

 

gld-1(q485); daf-2(mu150), 

25°C 

24.7 ± 1.7 

(24.4 ± 3.2) 
(22.2 ± 2.1) 
(27.5 ± 3.2) 

30 

(10) 
(10) 
(10) 

<.0001 

gld-1(q485) daf-16(RNAi), 25°C 62.7 ± 2.7 

(67.6 ± 4.5) 
(62.5 ± 6.2) 
(54.4 ± 3.7) 
(55.3 ± 6.0) 

28 

(15) 
(5) 
(4) 
(4) 

 

gld-1(q485) daf-16(RNAi); daf-

2(mu150), 25°C 
62.3 ± 2.6 

(67.6 ± 3.8) 
(60.2 ± 5.7) 
(52.4 ± 4.3) 
(68.0 ± 5.3) 

40 

(12) 
(11) 
(8) 
(9) 

.90 
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gld-1(RNAi) 25.2 ± 1.3 

(26.1 ± 4.3) 
(22.5 ± 1.4) 
(26.2 ± 2.2) 
(24.9 ± 2.2) 
(27.1 ± 3.7) 

65 

(14) 
(12) 
(14) 
(15) 
(10) 

 

gld-1(RNAi); daf-2(e1370); ced-

3(n1286) 

13.5 ± 1.0 
(13.6 ± 2.6) 
(13.3 ± 1.9) 
(12.3 ± 2.4) 
(14.0 ± 2.7) 
(13.5 ± 2.7) 

68 
(10) 
(15) 
(14) 
(12) 
(17) 

<.0001 

gld-1(RNAi) daf-16(mu86); daf-

2(e1370); ced-3(n1286) 
19.5 ± 1.2 

(20.6 ± 2.4) 
(14.1 ± 2.4) 
(20.7 ± 2.2) 
(21.2 ± 2.1) 
(22.5 ± 2.5) 

65 

(10) 
(15) 
(14) 
(12) 
(19) 

 

gld-1(RNAi) daf-16(mu86) 27.0 ± 1.5 

(32.2 ± 3.8) 
(30.7 ± 4.5) 
(24.0 ± 2.4) 
(24.7 ± 1.5) 
(27.2 ± 1.6) 

65 

(15) 
(11) 
(13) 
(13) 
(13) 

<.0001 

gld-1(RNAi) 26.4 ± 1.3 

(25.9 ± 2.3) 
(27.6  ± 2.2) 
(25.4± 2.4) 

36 

(11) 
(14) 
(13) 

 

gld-1(RNAi) cep-1(gk138) 24.0 ± 1.4 
(26.6 ± 2.7) 
(20.2 ± 3.5) 
(23.9 ± 3.3) 

42 
(17) 
(11) 
(14) 

 

gld-1(RNAi); daf-2(e1370) 16.2  ± 1.5 

(16.0 ± 2.2) 
(14.4 ± 1.9) 
(17.5 ± 2.0) 

56 

(27) 
(11) 
(18) 

 

gld-1(RNAi) cep-1(gk138); daf-

2(e1370) 
15.8 ± 1.3 

(15.6 ± 2.2) 
(15.5 ± 3.0) 
(16.1 ± 1.9) 

41 

(15) 
(13) 
(14) 

 

gld-1(RNAi); eat-2(ad1116) 17.6 ± 1.2 

(14.0 ± 2.2) 
(18.4 ± 2.9) 
(16.4 ± 1.7) 
(17.2 ± 3.2) 
(19.0 ± 2.3) 

76 

(11) 
(14) 
(14) 
(12) 
(24) 

<.0001 
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gld-1(RNAi); isp-1(gm150) 11.1 ± 1.2 

(12.0 ± 2.7) 
(9.9 ± 1.7) 
(10.6 ± 0.4) 

18 

(6) 
(7) 
(5) 

<.0001 

gld-1(RNAi); clk-1(qm30) 13.5 ± 2.0 
(17.4 ± 4.9) 
(14.0 ± 2.0) 
(10.2 ± 1.1) 

26 
(8) 
(7) 
(11) 

<.0001 

N2 2.6 ± 0.2 

(2.7 ± 0.5) 
(2.7 ± 0.6) 
(2.4 ± 0.2) 
(2.4 ± 0.3) 
(3.2 ± 0.5) 
(2.3 ± 0.5) 

78 

(8) 
(14) 
(11) 
(17) 
(15) 
(13) 

 

daf-2(e1370) 2.5 ± 0.2 

(2.2 ± 0.5) 
(2.6 ± 0.5) 
(2.5 ± 0.5) 
(2.2 ± 0.3) 
(2.7 ± 0.5) 
(2.6 ± 0.3) 

82 

(11) 
(11) 
(11) 
(17) 
(15) 
(17) 

.43 

daf-16(mu86); daf-2(e1370) 2.3 ± 0.3 

(2.7 ± 0.9) 
(2.1 ± 0.6) 
(2.1 ± 0.4) 
(2.4 ± 0.5) 

34 

(7) 
(8) 
(11) 
(8) 

.24 

daf-16(mu86) 2.2 ± 0.1 

(2.2 ± 0.3) 
(2.0 ± 0.3) 
(1.7 ± 0.2) 
(2.5 ± 0.4) 
(2.3 ± 0.4) 
(2.3 ± 0.3) 

62 

(9) 
(10) 
(7) 
(12) 
(8) 
(16) 

.09 

eat-2(ad1116) 2.4 ± 0.2 

(2.4 ± 0.7) 
(2.3 ± 0.4) 
(2.8 ± 0.4) 
(2.5 ± 0.4) 
(2.1 ± 0.2) 
(2.1 ± 0.6) 

72 

(8) 
(14) 
(11) 
(17) 
(15) 
(7) 

.23 
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isp-1(gm150) 2.5 ± 0.2 

(2.9 ± 1.0) 
(3.2 ± 0.6) 
(3.3 ± 0.6) 
(2.0 ± 0.4) 
(2.1 ± 0.3) 
(2.4 ± 0.6) 

61 

(8) 
(11) 
(9) 
(11) 
(14) 
(8) 

.40 

clk-1(qm30) 2.8 ± 0.2 

(2.4 ± 0.8) 
(2.7 ± 0.7) 
(2.8 ± 0.4) 
(3.1 ± 0.4) 
(2.5 ± 0.3) 
(2.8 ± 0.4) 

88 

(8) 
(11) 
(14) 
(17) 
(15) 
(23) 

.69 

N2, 25°C 2.6 ± 0.4 

(2.4 ± 1.4) 
(2.1 ± 0.3) 
(2.8 ± 0.7) 
(3.1 ± 0.8) 

38 

(5) 
(7) 
(9) 
(10) 

 

daf-2(mu150), 25°C 2.4 ± 0.2 

(2.1 ± 0.6) 
(2.7 ± 0.5) 
(2.1 ± 0.3) 
(2.2 ± 0.4) 
(2.5 ± 0.4) 

48 

(8) 
(7) 
(9) 
(12) 
(12) 

0.87 

glp-1(ar202) 50.4 ± 5.9 

(58.3 ± 9.6) 
(38.0 ± 6.7) 
(48.0 ± 10.6) 

31 

(14) 
(7) 
(10) 

 

daf-2(RNAi) glp-1(ar202) 30.6 ± 2.6 

(27.6 ± 6.3) 
(25.6 ± 2.6) 
(36.1 ± 4.5) 

25 

(5) 
(9) 
(11) 

.003 

*Total averages are shown in bold, individual experiments are listed below each average 
in parenthesis. 
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TABLE 2.4- Reproductive period and brood size of daf-2 mutants. 
 

Genotype/treatment Total 

brood size 

± s.e 

n Reproductive 

period 

75% 

N2, 25°C 162 ± 8 19 0-3 days ~ day 1.5 
daf-2(mu150), 25°C 158 ± 5 18 0-3 days ~ day 1.5 

N2 274 ± 7 18 0-4 days ~ day 1.75 
daf-2(e1370) 225 ± 5 17 0-5 days ~ day 2.5 
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TABLE 2.5- Mutations that increase longevity delay the lethality caused by gld-1(-) 

mutations.  
 

Genotype/treatment Mean 

Lifespan ± 

s.e.m (days) 

No. died/ total no. 

animals 

P

gld-1(q485)/unc-13(e51) 17.6 ± 0.6 
(16.8 ± 0.6) 

53/75 
(57/86) 

 

gld-1(q485) 9.6 ± 0.2 
(8.5 ± 0.3) 

67/75 
(38/63) 

<.0001 
(<.0001) 

gld-1(q485)/unc-13(e51); daf-

2(e1370) 
43.3 ± 1.2 
(33.4 ± 0.9) 

48/75 
(76/99) 

 

gld-1(q485); daf-2(e1370) 40.5 ± 1.1 
(32.4 ± 0.8) 

60/75 
(67/93) 

.14 
(.36) 

gld-1(q485)/unc-13(e51) 13.2 ± 0.5 
(14.2 ± 0.6) 

63/100 
(44/75) 

 

gld-1(q485) 9.0 ± 0.3 
(9.6 ± 0.3) 

54/100 
(40/75) 

<.0001 
(<.0001) 

gld-1(q485)/unc-13(e51); daf-

2(mu150) 

22.8 ± 1.0 
(20.8 ± 1.2) 

73/100 
(36/75) 

 

gld-1(q485); daf-2(mu150) 24.9 ± 0.7 
(19.2 ± 0.6) 

91/100 
(56/77) 

.21 
(.02) 

daf-16(mu86); vector 14.0 ± 0.5 
(14.5 ± 0.4) 
(13.4 ± 0.4) 

44/69 
(39/70) 
(47/70) 

 

gld-1(RNAi) daf-16(mu86) 9.1 ± 0.2 
(9.6 ± 0.3) 
(9.4 ± 0.2) 

47/70 
(38/70) 
(46/70) 

<.0001 
(<.0001) 
(<.0001) 

gld-1(RNAi) 11.3 ± 0.3 
(12.0 ± 0.2) 

55/70 
(70/92) 

 

gld-1(RNAi); daf-2(e1370) 32.7 ± 1.2 
(30.0 ± 1.0) 

56/70 
(77/90) 

<.0001 
(<.0001) 

gld-1(RNAi) daf-16(mu86)  9.1 ± 0.2 
(9.6 ± 0.3) 

47/70 
(38/70) 

 

gld-1(RNAi) daf-16(mu86); daf-

2(e1370) 

11.2 ± 0.5 
(12.0 ± 0.5) 

18/70 
(24/74) 

<.0001 
(<.0001) 

gld-1(RNAi), 25°C 10.1 ± 0.3 
(9.6 ± 0.3) 

48/70 
48/70 

 

gld-1(RNAi); daf-2(mu150), 25°C 18.7 ± 0.8 
(25.6 ± 1.1) 

31/70 
48/69 

<.0001 
(<.0001) 

gld-1(RNAi) daf-16(mu86), 25°C 8.5 ± 0.3 
(8.0 ± 0.2) 
(8.0 ± 0.3) 

41/70 
(31/75) 
(42/61) 

 

gld-1(RNAi) daf-16(mu86); daf-

2(mu150), 25°C 

8.5 ± 0.2 
(8.3 ± 0.2) 
(8.9 ± 0.3) 

39/70 
(40/76) 
(36/59) 

.95 
(.30) 
(.01) 
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vector 16.6 ± 0.7 
(17.4 ± 0.5) 

42/75 
(54/67) 

 

isp-1(gm150); vector 27.7 ± 1.2 
(24.3 ± 0.7) 

34/75 
(47/70) 

<.0001 
(<.0001) 

gld-1(RNAi) 9.9 ± 0.2 
(12.7 ± 0.3) 

36/75 
(45/70) 

 

gld-1(RNAi); isp-1(gm150) 19.6 ± 0.7 
(17.6 ± 0.7) 

39/75 
(49/70) 

<.0001 
(<.0001) 

vector 18.5 ± 0.5 
(17.2 ± 0.6) 

48/70 
(64/75) 

 

clk-1(qm30); vector 27.2 ± 1.5 
(25.5 ± 0.7) 

27/70 
(61/73) 

<.0001 
(<.0001) 

gld-1(RNAi) 11.8 ± 0.2 
(9.8 ± 0.2) 

54/70 
(53/75) 

 
 

gld-1(RNAi); clk-1(qm30) 17.6 ± 0.4 
(15.2 ± 0.5) 

54/70 
(63/75) 

<.0001 
(<.0001) 

vector 17.3 ± 0.7 
(16.9 ± 0.6) 

42/75 
(55/70) 

 

eat-2(ad1116); vector 27.0 ± 1.0 
(23.1 ± 0.9) 

36/75 
(56/70) 

<.0001 
(<.0001) 

gld-1(RNAi) 9.9 ± 0.2 
(10.9 ± 0.2) 

36/75 
(49/70) 

 

gld-1(RNAi); eat-2(ad1116) 13.9 ± 0.5 
(12.5 ± 0.4) 

48/75 
(56/70) 

<.0001 
(.0002) 

vector, 25°C 13.8 ± 0.4 
(14.2 ± 0.5) 

42/80 
(59/75) 

 

daf-2(RNAi), 25°C 21.8 ± 0.9 
(22.0 ± 1.1) 

48/77 
(48/78) 

<.0001 
(<.0001) 

glp-1(ar202), 25°C 7.0 ± 0.2 
(7.0 ± 0.2) 

67/118 
(54/104) 

 

daf-2(RNAi) glp-1(ar202), 25°C 12.0 ± 0.6 
(11.9 ± 0.5) 

56/99 
(86/105) 

<.0001 
(<.0001) 

gld-1(op236), 25°C 14.1 ± 0.4 61/81  
gld-1(op236); daf-2(RNAi), 25°C 20.6 ± 1.1 38/64 <.0001 

*Additional repeats for each lifespan are listed in parentheses. 
*All P-values compare genotype of corresponding row to that of the row immediately 
above. 
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TABLE 2.6 - Mutations that increase longevity reduce germ cell number in 

tumorous mutants. 

 

Genotype/treatment  

 

Estimated total 

germ nuclei 

per gonad arm 

± s.e 

n Reduction of germ 

cell nuclei 

compared to  

gld-1(-) 

P 

day 9 adulthood, 20˚C     
N2 1000 ± 50 8   
gld-1(q485) 2900 ± 150 10   
gld-1(q485); daf-2(e1370) 1450 ± 100 8 ~ 50% <.0001 
gld-1(q485); daf-2(mu150) 1550 ± 100 11 ~ 50% <.0001 

gld-1(RNAi) 2750 ± 150 31   
gld-1(RNAi); daf-2(e1370) 1650 ± 150 29 ~ 40%  
gld-1(RNAi) cep-1(gk138); 

daf-2(e1370) 
2000 ± 100 32 ~ 30% <.0001 

gld-1(RNAi); daf-2(e1370); 
ced-3(n1286) 

2150 ± 100 25 ~ 20% <.0001 

gld-1(RNAi) daf-16(mu86); 

daf-2(e1370) 
2250 ± 50 12 ~ 20% .008 

gld-1(RNAi); isp-1(gm150) 1800 ± 50 10 ~ 40% .0003 
gld-1(RNAi); eat-2(ad1116) 1900 ± 50 11 ~ 30% .0002 
gld-1(RNAi); clk-1(qm30) 1700 ± 50 9 ~ 40% .0002 

day 1 adulthood, 25˚C     

N2 900 ± 50 10  .88 

daf-2(RNAi) 925 ± 25 12 none  

glp-1(ar202) 1950 ± 100 20   

daf-2(RNAi) glp-1(ar202) 1450 ± 50 19 ~ 25% <.0001 

day 1 adulthood, 25˚C     

gld-1(op236)  850 ± 25 15   

gld-1(op236); daf-2(RNAi) 850 ± 25 16 none 0.93 
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ABSTRACT 

 
In C. elegans and mammals, inhibiting insulin/IGF-1 signaling extends lifespan 

and increases tumor resistance.  To ask how the insulin/IGF-1 pathway couples these two 

processes, we analyzed putative transcriptional targets of C. elegans DAF-16/FOXO, 

which promotes both longevity and tumor resistance. Twenty-nine of 734 genes tested 

influenced germline-tumor cell proliferation or p53-dependent apoptosis. About half of 

these genes also affected normal aging, thereby linking these two processes 

mechanistically. Many of these genes are orthologs of known human tumor suppressors 

or oncogenes, suggesting that others, many of which affect processes implicated in 

cancer, may be as well. Our findings implicate nuclear pore modification in p53-

dependent cell death, since inhibiting nuclear-pore genes that are up-regulated by DAF-

16 blocks p53-dependent, but not normal, germline cell death. 
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Cancer is an age-related disease, and the discovery that mutations that extend 

lifespan also inhibit tumor growth makes it possible to explore the link between aging 

and tumor susceptibility at the molecular level (Pinkston et al., 2006; Ramsey et al., 

2002).  In C. elegans, the gld-1 tumor-suppressor mutation causes lethal germline tumors 

in which meiotic germ cells that would normally become oocytes reenter the mitotic cell 

cycle and proliferate extensively (Francis et al., 1995a).  In long-lived daf-2 insulin/IGF-

1-receptor mutants, gld-1 tumors remain small and no longer kill the animal (Pinkston et 

al., 2006). daf-2 mutations counteract tumor growth by triggering germline apoptosis 

through the FOXO transcription factor DAF-16 and the tumor-suppressor p53.  In 

addition, daf-2 mutations activate daf-16-dependent processes (and, to a lesser extent, 

daf-16-independent processes) that inhibit cell proliferation specifically within the tumor 

(Pinkston et al., 2006). In humans, mutations that increase insulin/IGF-1 signaling 

promote tumor growth (Ramsey et al., 2002), suggesting the possibility of conserved 

underlying mechanisms. 

Because DAF-16/FOXO plays a key role in tumor protection, we screened known 

DAF-16-regulated genes to investigate the underlying mechanism.  To do this, we 

compiled a list of 734 direct or indirect DAF-16 target genes that had been identified 

previously using microarray analysis (McElwee et al., 2003; Murphy et al., 2003), DAF-

16 chromatin immunoprecipitation (ChIP) (Oh et al., 2006), and comparative genomics 

(Lee et al., 2003a) (see Table S1). As a primary screen, we used RNAi to identify genes 

that influence the lifespans of animals containing gld-1-germline tumors.  Next, we used 

DAPI nuclear staining to identify genes affecting tumor cell number. To identify 

potential gld-1-tumor suppressor genes, we looked for RNAi clones that shortened 
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lifespan and increased tumor size in long-lived gld-1(-); daf-2(-) double mutants.  For this 

screen, we tested genes shown by microarrays to be up-regulated in daf-2(-) mutants in a 

daf-16-dependent fashion, as well as potential DAF-16 targets identified using ChIP and 

comparative genomic analysis.  To identify potential gld-1-tumor stimulating genes, we 

looked for RNAi clones that extended lifespan and reduced the tumor size of short-lived 

gld-1 single mutants.  For this screen, we tested genes that were down-regulated in daf-2 

microarrays, along with genes identified using ChIP and comparative genomics.  In all, 

we identified 29 genes that influenced tumor growth.  All of these genes are listed in 

Table 1, and some are discussed below. 

 

gld-1-tumor suppressors 

 We identified sixteen RNAi clones that reduced lifespan and increased tumor cell 

number in gld-1(-); daf-2(-) animals by ~10-30% (Figure 1A, 1B).   

 

Apoptosis and the nuclear pore 

Three of the gld-1-tumor suppressor genes were necessary for daf-2 mutations to 

increase germ cell death.  One, ZK384.2, was homologous to mammalian GliPR1, which 

induces apoptosis in human prostate cancer cell lines via p53 (Ren et al., 2004).   

The other two genes, npp-21 and C54D10.7, both encoded homologs of human 

Tpr, a component of the nuclear pore complex (Bangs et al., 1998).  Because 

translocations involving nuclear pore genes give rise to myeloid leukemias in humans 

(Moore et al., 2007; Saito et al., 2004), we chose to further analyze these genes. Tpr 

appeared to affect tumor growth exclusively via apoptosis, since npp-21 inactivation had 
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no effect on lifespan when apoptosis was prevented using a ced-4(-) mutation (Figure 

3C). Many proteins involved in apoptosis are transported through the nuclear pore 

(Fahrenkrog, 2006), and inhibiting nuclear pore function has been shown to prevent 

apoptosis (Shi and Skeath, 2004; Yasuhara et al., 1997).  Consistent with this, RNAi 

knockdown of multiple nuclear pore genes [including nucleoporin-98 kDa and 

nucleoporin-214 kDa, which are disrupted in human leukemia (Moore et al., 2007; Saito 

et al., 2004)], prevented apoptosis (Figure 3E, 3F, S2), as did knockdown of the cargo-

transport protein importin alpha (Figure 3B) (Yasuhara et al., 1997). We asked whether 

loss of apoptosis could be a trivial consequence of blocking DAF-16 nuclear localization, 

but npp-21 inactivation did not affect DAF-16 nuclear localization, nor the expression of 

a transcriptional target of DAF-16, sod-3 (Figure S3).   

In C. elegans, daf-2 mutations and genotoxic stress both induce p53- and DAF-

16-dependent cell death, whereas the apoptosis that takes place in the normal germline is 

largely DAF-16 and p53 independent.  Interestingly, we found that Tpr RNAi completely 

prevented the cell death triggered by daf-2 mutations and genotoxic stress but did not 

affect normal germ cell apoptosis (Figure 1D, 3A, 3D). (Deng et al., 2004). Perhaps Tpr 

homologs are up-regulated by DAF-16 in daf-2 mutants (and presumably following DNA 

damage) to modify nuclear pores so that they can adequately transport a protein required 

specifically for p53-dependent cell death.   

  

gld-1-tumor suppressors involved in proliferation 

RNAi-inactivation of the other 13 gld-1-tumor suppressor genes did not affect cell 

death but increased the number of mitotic germline tumor cells in gld-1(-); daf-2(-) 
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double mutants (Figure 1C). Three genes were orthologs of known human tumor genes: 

(i) the MAD family member Mxi1, which inhibits cell proliferation by antagonizing the 

Myc-Max interaction (Wechsler et al., 1997); (ii) the protein kinase CASK, which also 

inhibits mammalian cell proliferation (Qi et al., 2005); and (iii) the pro-apoptotic Bcl-2-

interacting protein BNIP3 (Imazu et al., 1999), which may have a role in mammalian 

tumor cell proliferation in addition to apoptosis (Milner et al., 1997).  Two of these 

cancer genes, Mxi1 and BNIP3, are known targets of mammalian FOXO3a (Delpuech et 

al., 2007; Modur et al., 2002).   In humans, the innate immune response can counteract 

tumor growth (Bhardwaj, 2007), and two gld-1-tumor suppressors, the antibacterial 

lysozyme, lys-8, and ZK384.1/ PI16, which encodes an SCP domain-containing defense-

related protein, were likely innate-immunity genes (Millet and Ewbank, 2004).  

The other mitotic gld-1-tumor suppressors had diverse functions (Table 1). One, 

F07F6.5 encodes a predicted Zn-finger transcription factor, suggesting that a sequence of 

transcriptional responses, from DAF-16 to F07F6.5, reduces tumor cell division. F25B5.1 

encodes a golgi protein predicted to be involved in vesicular transport. The gene nnt-1 

encodes a nicotinamide nucleotide transhydrogenase, which normally functions to 

maintain electron transport chain activity. Perhaps inhibiting this gene reduces energy 

available for tumor growth.  fat-5 encodes a delta-9 fatty acid desaturase, and F15E6.8 

encodes a heterogeneous nuclear ribonucleoprotein.  

Unexpectedly, one gene encoded a putative G-protein coupled chemosensory 

receptor, srh-223.  Certain sensory neurons and chemoreceptors have been shown to have 

DAF-16-dependent affects on lifespan (Alcedo and Kenyon, 2004), so this could be a 

DAF-16-target gene that feedback-regulates the activity of the entire DAF-2 pathway.  



  52

Consistent with this, reduction of srh-223 blocked DAF-16 nuclear accumulation in daf-

2(-) mutants (Figure S7) and shortened their lifespans (Figure 1F). 

 

Genes that stimulate gld-1-tumor growth 

We also identified thirteen RNAi clones that increased lifespan and reduced 

tumor size of gld-1(-) animals by 10-30% (Figure 2A, 2B).  

  

gld-1-tumor-stimulating genes involved in cell death 

Inactivation of the gene W06B11.3 stimulated germ cell death to the same degree 

as daf-2 mutations (Figure 2D, S4).   This gene is homologous to LAPTM4B, which is 

upregulated in various types of tumors and promotes tumor cell survival and proliferation 

(Zhou et al., 2007).  Disruption of W06B11.3/ LAPTM4B affected apoptosis 

independently of daf-16  (Figure S4), consistent with its functioning as a downstream 

regulatory target of DAF-16.   However both cep-1/p53 and ced-3/caspase were required 

for this gene disruption to affect apoptosis (Figure S4).  These data suggests that daf-16 

acts upstream of cep-1/p53 to regulate apoptosis, which was previously unknown.  

 

gld-1-tumor stimulating genes that influence proliferation 

Inactivating each of 12 genes reduced tumor cell proliferation but did not affect 

cell death (Figure 2C; Table 1).  Three of these genes are homologous to human cancer 

genes. Y38H6C.5 is homologous to the c-MYC target gene PEG10, which promotes 

mammalian tumor cell growth in hepatocellular carcinomas (Li et al., 2006). Several 

other Myc target genes are regulated by FOXO3a, suggesting that these pathways may be 
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highly conserved (Delpuech et al., 2007). Y57A10C.7 encodes the predicted adenosine 

A3 receptor (A3AR), which is upregulated in colorectal cancer (Madi et al., 2004).  

A3AR has either positive or negative affects on cell proliferation, depending on agonist 

concentrations (Ohana et al., 2001). A third gene, Y116A8C.17 is predicted to encode 

Brf1, which is over-expressed in myeloid leukemia and supports myeloid cell 

proliferation (Shimada et al., 2000).  

Other genes that affected proliferation have been linked to cell cycle control, but 

have not yet been implicated directly in cancer.  For instance, uaf-2/U2AF35, the small 

subunit of a heterodimeric-splicing factor, was recently shown to be essential for mitotic 

progression in HeLa cells (Pacheco et al., 2006).  Another mitotic gld-1-tumor 

stimulating gene, Y38H6C.3, encodes a member of an HSP40 protein family that has 

been implicated in human germ cell death (TSARG1) (Yang et al., 2005).  It is unclear 

why this gene has a role in proliferation, but not cell death, in C. elegans.  

Several other genes were also found to affect proliferation.  pcp-2 encodes a 

serine protease, a family that has been linked to tumor cell growth (Mlejnek, 2005). 

W08D2.3 encodes a putative plasma membrane transporter of carbohydrates. Perhaps this 

protein normally transports nutrients that promote cell proliferation. We also found 

F35E12.7, a putative mucin.  Mucins are heavily glycosylated proteins and have been 

implicated in human cancer (Singh et al., 2007).   

Unlike most of the genes we identified, which had roles in either cell death or 

proliferation, one gld-1-tumor stimulating gene was involved in both of these processes.  

Interestingly, this gene, LAPTM4B, is known to have this dual-role in mammalian cancer 

as well (Zhou et al., 2007).   
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Genes with roles in aging as well as tumor growth 

DAF-16 activity counteracts both aging and tumor growth in C. elegans (Kenyon 

et al., 1993; Pinkston et al., 2006).  These two processes are linked in nature, since tumor 

rates invariably rise as an animal ages. Thus it was particularly interesting to ask whether 

the same DAF-16 target genes that affect tumor growth also affect aging.  About half of 

the genes we identified did not affect normal lifespan (Figure 1E, Figure 2E), suggesting 

that DAF-16 can regulate tumor growth and lifespan independently.  However, 13/29 

genes did affect the lifespans of animals that did not have tumors.  Reducing the activity 

of six of the gld-1-tumor suppressor genes shortened the lifespans of daf-2(-) mutants to a 

greater degree than wild type, suggesting that these genes promote longevity as well as 

tumor resistance (Figure 1E, 1F).  Among these, two were known human cancer genes, 

the BH3-domain protein C14F5.1/ BNIP3, which affects apoptosis in humans, and the 

transcriptional regulator mdl-1/Mxi1.  [mdl-1 has previously been shown to promote 

longevity in daf-2 mutants (Murphy et al., 2003)].  The zinc finger transcription factor 

F07F6.5 also contributed to the longevity of daf-2 mutants, as did the heteronuclear RNP 

A2 gene F15E6.8. 

RNAi-inhibition of three genes, the apoptosis-promoting gene ZK384.2/GliPR1, 

the transhydrogenase gene nnt-1 and the innate-immunity gene lys-8, shortened lifespan 

in both wild type animals and daf-2 mutants (Figure 1E, 1F). C. elegans lives longer 

when it is fed bacteria that cannot divide (Garigan et al., 2002), so inhibiting lys-8 may 

increase the lifespan-shortening effects of bacteria.  However, we cannot rule out the 

possibility that inactivation of any of these genes simply compromises the health of the 

animals.   
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Four of the gld-1-tumor stimulating genes also influenced lifespan; inhibiting 

these genes extended the lifespan of wild-type animals (Figure 2E).  Two of these are 

known human cancer genes, the adenosine A3 receptor gene Y57A10C.7/A3AR and the 

putative transcription factor Y116A8C.17/Brf1, and the others are the HSP-40 family 

member Y38H6C.3/TSARG1 and the plasma membrane transporter W08D2.3.  

Finally, RNAi of one gene, W06B11.3/LAPTM4B, whose normal function 

promotes cell survival and proliferation, conferred tumor protection but shortened normal 

lifespan.  Such a trade-off has been seen in mammals; for example, certain p53 mutations 

decrease tumor incidence but accelerate aging (Tyner et al., 2002).  Perhaps the 

deleterious effects of such genes were counteracted during the evolution of longevity by 

the activities of the many genes that couple longevity to tumor resistance.  

 

In summary, we have identified twenty-nine DAF-16/FOXO-regulated genes that 

act in the insulin/IGF-1 pathway to influence C. elegans tumor growth.  Some of these 

genes are required for the entire effect that daf-2 mutations have on cell death, but none 

appears to be required for the entire effect that daf-2 mutations have on cell division.  

Since both increased apoptosis and reduced cell proliferation contribute to the tumor-

protective affects of daf-2 mutations (Pinkston et al., 2006), together these downstream 

genes act in a cumulative fashion to influence tumor growth, much like how downstream 

targets of DAF-16 act to influence lifespan (Lee et al., 2003b; McElwee et al., 2003; 

Murphy et al., 2003; Oh et al., 2006). Interestingly, almost half of the genes that affect 

tumor growth also affect the lifespans of animals that do not have tumors, indicating that 
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ability of the insulin/IGF-1 pathway to couple longevity and tumor resistance extends 

downstream of DAF-16.  

The probability of finding a tumor-related gene by chance in worms and humans 

is only ~1-2% (methods) (Futreal et al., 2004).  In contrast, 25% of the genes we 

identified were homologous to known human tumor-suppressors or oncogenes, and 

additional genes, such as those affecting innate immunity and the nuclear pore, affect 

processes that have been linked to cancer.  This suggests that the biology of gld-1 tumors 

has much in common with human tumor cell biology, and raises the possibility that 

orthologs of some of these new genes will prove to be human oncogenes or tumor 

suppressors.  Finally, since the screen was focused on the insulin/IGF-1/FOXO pathway 

in worms, it will be interesting to learn whether the human orthologs of these genes are 

also regulated by insulin/IGF-1 signaling and FOXO.  
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MATERIALS AND METHODS 

Strains 

We used the following strains in this study:   

wild-type N2, 

 daf-2(e1370),  

daf-16(mu86),  

ced-3(n1286),  

ced-4(n1162),  

gld-1(q485),  

cep-1(gk138), 

 ima-1(gk200), 

 abl-1(ok171),  

npp-14(ok1389),  

npp-11(ok1599),  

cogc-1(k179),  

nnt-1(ok794), 

F25B5.1(ok989), 

hus-1(op241); unc-119(ed3); opIs34, 

 daf-16(mu86); muIs109 [Pdaf-16::gfp::daf-16], 

 sod-3::GFP 

 

RNAi screen for gld-1-tumor suppressors and promoters 

RNAi was performed by feeding (Kamath et al., 2001). Each RNAi bacterial 

clone was inoculated in LB plus 10 µg/ml tetracycline and 100 µg/ml carbenicillin, 

grown overnight at 37°C and seeded onto NG-carbenicillin plates with 100 µl 0.1 M 

IPTG. Worms were grown on RNAi bacteria from hatching.  On day 1 of adulthood, ~50 

gld-1(q485); daf-2(e1370) animals (or gld-1(q485) mutants for the gld-1-tumor promoter 

screen) were picked and transferred to a new RNAi plate.  gld-1 mutants are sterile, so 
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the animals remained on the same plate for the remainder of the screen.  Viability of 

worms on each plate was scored approximately every other day from day 7-13 of 

adulthood for gld-1 single mutants, and day 20-35 of adulthood for gld-1(q485); daf-

2(e1370) double mutants.  Full quantitative lifespan analysis was then performed for each 

bacterial strain that scored positive in the screen.   

We then determined germ cell estimates for each of the positive bacterial strains. 

Germ cell estimates were determined blindly, by counting 50 nuclei sections and 

multiplying by the number of total sections per gonad arm.  

 

Analysis of RNAi clones 

To verify the identity of each of the positive RNAi clones, sequencing of each 

insert using an M13-forward primer was performed.  Two of the genes identified in the 

screen, cogc-1 and uaf-2, are located in operons.  We tested whether genes that could be 

co-transcribed in these operons may have been RNAi knocked-down via “intra-operonic 

inhibition (Bosher et al., 1999)”.  None of these RNAi clones produced similar 

phenotypes as those identified in the screen.  Finally, possible secondary targets of each 

RNAi clone were determined using Wormbase RNAi Reports.  For the RNAi clone 

Y57A10C.7, it was possible that Y57A10C.8 may have been knocked down.  However, 

this RNAi clone did not produce the same phenotype as Y57A10C.7 RNAi.  Some of the 

RNAi clones were predicted to knock down two very closely related genes.  These are 

indicated in the supporting tables. 
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Lifespan analysis 

Lifespan assays were performed as previously described (Kenyon et al., 1993).  At t=0, 

animals were picked as L4 larvae, and approximately every other day worms were transferred to 

new plates until the end of the reproductive period.  Animals that were missing, or died from 

extruded internal organs or from internally hatched progeny were censored and statistically 

incorporated into the lifespan analyses (Lawless, 1998). All lifespan experiments were performed 

at 20°C.  Lifespan curves were generated using Statview 4.5 (SAS) and P-values were determined 

using the Mantel-Cox log rank test. Each lifespan experiment was repeated at least two times, and 

when available, RNAi experiments were repeated using mutants. 

 

Fluorescent Microscopy 

For DAPI nuclear staining, gonads were dissected, fixed, and stained with DAPI 

as described (Francis et al., 1995b).   

To visualize mitotic germ cells, anti-phosphohistone H3 antibody (Upstate 

Biotechnology) was used at a 1:400 dilution. Gonads were dissected and fixed with 3% 

formaldehyde for 20 minutes. Washes and antibody incubations were performed as 

previously described (Crittenden et al., 1994). For quantification of anti-phosphohistone 

H3 stained cells, at least three separate experiments of ~20 animals were combined to 

generate averages.   

Apoptotic corpses were visualized using SYTO12 live imaging as previously 

described (Gumienny et al., 1999).  Averages were determined by counting apoptotic 
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corpses in ~20 animals in at least three separate experiments.  For genotoxic stress 

assays, apoptosis was scored 18 hr post-irradiation. 

All images were captured using a Zeiss Axioplan, and images were rotated using 

Adobe Photoshop 7.0. 

 

Probability of randomly finding a human cancer gene in worms 

 We first took a random set of 200 C. elegans genes using the “random gene 

selection” program from Regulatory Sequence Analysis Tools (RSAT, available online), 

and then used WormBase to determine predicted human homologues for each gene.  

Using PubMed and OMIM, we then performed a thorough search for possible roles of 

each gene in cancer.   Using this criterion, we determined that 4 of these genes (2%) 

encoded predicted human cancer genes. 
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FIGURE 3.1- DAF-16/FOXO target genes that inhibit the growth of gld-1 tumors. 

Histograms showing percent change (±SE) in (A) lifespan, (B) approximate tumor size, 

and (C) number of actively dividing germ cells of gld-1(q485); daf-2(e1370) animals 

subjected to RNAi of gld-1-tumor-suppressor genes. Green, genes whose human 

orthologs are known tumor suppressor genes; Blue, genes with orthologs in humans. 

Dark blue, worm-specific genes. Approximate tumor size was determined using the 

DNA-intercalating dye DAPI, and number of actively dividing germ cells was scored 

using anti-phosphohistone H3 antibody staining, both of Day-2 adults. (D) Histogram 

showing percent change (±SE) in number of germ cell corpses of daf-2(e1370) adults.  

Apoptosis was scored using the vital dye SYTO12. (E) Histogram showing percent 

change (±SE) in the lifespans of wild-type and (F) daf-2(e1370) lifespans treated with 

various RNAi clones.  For statistical analysis see Tables S2-S5 and for individual 

lifespan curves, see Figure S5. 
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FIGURE 3.2- DAF-16/FOXO target genes that stimulate the growth of  

gld-1 tumors. 

Histograms show the percent change (±SE) in (A) lifespan, (B) approximate tumor 

size, and (C) actively dividing germ cells of gld-1(q485) animals subjected to RNAi of 

gld-1-tumor stimulating genes.  (D) Histogram showing percent change (±SE) in 

number of germ cell corpses of wild-type adults.  (E) Histogram showing percent 

change (±SE) in wild-type lifespans treated with various RNAi clones. Green, genes 

whose human orthologs known oncogenes; Blue, genes with orthologs in humans. 

Dark blue, worm-specific genes. For experimental detail, see Figure legend 1.  For 

statistical data, see Tables S2-S5 and for lifespan curves, see Figure S6. 
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Table 3.1: Genes that act downstream of DAF-16/FOXO to influence gld-1 tumors  

Gene (locus) Human Ortholog Description 
Possible cell 

biological role 

Tumor-suppressor genes in C. elegans 

R03E9.1  

(mdl-1) 

MXI1 
 MAX interactor 1 isoform b 

MAD family 
transcription 
factor 

Inhibits cell growth 
by inhibiting Myc-
Max interaction  

F17E5.1 (lin-2) 

CASK  
Ca+/ calmodulin-dependent 

serine protein kinase 

Membrane 
associated 
kinase  

Inhibits growth rate in 
ECV304 cells 

C14F5.1   

BNIP3 
BCL2/adenovirus E1B 19-kDa -

interacting 3 
BH3 domain 

Promotes apoptosis/ 
Reduces proliferation 
index in tumors 

ZK384.2 

GliPR 1  
Glioma pathogenesis-related 

protein 1  

Defense-
related/ SCP 
domain 

p53 target/ Promotes 
apoptosis 

R07G3.3 
 (npp-21)  

Nucleoprotein Tpr 
Nuclear pore 
complex 
protein 

NPC components 
have been linked to 
cancer 

C54D10.7 Trichohyalin/ Nucleoprotein Tpr 
Nuclear pore 
complex 
protein 

NPC components 
have been linked to 
cancer 

ZK384.1 
PI16  

protease inhibitor 16 precursor 

Defense-
related/ SCP 
domain 

Signaling/ Innate 
immune response  

C17G10.5 
 (lys-8)

 

[C02A12.4  
(lys-7)]†     

None 
Lysozyme 
activity/ 
intestine rich 

Innate immune 
response/ TGF-β-like 
pathway  

F53G12.5  
(mex-3)  

RKHD2  
Ring finger/KH domain 

containing 2 

KH 
domain/RNA 
binding 
protein 

GLD-1 target; Loss of 
function causes 
transdifferentiation of 
gld-1 cells into 
somatic cells 

C15H9.1  
(nnt-1) 

NAD(P) transhydrogenase, 
mitochondrial precursor 

Proton-
pumping 
transhydrogen
ase  

Electron transport 
chain activity 

W06D12.3  
(fat-5) 

Acyl-CoA desaturase 
Fatty acid 
desaturase 

Unsaturated fatty acid 
synthesis 
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F07F6.5  NFXL, hozfp 
Zn-finger 
transcription 
factor 

Regulation of 
transcription 

F25B5.1 
Isoform 4 of Golgin subfamily A 

member 4 
Golgi 
autoantigen 

Vesicular transport 

F15E6.8 
[F56D6.10]*  

hnRNP A2 
Heterogeneous nuclear 
ribonucleoprotein A2 

RNA-binding 
protein  

RNA processing 

W03F11.3 None 
PapD/ major 
sperm protein 
domains 

Unknown 

F47C12.3  

(srh-223)
 

[F47C12.10 

(srh-222)]
‡ 

None 
Olfactory 
receptor 

Some sensory 
mutations influence 
lifespan 

Tumor-stimulating genes in C. elegans  

Y38H6C.5 

PEG10 
Imprinted paternally expressed 

10 

Imprinted 
gene 

Cell cycle/ c-MYC 
target 

W06B11.3 

LAPTM4B  
Lysosomal-associated protein 

transmembrane 4B 

Membrane 
transporter 

Promotes cell survival 
and proliferation 

Y57A10C.7
 
 

A3AR  
Adenosine A3 receptor 

G-protein-
coupled 
receptor 

Promote or inhibits 
cell growth 

Y116A8C.17
 

[Y116A8C.20]§
 

Brf1/Brf2 
Butyrate response factor 1/2 

CCCH-type 
Zn-finger 
protein 

Promotes myeloid 
cell proliferation  

Y38H6C.3 
TSARG1 

Testis/ spermatogenesis cell 
apoptosis protein 1 

HSP40 
protein family 

Germ cell apoptosis 

F23B2.12  
(pcp-2) 

[F23B2.11  
(pcp-3)] || 

Dipeptidyl-peptidase 2 precursor 
Lysosomal 
serine 
protease 

Cell growth and 
quiescence 

W08D2.3 
Mfsd4 

Major facilitator superfamily 
domain 4 

Plasma 
membrane 
transporter 

Carbohydrate 
transport  

Y116A8C.35 

(uaf-2) 

U2AF35  
U2 snRNP splicing factor 

subunit 
Splicing factor 

Mitotic progression 
(in HeLa cells) 

Y38H6C.1 hypothetical 
Similar to C. 

jejuni dnaK 
HSP70  

Microbial infection 

F35E12.7 Intestinal mucin Glycosylated Aberrant expression 
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protein in various 
malignancies 

Y54E10A.2 

(cogc-1) 

COG1 
Component of oligomeric golgi 

complex 1 

Protein 
trafficking 

C. elegans gonad 
morphogenesis  

F58G1.4 None 
Uncharacteriz
ed 

Unknown 

C32H11.13 None 
Uncharacteriz
ed 

Unknown 

Genes whose human orthologs are known tumor genes bold  
* We expect that F15E6.8 will also hybridize to F56D6.10 

† We expect that C17G10.5 (lys-8) will also hybridize to C02A12.4 (lys-7) 
‡We expect that F47C12.3 (srh-223)

 will also hybridize to F47C12.10 (srh-222)
 

§ We expect that Y116A8C.17 will also hybridize to Y116A8C.20 
||We expect that F23B2.12 (pcp-2)

 will also hybridize to F23B2.11 (pcp-3) 
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FIGURE 3.3- Inhibiting nuclear pore proteins specifically prevents the germline apoptosis 

triggered by daf-2 mutation or genotoxic stress. 
 (A) Left, inactivation of the nuclear pore genes npp-21 or C54D10.7 prevented daf-2(e1370) 

mutations from stimulating apoptosis in gld-1(q485) germlines. Apoptotic corpses were identified 
using SYTO12 staining of Day-2 adults. Right, representative SYTO12-stained gld-1(q485), gld-

1(q485); daf-2(e1370), gld-1(q485); npp-21(RNAi); daf-2(e1370), and gld-1(q485); daf-2(e1370); 

C54D10.7(RNAi) animals.  Scale bar, 20 µm. (B) Reduction of daf-2 activity did not increase 
apoptosis in ima-1(gk200) mutants.  (C) npp-21 RNAi shortened lifespan of gld-1(RNAi); daf-

2(e1370) animals by ~20% (left), but had no effect when cell death was blocked with a ced-4(n1162) 
mutation (right).  (D) Reduction of npp-21, like daf-16, blocked the increase in cell death triggered 
by gamma irradiation.  In addition, npp-21 was required for the increased apoptosis by loss of the 
Abl-oncogene ortholog abl-1, which antagonizes the genotoxic stress response (Figure S1). (E) RNA 
inactivation of npp-4, npp-15, npp-18, npp-14, npp-7, npp-17, npp-11, or npp-10 blocked the 
increase in cell death caused by daf-2(e1370) mutations. Inactivation of two of these genes, npp-17 
and npp-10, caused larval lethality, therefore apoptosis was scored using adult-only RNAi treatment. 
(F) Locations of the proteins we investigated within the nuclear pore.  The diagram of the nuclear 
pore complex was modified from Nakielny and Dreyfuss (1999) (Nakielny and Dreyfuss, 1999).   
For statistical analysis, see Tables S6-S9. 
 



  70

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3.4 npp-21 is required for the increase in cell death by abl-1 mutations 

Apoptotic corpses were identified using SYTO12 staining of DAY-2 adults. Each 

bar represents the average of at least three combined experiments. When npp-21 is 

inactivated, abl-1(ok171) mutants exhibit decreased germline apoptosis, suggesting 

that npp-21 acts downstream of, or in parallel to, abl-1. 
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FIGURE 3.5 npp-14 and npp-11 are both required for the increased cell 

death caused by inhibition of daf-2 activity 

The deletion mutations npp-14(ok1389) and npp-11(ok1599) block the 

increase in cell death caused by RNAi-reduction of daf-2. 
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FIGURE 3.6- npp-21 RNAi does not affect the nuclear localization of daf-16 or 

hus-1, nor the expression levels of a daf-16 target, sod-3  

 

(A) npp-21 RNAi does not affect DAF-16 nuclear localization.  (B) npp-21 RNAi 
does not affect expression of the DAF-16 reporter sod-3::gfp . (C) Likewise, nuclear 
localization of the DNA-damage checkpoint proteins HUS-1 was also unchanged by 

daf-2 mutations or loss of npp-21.  Scale bars, 20 µm.   
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FIGURE 3.7- W06B11.3/LAPTM4B antagonizes the DNA-damage 

cell death pathway to inhibit germ cell death in gld-1(-) mutants  

(A) RNAi inhibition of W06B11.3 restores germ cell death in gld-1 

mutants.  (B) cep-1 and ced-3 mutations, but not daf-16 mutations, block 

in the increase in cell death by W06B11.3 RNAi.  These findings allow 

us to order these genes in a pathway, in which DAF-16 acts upstream of 

p53, through W06B11.3.   
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FIGURE 3.8-  Lifespan curves of animals in which gld-1-tumor suppressor genes 

have been knocked down with RNAi 

Left, gld-1(q485); daf-2(e1370); middle, daf-2(e1370); and right, wild-type animals 

lifespans treated with RNAi clones of gld-1-tumor-suppressor genes. 
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FIGURE 3.9-  Lifespan curves of animals animals in which gld-1-tumor stimulating 

genes have been knocked down with RNAi 

Left, gld-1(q485), and right, wild-type animals lifespans treated with RNAi clones of gld-

1-tumor stimulating genes. 
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FIGURE 3.10- RNAi inactivation of srh-223 blocks the nuclear 

localization of daf-16 by daf-2 mutations 

(A) daf-2 mutations cause daf-16::GFP to localize to the nucleus.  (B) 

DAF-16::GFP is no longer nuclear localized following srh-223 RNAi 

treatment.  Arrows, intestinal nuclei.  Scale bars, 20 µm. 
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TABLE 3.2- List of all genes tested in our screen 

 
Lee et al., 

2003 
Oh et al., 

2006 
Murphy  

et al., 2003 
McElwee  

et al., 2003 
Lee and Kenyon, 

unpublished 

AC3.7    X   

B0024.6   X   

B0207.4   X   

B0207.5   X   

B0213.12   X   

B0213.15    X  X 

B0218.8   X   

B0222.9    X  

B0238.1   X   

B0244.2   X   

B0281.5   X   

B0286.3   X   

B0350.2   X    

B0365.6*   X   

B0478.1*   X   

B0496.4   X    

B0513.4   X    

B0513.5   X    

C01A2.2   X    

C01A2.3**   X   

C01B7.1   X X   

C01B7.3   X    

C01G6.1    X    

C02A12.4*   X   

C03C10.2   X    

C03C10.5   X    

C03G6.15   X   

C04F5.1**   X   

C04F6.1*   X   

C05B5.1   X   

C05B5.2   X   

C05C10.4    X  

C05C12.4**   X   

C05D2.8   X   

C05D9.1   X   

C05E4.9*   X   

C06B3.3   X   

C06B3.4    X   

C07H6.5**   X   

C08A9.1   X   

C08B11.4   X   

C08B6.10   X   
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C08B6.4   X   

C08E3.4**   X   

C08E3.6**   X   

C08E8.4   X  X 

C08F11.11   X   

C08F11.3   X  X 

C08F11.8   X   

C08F8.5*   X   

C09F12.1   X   

C09G1.1**   X   

C09G12.8a   X   

C09G4.5**   X   

C10C5.4   X   

C10C5.5   X   

C10G11.5a,b X    X 

C10H11.2   X   

C12C8.2*   X   

C12D5.9   X   

C13B9.1   X   

C14E2.2  X    

C14F5.1   X    

C15C6.3**   X   

C15H9.1   X   

C15H9.7*   X   

C16A3.10**   X   

C16C10.5**   X   

C17B7.1   X   

C17D12.2    X    

C17D12.5   X    

C17D12.6   X    

C17G1.4*   X   

C17G10.5      

C17H1.3   X   

C17H12.8   X   

C18A11.1   X   

C18A3.2**   X   

C18D4.8      

C18E3.9   X    

C18H7.4   X    

C18H7.6   X    

C24B9.9   X  X 

C24G6.6   X   

C25D7.5   X   

C25E10.1   X    

C25E10.8   X   

C25E10.9   X   

C25F6.3**   X   

C25H3.11   X   



  85

C26C6.3*   X   

C26H9A.1    X  

C27H5.2   X   

C28F5.3   X   

C29A12.1   X    

C29A12.3  X    

C30G7.1   X  X 

C31A11.5   X   

C32B5.3   X   

C32D5.5   X    

C32E8.11**   X   

C32H11.1   X   

C32H11.10*   X   

C32H11.12   X   

C32H11.13   X   

C32H11.4   X   

C32H11.9*   X   

C33H5.10    X  

C34B4.2    X  

C34C6.7*   X   

C34D10.2   X  X 

C35E7.1*   X   

C35E7.5*   X   

C36A4.9   X    

C37A2.1**   X   

C37H5.2   X   

C39D10.7**   X   

C39E9.1   X   

C39F7.5 X     

C40H1.5*   X   

C40H5.1   X   

C41H7.7   X    

C42D8.2   X   

C43G2.1   X    

C44F1.2**   X   

C44H9.5   X   

C45B11.3   X   

C45G7.3   X   

C46A5.5   X   

C46E10.3   X    

C46E10.4  X    

C46E10.7    X    

C46F11.4*   X   

C46F4.2   X   

C46H11.2*   X   

C49C3.9   X   

C50B8.2    X  

C50E3.12**   X   
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C50F7.10*   X   

C50F7.2   X   

C50F7.5   X   

C52D10.1   X  X 

C52D10.2   X   

C52D10.7*   X   

C52D10.9   X   

C52E4.1   X   

C53B7.3   X   

C54C8.9*   X   

C54D10.1   X   

C54D10.3   X   

C54D10.7*   X   

C54G4.6   X   

C55C3.4   X   

C56A3.2   X  X 

D1025.4   X   

D1054.10**   X   

D1054.11**   X   

D1054.6   X    

D1086.3   X   

D2045.6**   X   

D2096.4    X  

E01A2.8   X   

E01G4.3   X   

E03H4.11   X   

E04F6.2 X     

EGAP2.3   X   

F01G12.3   X   

F02E11.3   X    

F02G3.1   X   

F02H6.5   X   

F07F6.1   X    

F07F6.5   X    

F08B1.1   X   

F08B12.4*   X   

F08G5.6   X   

F09B12.3   X   

F09F7.6*   X   

F09F7.7*   X   

F10A3.9   X    

F10D11.1    X    

F10D2.11   X   

F10D2.9   X   

F10D7.5   X    

F11A5.12   X   

F12A10.7   X   

F13A7.9   X   
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F13C5.4   X   

F13D11.4   X   

F13D12.6*   X   

F13H6.3   X   

F14B6.3   X   

F14F4.3 X     

F15A2.2   X   

F15A4.8   X   

F15B9.1   X   

F15E11.1   X  X 

F15E11.12   X  X 

F15E6.4   X   

F15E6.8   X   

F16D3.5   X   

F16H6.7   X   

F17A9.5   X   

F17B5.1*   X   

F17E5.1    X    

F17H10.1   X    

F18A1.7**   X   

F18E3.7   X   

F18E9.5   X   

F19C6.4   X    

F19C7.1   X    

F19C7.4   X    

F19H8.1   X   

F20C5.2    X    

F21C10.10*   X   

F21F3.3   X   

F21F3.5   X   

F23B2.12   X   

F23B2.5   X   

F23H11.7   X   

F26D11.2   X   

F27C8.1 X    X 

F28A12.4   X   

F28B4.3   X   

F28C1.2    X    

F28C1.3   X    

F28D1.3   X   

F28D1.5   X   

F28F8.2*   X   

F28H7.3*   X   

F29D10.4    X  

F29G9.1   X   

F31C3.6  X    

F31F4.7   X   

F32A5.4**   X   
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F32A5.5*   X  X 

F34D10.4**   X   

F35C11.5**   X   

F35D11.11**   X   

F35E12.10*   X   

F35E12.5*   X   

F35E12.7   X   

F35E12.9   X   

F35E8.11    X  

F35F10.10   X   

F36D3.9   X   

F36F2.1   X   

F36F2.2   X   

F36G9.14    X  

F36H5.8   X   

F37F2.3    X    

F38B6.4   X   

F38E11.1*   X   

F38E11.2*   X   

F40A3.7**   X   

F40D4.3**   X   

F40F12.1   X   

F40F12.3   X   

F40F4.1   X   

F40F4.3    X  

F41A4.1   X   

F41B5.4   X   

F42F12.6   X   

F42F12.7   X   

F42G10.1   X    

F43E2.5    X  

F43H9.4   X   

F44D12.8   X   

F45C12.7**   X   

F45D3.2   X    

F45D3.4   X   

F46C3.2    X  

F46C5.1   X  X 

F46E10.1**   X   

F46F3.3**   X   

F46G10.3   X   

F46H5.7   X   

F47B8.4   X   

F47C10.2   X   

F47C12.3   X   

F47H4.10*   X   

F48D6.4   X  X 

F48F5.1   X    
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F48G7.5    X  

F48G7.8    X  

F49A5.6   X   

F49E11.9   X   

F49E12.1**   X   

F49E12.2*   X   

F49F1.1   X   

F52A8.2**   X   

F52D2.6  X    

F52E1.1*   X   

F52E4.5   X   

F52H3.5 X  X   

F52H3.7   X   

F53A9.1*   X   

F53C11.1**   X   

F53C3.12   X   

F53C3.2   X   

F53C3.5**   X   

F53F4.13   X   

F53F4.8   X   

F53G12.5    X    

F53G12.6**   X   

F53G2.6    X    

F54B11.3    X    

F54C8.7    X  

F54D5.3*   X   

F54D5.7 X     

F54E2.1   X   

F54F11.2   X   

F54F2.2   X    

F54F3.1   X   

F54F7.3   X   

F55G11.4    X  

F55G11.5*   X   

F55G11.7*   X   

F55G11.8*   X   

F56D5.5**   X   

F56D5.7   X   

F56D6.1   X   

F56D6.2   X   

F56G4.2*   X   

F56G4.3*   X   

F57B1.4    X  

F57B1.7   X   

F57C2.4**   X   

F57F5.1   X   

F57H12.7   X   

F58A3.1   X    
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F58A4.3    X    

F58A4.7   X    

F58B3.9   X  X 

F58F6.2   X   

F58G1.4   X   

F59D8.1   X   

F59D8.d**   X   

F59F4.4   X   

H04D03.1**   X   

H10D18.2      

H10D18.3   X   

H12C20.2a   X   

H12D21.1   X   

H14N18.1   X   

H19N07.1*   X   

H22K11.1   X   

H24O09.a*   X   

H24O09.c   X   

H24O09.e*   X   

H24O09.f*   X   

JC8.8   X   

K01A2.2   X   

K01A2.5   X   

K01A6.2**   X   

K01C8.5**   X   

K02B12.2*   X   

K02E11.5   X   

K02H11.2   X   

K03C7.2**   X   

K03H1.4    X  

K03H1.6    X  

K04A8.5   X   

K04E7.2   X   

K06A4.1   X   

K06A9.1   X    

K06G5.1   X   

K07A1.7   X   

K07B1.3 X     

K07B1.4   X   

K07C6.3   X   

K07C6.4*   X   

K07E3.3   X   

K07E3.8   X   

K08B4.6   X   

K08D8.3   X   

K08D8.5   X   

K08D8.6   X   

K08E5.3   X   
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K08F4.7      

K09C4.5   X  X 

K09D9.2   X   

K10B3.8   X   

K10D11.1   X   

K10D11.2   X   

K11D2.2   X   

K11D9.2    X    

K11G9.6   X  X 

K12G11.3    X  X 

K12G11.4   X   

K12H4.7   X   

M01F1.7   X    

M01H9.3   X   

M02D8.4   X   

M02F4.7   X   

M03C11.5   X    

M03F4.7   X   

M04D8.1   X   

M04G12.2   X   

M163.3**   X   

M60.3   X   

M7.2   X    

M7.9   X   

PDB1.1   X  X 

R02E12.8   X   

R03E9.1   X   

R05F9.10**   X   

R05F9.13**   X   

R07G3.3   X    

R08E5.2    X  

R09B5.6*   X   

R107.8**   X   

R11A5.4*   X  X 

R11G1.3**   X   

R12A1.4   X   

R12B2.5   X   

R13F6.2**   X   

R13H4.3   X   

R13H4.5   X   

R153.1   X    

T01A4.1   X    

T01B11.2   X   

T02B5.1*   X   

T03E6.7   X   

T03F6.1**   X   

T04H1.2   X   

T05A10.1    X    
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T05A8.5   X    

T05D4.2   X   

T06E6.5   X   

T07H3.3   X   

T09E11.2   X   

T10B11.3**   X   

T10B9.1   X   

T10C6.8**   X   

T10H4.11   X   

T11F9.12   X   

T12D8.1   X    

T13B5.3   X   

T13F2.1    X  

T13F2.8**   X   

T16G12.1*   X   

T16G12.4**   X   

T16G12.7   X   

T16H12.1   X   

T16H12.8   X   

T17A3.7**   X   

T17H7.1   X   

T18D3.4**   X   

T19B10.2   X   

T19D12.4   X   

T20B3.1 X     

T20B5.3 X     

T20G5.4   X    

T20G5.7*   X  X 

T20G5.8   X  X 

T21C12.2 X  X   

T21C9.8   X   

T21D12.9a   X   

T21G5.3    X    

T22F3.11*   X   

T22G5.2   X   

T22G5.7   X   

T23B12.4 X     

T23B3.2   X   

T23G7.3   X   

T23H2.2**   X   

T24B8.3   X    

T24B8.5*   X   

T24F1.5**   X   

T25C12.2   X   

T25C12.3*   X   

T25E12.6   X   

T28B8.2**   X   

T28C6.8   X  X 
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T28D9.3   X  X 

T28F2.5   X    

T28F4.5*   X   

VC5.3   X   

VW02B12L.1   X   

VZK822l.1   X   

W01A11.4   X   

W01B11.6**   X   

W01C9.2    X  

W02B12.1   X   

W02D3.1*   X   

W02D3.6    X  

W03D2.4**   X   

W03D2.6   X   

W03F11.3**   X   

W05E10.4   X   

W05F2.2**   X   

W05H9.1   X   

W06B11.3   X   

W06D12.3   X   

W06D4.1   X   

W07G4.2   X    

W07G4.3   X    

W08D2.3   X   

W08D2.4*   X   

W10G6.3   X   

Y105C5A.12*   X   

Y105E8B.9   X    

Y106G6H.10   X   

Y106G6H.7 X     

Y110A7A.12   X    

Y111B2A.3  X    

Y111B2A.4   X    

Y116A8A.2   X   

Y116A8C.17   X   

Y14H12B.2**   X   

Y32H12A.8   X   

Y38E10A.14*   X   

Y38E10A.4   X    

Y38F2AL.4    X    

Y38H6C.1   X   

Y38H6C.3*   X   

Y38H6C.5   X   

Y39G8B.7   X   

Y40B10A.2   X   

Y40B10A.6   X   

Y41D4B.16   X   

Y43C5A.3**   X   
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Y43C5B.2   X   

Y43F4A.3*   X   

Y43F8A.3   X   

Y43F8C.16   X   

Y45F10A.2**   X   

Y46C8AL.7   X   

Y46C8AR.1   X   

Y46G5A.28   X   

Y46H3A.3   X  X 

Y48A6B.6   X    

Y48A6C.1**   X   

Y49E10.1*   X   

Y49E10.8*   X   

Y51A2B.1   X   

Y51A2D.11**   X   

Y51B9A.8   X   

Y51H7BR.2   X   

Y52B11A.9    X  

Y53G8B.1   X   

Y54E10A.2   X   

Y54G11A.6   X   

Y54G11A.7   X    

Y56A3A.15**   X   

Y56A3A.33   X   

Y57A10C.7   X   

Y57G11C.14*   X   

Y62H9A.3**   X   

Y62H9A.6**   X   

Y65B4BL.5  X    

Y67A6A.2   X   

Y67D8A.3   X    

Y6E2A.3   X   

Y70G10A.3     X 

Y71G12B.11   X    

Y71G12B.4   X   

Y9D1A.1*   X   

ZC15.6  X    

ZC204.10   X   

ZC247.1   X   

ZC302.2   X    

ZC395.5   X  X 

ZC410.5   X   

ZC412.6    X  

ZC416.6   X   

ZC47.9   X   

ZC506.3 X     

ZK1127.10*   X   

ZK1127.3**   X   
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ZK1251.2   X   

ZK1290.6   X   

ZK1320.2   X   

ZK218.6**   X   

Zk218.8  X    

ZK355.3*   X   

ZK384.1   X   

ZK384.2   X   

ZK384.3   X   

ZK54.2   X  X 

ZK546.13   X    

ZK550.6   X   

ZK593.4 X    X 

ZK6.10   X   

ZK6.11*   X   

ZK673.2   X    

ZK742.4    X  

ZK757.1   X   

ZK757.2   X   

ZK896.5   X   

ZK896.7**   X   

ZK896.8*   X   

ZK899.8    X    

ZK973.5   X   

* We screened 135 additional genes that came from microarrays from Lee and Kenyon 
(unpublished data).  Only one of these affected tumors (F25B5.1). 
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TABLE 3.3- Effect of RNAi on the lifespans of gld-1(-) tumor mutants. 

 

gld-1-tumor suppressor genes  

Gene (locus) gld-1(q485); daf-2(e1370)  

 
Percent of mean lifespan of 

vector control ± s.e.m  

No. died/ 

total no. 

animals* 

P (compared to 

vector control) 
 

Vector control 100  1  

R03E9.1 (mdl-1) 
81.0 
(76.9) 
(91.0) 

30/60 
(40/60) 
(42/50) 

.005 
(<.0001) 

(.01) 
 

F17E5.1 (lin-2) 
71.1 
(85.3) 

29/60 
(30/50) 

.0001 
(<.0001) 

 

C14F5.1   
84.2 
(91.7) 

38/60 
(33/50) 

<.0001 
(.002) 

 

ZK384.2 
72.5 
(89.5) 

32/60 
(32/50) 

<.0001 
(<.0001) 

 

R07G3.3 (npp-21) 
76.5 
(81.6) 
(76.7) 

38/60 
(42/60) 
(34/50) 

<.0001 
(.0002) 

(<.0001) 
 

C54D10.7 
88.7 
(85.5) 

48/60 
(36/50) 

<.0001 
(.001) 

 

F53G12.5 (mex-3) 
81.0 
(88.8) 
(91.2)  

67/80 
(24/60) 
(31/50) 

<.0001 
(.0005) 

(.05) 
 

C15H9.1 (nnt-1) 
83.1 
(83.3) 

30/60 
(28/50) 

.0001 
(<.0001) 

 

W06D12.3 (fat-5) 
80.2 
(83.3) 

41/60 
(35/50) 

<.0001 
(.0004) 

 

ZK384.1 
77.3 
(88.4) 

39/60 
(34/50) 

.0002 
(<.0001) 

 

F07F6.5 
88.7 
(77.6) 

32/60 
(29/50) 

.001 
(<.0001) 

 

F25B5.1 
70.7 
(86.7) 

28/60 
(33/50) 

<.0001 
(.0002) 

 

F15E6.8 
85.1 
(84.1) 
(90.1) 

78/80 
(32/60) 
(37/50) 

.002 
(.001) 
(.008) 

 

C17G10.5 (lys-8) 
84.9 
(84.4) 

32/60 
(30/50) 

<.0001 
(.0002) 
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W03F11.3 
87.3 
(91.1) 

35/60 
(26/50) 

.009 
(.008) 

 

F47C12.3  

(srh-223) 

86.5 
(91.8) 
(87.6) 

79/80 
(32/60) 
(32/50) 

.001 
(.01) 

(.007) 
 

gld-1-tumor stimulating genes  

Gene (locus) gld-1(q485)  

 
Percent of mean lifespan of 

vector control ± s.e.m 

No. died/ 

total no. 

animals† 

P (compared to 

vector control) 
 

Vector control 100  
47/80 

(52/75) 
1  

Y38H6C.5 
117.0  
(109.2) 

55/80 
(55/75) 

<.0001 
(.001) 

 

W06B11.3 
118.5 
(112.5) 

54/80 
(30/75) 

<.0001 
(.0002) 

 

Y57A10C.7 
111.6  
(109.8) 

49/80  
(51/75) 

<.0001  
(<.0001) 

Y57A10C.8‡ 98.3 40/70 0.15 

 

Y116A8C.17 
113.3 
(110.7) 

62/80 
(54/75) 

<.0001 
(<.0001) 

 

Y38H6C.3 
113.1 
(110.3) 

53/80 
(30/75) 

<.0001 
(.001) 

 

Y54E10A.2 

(cogc-1) 
111.6  
(111.2) 

35/80  
(27/75) 

<.0001  
(.001) 

Y54E10A.3§ 99.5 41/70 0.39 

 

F23B2.12 (pcp-2) 
109.4 
(108.0) 

40/80 
(45/75) 

.0004 
(.0001) 

 

W08D2.3 
108.8 
(108.3) 

49/80 
(39/75) 

.0003 
(.0005) 

 

Y116A8C.35 

(uaf-2) 
113.5 
(111.3) 

58/80 
(32/75) 

<.0001 
(<.0001) 

 

Y38H6C.1 
113.9 
(113.2) 

53/80 
(40/75) 

<.0001 
(<.0001) 

 

F35E12.7 
111.5 
(108.5) 

57/80 
(55/75) 

<.0001 
(.001) 

 

F58G1.4 
112.2 
(108.6) 

37/80 
(36/75) 

.0004 
(.0002) 

 

C32H11.13 
110.8 
(110.6) 

48/80 
(48/75) 

<.0001 
(<.0001) 

 

*Additional repeats for each lifespan are listed in parentheses 

† Total no.animals includes censored and uncensored animals 
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‡ Y57A10C.8 is a potential off-target RNAi hit of Y57A10C.7 
§ Y54E10A.3 is potentially knocked down by cogc-1 RNAi, via operon CEOP1090 
 
TABLE 3.4- Effect of RNAi clones on approximate tumor size. 

 

gld-1-tumor suppressor genes  

Gene (locus) gld-1(q485); daf-2(e1370)  

 
Estimated total germ nuclei 

per gonad arm ± s.e 

n 
 

P (compared to 

vector control) 
 

Vector control 1300 ± 50 82 1  

R03E9.1 (mdl-1) 1450 ± 25 44 <.0001  

F17E5.1 (lin-2) 1500 ± 50 35 <.0001  

C14F5.1   1450 ± 50 53 <.0001  

ZK384.2 1425 ± 25 82 <.0001  

R07G3.3 (npp-21) 1500 ± 50 49 <.0001  

C54D10.7 1500 ± 50 44 <.0001  

F53G12.5 (mex-3) 1550 ± 50 57 <.0001  

C15H9.1 (nnt-1) 1375 ± 25 48 <.0001 

gld-1(RNAi);  

daf-2(e1370) 
1350 ± 25 30  

gld-1(RNAi); 

daf-2(e1370);  

nnt-1(ok794) 

1550 ± 50 51 <.0001 

 

W06D12.3 (fat-5) 1450 ± 50 35 .0005  

ZK384.1 1375 ± 25 102 <.0001  

F07F6.5 1550 ± 50 37 .0008  

F25B5.1 1450 ± 50 71 <.0001 

gld-1(RNAi);  

daf-2(e1370) 
1350 ± 25 30  

gld-1(RNAi); 
F25B5.1(ok989); 

daf-2(e1370) 

1450 ± 50 30 0.009 

 

F15E6.8 1450 ± 50 59 <.0001  
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C17G10.5 (lys-8) 1500 ± 50 66 <.0001  

W03F11.3 1550 ± 75 39 .0009  

F47C12.3  

(srh-223) 
1600 ± 50 66 <.0001  

gld-1-tumor stimulating genes  

Gene (locus) gld-1(q485)  

 
Estimated total germ nuclei 

per gonad arm ± s.e 

n 
 

P (compared to 

vector control) 
 

Vector control 2700 ± 25   91 1  

Y38H6C.5 2350 ± 50 50 <.0001  

W06B11.3 2350 ± 50 63 <.0001  

Y57A10C.7 2500 ± 50 40 <.0001 

Y57A10C.8* 2750 ± 50 32 0.25 
 

Y116A8C.17 2500 ± 50 63 <.0001  

Y38H6C.3 2350 ± 50 30 <.0001  

Y54E10A.2 

(cogc-1) 
2400 ± 50 59 <.0001 

Y54E10A.3† 2650 ± 50 32 0.49 

gld-1(RNAi) 2400 ± 50 49 1 

cogc-1(k179); 

gld-1(RNAi) 
2150 ± 50 47 0.002 

 

F23B2.12 (pcp-2) 2350 ± 50 59 <.0001  

W08D2.3 2350 ± 50 45 <.0001  

Y116A8C.35 

(uaf-2) 
2500 ± 50 64 <.0001  

Y38H6C.1 2250 ± 50 50 .005  

F35E12.7 2300 ± 50 41 <.0001  

F58G1.4 2400 ± 50 38 <.0001  

C32H11.13 2550 ± 50 63 <.0001  

* Y57A10C.8 is a potential off-target RNAi hit of Y57A10C.7 
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† Y54E10A.3 is potentially knocked down by cogc-1 RNAi, via operon CEOP1090 

 

 
TABLE 3.5- Effect of RNAi clones on germline proliferation. 

 

gld-1-tumor suppressor genes  

Gene (locus) gld-1(q485); daf-2(e1370)  

 No. H3 positive cells ± s.e 
n 

 

P (compared to 

vector control) 
 

Vector control 

19.1 ± 0.6 

(17.7 ± 0.7) 
(20.1 ± 0.6) 
(18.8 ± 0.8) 

63 

(15) 
(15) 
(33) 

1.0  

Genes required for daf-2(-) mutations to reduce germ cell proliferation:  

R03E9.1 (mdl-1) 

25.8 ± 1.4 

(24.6 ± 1.4) 
(24.0 ± 1.2) 
(29.2 ± 1.5) 

69 

(22) 
(27) 
(20) 

0.0001  

F17E5.1 (lin-2) 

26.4 ± 1.4 

(27.7 ± 1.5) 
(25.8± 1.4) 
(25.6 ± 1.3) 

60 

(23) 
(10) 
(27) 

<.0001  

C14F5.1   

26.1 ± 1.4 

(27.2 ± 1.5) 
(26.6 ± 1.4) 
(24.1 ± 1.3) 

50 

(20) 
(16) 
(14) 

.001  

F53G12.5 (mex-3) 

24.2 ± 1.3 

(26.7 ± 1.4) 
(22.9 ± 1.2) 
(21.8 ± 1.1) 

62 

(27) 
(17) 
(18) 

.007  

C15H9.1 (nnt-1) 

23.0 ± 1.3 

(24.6 ± 1.3) 
(22.2 ± 1.3) 
(22.6 ± 1.2) 

53 

(15) 
(13) 
(25) 

.01  

W06D12.3 (fat-5) 

23.2 ± 1.2 

(24.2 ± 1.3) 
(22.8 ± 1.2) 
(23.0 ± 1.2) 

51 

(13) 
(16) 
(22) 

.006  

ZK384.1 

25.6 ± 1.5 

(24.7 ± 1.3) 
(25.0 ± 1.4) 
(26.5 ± 1.4) 

54 

(21) 
(9) 

(24) 

.0002  
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F07F6.5  

23.6 ± 1.5 

(26.6 ± 1.4) 
(22.3 ± 1.1) 
(22.6 ± 1.2) 

41 

(11) 
(16) 
(14) 

.005  

F25B5.1 

25.1 ± 1.2 

(24.2 ± 1.3) 
(27.5 ± 1.4) 
(23.0 ± 1.2) 

41 

(12) 
(16) 
(13) 

.0004  

F15E6.8 

22.3 ± 1.2 

(20.8 ± 1.1) 
(24.0 ± 1.3) 
(22.5 ± 1.2) 

107 

(46) 
(41) 
(20) 

.008  

C17G10.5 (lys-8) 

24.4 ± 1.3 

(21.9 ± 1.1) 
(25.2 ± 1.3) 
(25.2 ± 1.3) 

63 

(14) 
(24) 
(25) 

.0008  

W03F11.3 

23.1 ± 1.4 

(24.8 ± 1.3) 
(24.0 ± 1.3) 
(22.2 ± 1.2) 

41 

(8) 
(10) 
(23) 

.01  

F47C12.3  

(srh-223) 

23.4 ± 1.2 

(21.7 ± 1.3) 
(27.0 ± 1.4) 
(22.8 ± 1.2) 

63 

(35) 
(18) 
(10) 

.008  

Genes NOT required for daf-2(-) mutations to reduce germ cell proliferation: 

R07G3.3  
(npp-21)  

19.6 ± 1.4 

(17.2 ± 1.4) 
(20.0 ± 1.0) 
(19.7 ± 1.0) 

46 

(5) 
(21) 
(20) 

.71  

C54D10.7 

20.1 ± 1.1 

(19.8 ± 1.1) 
(18.9 ± 1.0) 
(21.1 ± 1.1) 
 

51 

(10) 
(17) 
(24) 

.47  

ZK384.2 

20.8 ± 1.1 

(20.6 ± 1.1) 
(20.0 ± 0.8) 
(21.8 ± 1.1) 

28 

(8) 
(10) 
(10) 

.40  

gld-1-tumor stimulating genes  

Gene (locus) gld-1(q485)  

 No. H3 positive cells ± s.e 
n 

 

P (compared to 

vector control) 
 

Vector control 
34.0 ± 0.7 

(35.6 ± 0.6) 
53 

(30) 
1  
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(32.0 ± 0.8) (23) 

RNAi clones that reduce tumor cell proliferation: 

Y38H6C.5 
23.4 ± 0.7 

(23.3 ± 0.8) 
(21.7 ± 1.0) 

60 

(32) 
(28) 

<.0001  

W06B11.3 
22.8 ± 0.7 

(23.6 ± 0.6) 
(22.2 ± 0.7) 

30 

(14) 
(16) 

.0009  

Y57A10C.7 
20.8 ± 0.6 

(19.4 ± 0.5) 
(21.8 ± 0.7) 

37 

(15) 
(22) 

.0006  

Y116A8C.17 
20.1 ± 0.6 

(19.7 ± 0.6) 
(20.5 ± 0.6) 

34 

(14) 
(20) 

.0003  

Y38H6C.3 
21.0 ± 0.6 

(24.1 ± 0.7) 
(19.4 ± 0.6) 

35 

(16) 
(19) 

.0005  

Y54E10A.2 

(cogc-1) 

21.9 ± 0.6 

(21.3 ± 0.6) 
(22.6 ± 0.7) 

22 

(12) 
(10) 

.0007  

F23B2.12 (pcp-2) 
21.1 ± 0.6 

(23.2 ± 0.6) 
(19.4 ± 0.6) 

44 

(21) 
(23) 

.0002  

W08D2.3 
21.5 ± 0.6 

(20.5 ± 0.6) 
(22.4 ± 0.7) 

35 

(17) 
(18) 

.0006  

Y116A8C.35 

(uaf-2) 

24.0 ± 0.6 

(28.8 ± 0.8) 
(21.6 ± 0.6) 

42 

(14) 
(28) 

.01  

Y38H6C.1 
22.8 ± 0.7 

(23.5 ± 0.6) 
(22.1 ± 0.7) 

30 

(15) 
(15) 

.001  

F35E12.7 
25.3 ± 0.7 

(25.3 ± 0.8) 
(25.7 ± 0.7) 

53 

(28) 
(25) 

.0003  

F58G1.4 
20.5 ± 0.6 

(15.7 ± 0.5) 
(25.4 ± 0.7) 

31 

(15) 
(16) 

.0007  

C32H11.13 
19.5 ± 0.6 
(18.4 ± 0.5) 
(20.8 ± 0.6) 

28 
(15) 
(13) 

.0002  

*Total averages are shown in bold, individual experiments are listed below each average 
in parenthesis. 
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TABLE 3.6- Effect of RNAi clones on germline apoptosis.    

 

gld-1-tumor suppressor genes    

Gene (locus) No. SYTO12 positive cells ± s.e   

 N2 
daf-2(e1370) 

 
P gld-1(q485) 

gld-1(q485); 

daf-2(e1370) 
P  

Vector control 

1.5 ± 0.1 

(1.2 ± 0.2) 
(1.5 ± 0.3) 
(1.6 ± 0.2) 
(1.8 ± 0.4) 

3.2 ± 0.2 

(2.8 ± 0.2)  
(3.2 ± 0.2) 
(3.4 ± 0.4) 
(2.9 ± 0.6) 

<.0001 

0.0 ± 0.0 

(0.0 ± 0.0) 
(0.0 ± 0.0) 
(0.0 ± 0.1) 

1.7 ± 0.3 

(2.1 ± 0.7) 
(1.5 ± 0.3) 
(1.4 ± 0.3) 

<.0001  

Genes required for daf-2(-)-induced germ cell death: 

R07G3.3  
(npp-21)  

2.0 ± 0.2 

(1.9 ± 0.6) 
(2.1 ± 0.5) 

1.6 ± 0.3 

(1.9 ± 0.6) 
(1.5 ± 0.4) 
(1.2 ± 0.3) 

0.16 
0.0 ± 0.0 

(0.0 ± 0.0) 
(0.0 ± 0.0) 

0.2 ± 0.1 

(0.3 ± 0.3) 
(0.1 ± 0.1) 

0.3  

C54D10.7 
1.2 ± 0.2 

(1.1 ± 0.3) 
(1.4 ± 0.3) 

1.4 ± 0.2 

(1.0 ± 0.4) 
(1.4 ± 0.4) 
(1.8 ± 0.4) 
(2.8 ± 0.5) 

0.20 
0.0 ± 0.0 

(0.0 ± 0.0) 
(0.0 ± 0.0) 

0.3 ± 0.1 

(0.3 ± 0.1) 
(0.3 ± 0.2) 

0.01  

ZK384.2 
1.5 ± 0.3 

(1.4 ± 0.3) 
(1.9 ± 0.6) 

1.8 ± 0.2 

(1.7 ± 0.2) 
(1.9 ± 0.3) 

0.45 
0.0 ± 0.0 

(0.0 ± 0.1) 
(0.0 ± 0.0) 

0.2 ± 0.1 

(0.3 ± 0.1) 
(0.0 ± 0.0) 

0.20  

Genes that are NOT required for daf-2(-)-induced germ cell death:  

R03E9.1  
(mdl-1) 

1.4 ± 0.3 

(1.4 ± 0.3) 

2.9 ± 0.4 

(3.0 ± 0.4) 
(2.6 ± 0.6) 

<.0001     

F17E5.1 (lin-2) 
1.4 ± 0.3 

(1.1 ± 0.4) 
(1.3 ± 0.3) 

2.4 ± 0.3 

(2.8 ± 0.4) 
(2.2 ± 0.9) 

.0006     

C14F5.1   
1.2 ± 0.3 

(1.2 ± 0.2) 
(1.3 ± 0.5) 

2.9 ± 0.3 

(3.0 ± 0.3) 
(2.7 ± 0.4) 

<.0001     

F53G12.5  
(mex-3) 

1.4 ± 0.3 

(1.0 ± 0.4) 
(1.7 ± 0.4) 

3.0 ± 0.3 

(2.7 ± 0.4) 
(3.3 ± 0.4) 

.0003     

C15H9.1  
(nnt-1) 

1.2 ± 0.2 

(1.0 ± 0.3) 
(1.4 ± 0.3) 

2.4± 0.3 

(2.3 ± 0.3) 
(2.5 ± 0.3) 

.0003     
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W06D12.3  
(fat-5) 

1.0 ± 0.3 

(1.2 ± 0.3) 
(1.0 ± 0.4) 

2.5 ± 0.3 

(1.8 ± 0.5) 
(3.1 ± 0.5) 
(2.8 ± 0.5) 

.0004     

ZK384.1 
1.1 ± 0.2 

(1.3 ± 0.5) 
(1.1 ± 0.4) 

3.4 ± 0.5 

(3.5 ± 0.8) 
(3.4 ± 0.4) 

.0001     

F07F6.5  
1.1 ± 0.2 

(0.8 ± 0.3 
(1.3 ± 0.3) 

2.5 ± 0.2 

(2.5 ± 0.2) 
(2.6 ± 0.3) 

<.0001     

F25B5.1 
1.3 ± 0.2 

(1.0 ± 0.3) 
(1.4 ± 0.2) 

3.1 ± 0.4 

(2.6 ± 0.5) 
(3.8 ± 0.8) 

<.0001     

F15E6.8 
0.7 ± 0.2 

(0.6 ± 0.3) 
(0.9 ± 0.3) 

2.6 ± 0.4 

(2.1 ± 0.5) 
(3.0 ± 0.6) 

.0001     

C17G10.5  

(lys-8) 

1.4 ± 0.2 

(1.7 ± 0.3) 
(1.2 ± 0.3) 

2.8 ± 0.3 

(2.5 ± 0.3) 
(2.9 ± 0.3) 

.0001     

W03F11.3 
1.1 ± 0.2 

(0.8 ± 0.4) 
(1.4 ± 0.5) 

3.0 ± 0.4 

(2.6 ± 0.6) 
(3.5 ± 0.8) 

.0009     

F47C12.3  

(srh-223) 

0.9 ± 0.3 

(0.7 ± 0.4) 
(1.1 ± 0.4) 

2.5 ± 0.3 

(2.5 ± 0.4) 
(2.4 ± 0.3) 

.0002     

gld-1-tumor stimulating genes  

Gene (locus) No. SYTO12 positive cells ± s.e   

 N2, vector 
N2, RNAi 

treatment 
P 

gld-1(q485), 

vector 

gld-1(q485), 

RNAi 

treatment 

P  

daf-2(RNAi) 

1.8 ± 0.2 

(2.1 ± 0.4) 
(1.8 ± 0.2) 
(1.6 ± 0.3) 

3.4 ± 0.2 

(4.8 ± 0.5) 
(3.2 ± 0.2) 
(2.7 ± 0.3) 

<.0001 

0.1 ± 0.0 

(0.1 ± 0.1) 
(0.1 ± 0.1) 
(0.1 ± 0.1) 

1.0 ± 0.2 

(0.8 ± 0.2) 
(0.8 ± 0.2) 
(1.4 ± 0.3) 

<.0001  

Genes that normally promote cell survival:  

W06B11.3 

1.7 ± 0.2 

(1.8 ± 
0.4) 
(1.9 ± 0.3) 
(1.9 ± 0.3) 

2.7 ± 0.3 

(2.6 ± 0.5) 
(2.7 ± 0.3) 
(2.8 ± 0.5) 

<.0001 

0.1 ± 0.0 

(0.1 ± 0.1) 
(0.2 ± 0.1) 
(0.1 ± 0.1) 

0.8 ± 0.2 

(0.8 ± 0.3) 
(0.9 ± 0.3) 
(0.6 ± 0.3) 

0.001  

Genes that do NOT normally promote cell survival:   

Y38H6C.5 
1.7 ± 0.2 

(1.6 ± 
0.4) 

1.6 ± 0.4 

(1.4 ± 0.5) 
(1.6 ± 0.5) 

.28     
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(1.9 ± 0.3) 

Y57A10C.7 
2.1 ± 0.2 

(2.3 ± 0.4) 
(2.0 ± 0.2) 

2.1 ± 0.2 

(2.0 ± 0.3) 
(2.1 ± 0.4) 

.86     

Y116A8C.17 
1.5 ± 0.2 

(1.1 ± 0.3) 
(2.0 ± 0.3) 

2.0 ± 0.3 

(2.1 ± 0.5) 
(1.7 ± 0.5) 

.27     

Y38H6C.3 
1.7 ± 0.3 

(2.0 ± 0.3) 
(0.8 ± 0.2) 

1.6 ± 0.3 

(1.8 ± 0.3) 
(1.3 ± 0.2) 

.30     

Y54E10A.2 

(cogc-1) 

2.2 ± 0.4 

(2.3 ± 0.3) 
(2.1 ± 0.3) 

1.6± 0.4 

(2.0 ± 0.2) 
(1.0 ± 0.5) 

.24     

F23B2.12 (pcp-2) 

1.5 ± 0.2 

(1.1 ± 0.3) 
(2.0 ± 
0.3) 

1.2 ± 0.8 

(1.1 ± 0.5) 
(2.0 ± 0.5) 

.41     

W08D2.3 
1.5 ± 0.2 

(1.1 ± 0.3) 
(2.0 ± 0.3) 

1.3 ± 0.3 

(1.3 ± 0.4) 
(1.3 ± 0.5) 

.37     

Y116A8C.35 

(uaf-2) 

1.5 ± 0.2 

(1.1 ± 0.3) 
(2.0 ± 0.3) 

1.5 ± 0.3 

(1.4 ± 0.4) 
(1.8 ± 0.3) 

.98     

Y38H6C.1 

1.7 ± 0.2 

(1.6 ± 
0.4) 
(1.9 ± 0.3) 

1.4 ± 0.3 

(1.6 ± 0.3) 
(1.3 ± 0.6) 

.25     

F35E12.7 

1.7 ± 0.2 

(1.6 ± 
0.4) 
(1.9 ± 0.3) 

1.4 ± 0.3 

(1.4 ± 0.5) 
(1.4 ± 0.5) 

.13     

F58G1.4 
2.1 ± 0.2 

(2.3 ± 0.4) 
(2.0 ± 0.2) 

1.8 ± 0.2 

(1.4 ± 0.3) 
(1.9 ± 0.3) 

.21     

C32H11.13 
1.5 ± 0.2 

(1.1 ± 0.3) 
(2.0 ± 0.3) 

1.4 ± 0.3 

(1.2 ± 0.4) 
(1.8 ± 0.3) 

.71     

*Total averages are shown in bold, individual experiments are listed below each average 
in parenthesis. 
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TABLE 3.7- Effect of RNAi clones on gld-1(+) lethality. 

 

gld-1-tumor suppressor genes  

Gene (locus) N2  daf-2(e1370)  

 

Percent of 

mean 

lifespan of 

vector 

control ± 

s.e.m 

No. died/ 

total no. 

animals 

P 

(compared 

to vector 

control) 

Percent of 

vector 

control 

lifespan ± 

s.e.m 

No. died/ 

total no. 

animals 

P 

(compared 

to vector 

control) 

 

Vector control 

100 
(100) 
(100) 

62/90 
(56/90) 
(60/90) 

1 
(1) 
(1) 

100 
(100) 
(100) 

61/90 
(36/90) 
(42/90) 

1 
(1) 
(1) 

 

R03E9.1 (mdl-1) 
103.9 
(99.3) 

54/90 
(46/90) 

0.27 
(0.92) 

89.7 
(91.6) 

52/90 
(45/90) 

0.003 
(0.001) 

 

F17E5.1 (lin-2) 103.1 75/90 0.60 
102.1 
(95.5) 

56/90 
(68/90) 

0.60 
(0.26) 

 

C14F5.1   106.4 72/90 0.15 
81.6 

(87.9) 
27/60 

(54/90) 
0.0001 
(0.01) 

 

ZK384.2 81.9 48/90 0.0002 
84.5 

(78.8) 
36/90 

(57/90) 
0.002 

(0.0001) 
 

R07G3.3 (npp-

21) 
100.8 
(96.6) 

60/90 
(61/100) 

0.92 
(0.51) 

97.1 
(101.2) 

27/90 
(34/90) 

0.18 
(0.65) 

 

C54D10.7 
108.4 
(98.2) 

79/90 
(64/90) 

0.05 
(0.60) 

96.8 
(97.2) 

60/90 
(54/90) 

0.40 
(0.52) 

 

F53G12.5 (mex-3) 97.9 72/90 0.76 97.8 37/90 0.54  

C15H9.1 (nnt-1) 81.5 44/90 0.0001 82.2 37/90 0.0008  

W06D12.3 (fat-5) 106.2 69/90 0.09 107.0 58/90 0.10  

ZK384.1 95.6 65/90 0.04 100.9 72/90 0.72  

F07F6.5 96.2 46/90 0.16 
86.4 

(85.1) 
58/90 

(66/90) 
0.0006 

(0.0001) 
 

F25B5.1 100.6 36/90 0.79 100.3 75/90 0.96  
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F15E6.8 103.4 46/90 0.66 
90.5 

(89.1) 
54/90 

(36/90) 
0.006 

(0.001) 
 

C17G10.5 (lys-8) 71.0 36/90 <.0001 
80.9 

(76.4) 
38/90 

(56/90) 
0.0002 

(0.0001) 
 

W03F11.3 95.6 32/90 0.29 
86.0 

(91.2) 
45/90 

(56/90) 
0.0005 
(0.01) 

 

F47C12.3 (srh-

223) 
97.7 

(99.3) 
64/90 

(39/75) 
0.26 

(0.40) 
89.2 

(87.5) 
57/90 

(55/90) 
0.002 

(0.0001) 
 

gld-1-tumor stimulating genes  

Gene (locus) N2  

 
Percent of vector control 

lifespan ± s.e.m 

No. died/ 

total no. 

animals 

P (compared to 

vector control) 
 

Vector control 100      60/90 1  

Y38H6C.5 94.5 43/90 0.12  

90.1 44/90 0.001 
W06B11.3 

77.4† 39/90† <.0001† 
 

Y57A10C.7 
114.3 

(109.5) 
75/90 

(26/90) 
0.0004 
(0.09) 

 

Y116A8C.17 
123.3 

(119.7) 
60/90 

(74/90) 
<.0001 

(<.0001) 
 

Y38H6C.3 
118.6 

(113.6) 
78/90 

(65/90) 
<.0001 

(0.0001) 
 

Y54E10A.2 

(cogc-1) 
98.6 61/90 0.81  

F23B2.12 (pcp-2) 95.8 42/90 0.19  

W08D2.3 
109.5 

(112.5) 
41/90 

(52/90) 
0.009 
(0.01) 

 

Y116A8C.35 

(uaf-2) 
96.6 64/90 0.16  

Y38H6C.1 94.9 39/90 0.26  

F35E12.7 95.3 48/90 0.26  

F58G1.4 92.0 71/90 0.01  

C32H11.13 
105.2 
(96.1) 

80/90 
(53/90) 

0.19 
(0.19) 

 

*Additional repeats for each lifespan are listed in parentheses. 
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† daf-2(e1370) lifespan 

 

 
 
 

TABLE 3.8- Reducing npp-21 does not further shorten lifespan of gld-1(-); daf-2(-) 

ced-4(-) animals. 

 

Genotype/treatment Mean 

Lifespan ± 

s.e.m (days) 

No. died/ 

total no. 

animals 

P     

gld-1(q485); daf-2(e1370) 22.1 ± 1.1 
(28.2 ± 1.2) 

40/47 
(30/50) 

 

gld-1(q485); daf-2(e1370); npp-

21(RNAi) 

16.9 ± 0.8 
(21.4 ± 0.7) 

42/50 
(38/50) 

0.0002 
(<.0001) 

gld-1(q485); daf-2(e1370) ced-

4(n1162), vector 
18.9 ± 0.9 
(18.4 ± 1.2) 

60/76 
(31/40) 

 

gld-1(q485); daf-2(e1370) ced-

4(n1162), npp-21(RNAi) 

18.0 ± 0.9 
(17.9 ± 1.0) 

57/63 
(31/40) 

0.23 
(.29) 
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TABLE 3.9- Effect of nuclear pore proteins on daf-2(-) animals increased germline 

apoptosis. 

No. SYTO12 positive cells ± s.e  

Gene (locus) Human homologue N2 
(**vector) 

  daf-2(e1370) 
(**daf-

2(RNAi)) 

P  

Vector control  

1.5 ± 0.2 

(1.3 ± 0.3) 
(1.6 ± 0.2) 

2.6 ± 0.2 

(2.9 ± 0.3) 
(2.3 ± 0.3) 
(3.0 ± 0.3) 
(4.0 ± 0.4) 

≤.0001  

NPP’s  required for daf-2(-) induced germ cell death:  

npp-4 RNAi 
Isoform 1 of Nup98-
Nup96 precursor 

1.2 ± 0.2 

(1.7 ± 0.3) 
(0.8 ± 0.5) 

1.4 ± 0.2 

(1.5 ± 0.3) 
(1.4 ± 0.3) 
(1.3 ± 0.3) 

0.63  

npp-7 RNAi POM 121 
1.2 ± 0.3 

(1.3 ± 0.6) 
(1.1 ± 0.2) 

1.9 ± 0.2 

(1.6 ± 0.3) 
(2.0 ± 0.4) 
(1.9 ± 0.3) 

0.03  

npp-10 RNAi 
Nup98 1.0 ± 0.2* 

(1.0 ± 0.2)* 

1.7 ± 0.3* 

(1.7 ± 0.3)* 
0.10  

npp-11 RNAi POM 121 
1.3 ± 0.2 

(1.1 ± 0.2) 
(1.5 ± 0.4) 

1.6 ± 0.3 

(1.6 ± 0.5) 
(2.0 ± 0.2)  
(1.5 ± 0.3) 

0.12  

npp-11(ok1599)  
2.1 ± 0.3** 

(2.1 ± 0.4) ** 
(2.1 ± 0.4) ** 

1.8 ± 0.3** 

(1.9 ± 0.4)** 
(1.7 ± 0.5) ** 

0.63  

npp-14 RNAi Nup214 
1.8 ± 0.3 

(1.0 ± 0.4) 
(1.5 ± 0.4) 

1.5 ± 0.2 

(1.5 ± 0.4) 
(1.5 ± 0.5) 
(1.5 ± 0.3) 

0.41  

npp-14(ok1389)  
2.1 ± 0.3** 

(2.1 ± 0.4) ** 
(2.2 ± 0.5) ** 

2.2 ± 0.3** 

(2.3 ± 0.3) ** 
(2.2 ± 0.3) ** 

0.51  

npp-15 RNAi Nup133 
1.8 ± 0.4 

(1.8 ± 0.4) 
(1.4 ± 0.3) 

1.4 ± 0.3 

(1.3 ± 0.3) 
(1.5 ± 0.5) 
(2.4 ± 0.3) 

0.54  
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npp-17 RNAi mrnp 41 
1.5 ± 0.3* 

(1.5 ± 0.4)* 
(1.6 ± 0.4)* 

1.9 ± 0.2* 

(1.3 ± 0.4)* 
(2.3 ± 0.4)* 
(2.1 ± 0.4)* 

0.40  

npp-18 RNAi SEH1 
1.7 ± 0.2 

(2.2 ± 0.3) 
(1.2 ± 0.2) 

1.8 ± 0.3 

(1.6 ± 0.3) 
(1.8 ± 0.3) 
(2.2 ± 0.5) 

0.75  

npp-21 RNAi Nucleoprotein TPR 
2.0 ± 0.2 

(1.9 ± 0.6) 
(2.1 ± 0.5) 

1.6 ± 0.3 

(1.9 ± 0.6) 
(1.5 ± 0.4) 
(1.2 ± 0.3) 

0.16  

NPP’s  that are NOT required for daf-2(-) induced germ cell death:  

npp-1 RNAi Nucleoporin p54 

1.0 ± 0.2* 
(0.9 ± 0.3)* 
(1.2 ± 0.2)* 
(1.1 ± 0.2)* 

2.9 ± 0.4* 
(2.9 ± 0.6)* 
(2.6 ± 0.7)* (3.1 
± 0.6)* 

≤.0001  

npp-2 RNAi Nup75 
1.0 ± 0.4* 

(1.0 ± 0.4)* 

2.9 ± 0.5* 

(2.9 ± 0.5)* 
0.007  

npp-3 RNAi Nup205 

1.1 ± 0.2* 

(0.6 ± 0.3)* 
(1.5 ± 0.2)* 
(1.1 ± 0.3)* 

2.5 ± 0.3* 

(2.2 ± 0.5)* 
(2.4 ± 0.5)* 
(3.1 ± 0.5)* 

≤.0001  

npp-5 RNAi Nup107 

1.2 ± 0.2 
(1.7 ± 0.4) 
(1.0 ± 0.3) 
(1.1 ± 0.3) 

1.9 ± 0.2 
(2.4 ± 0.4) 
(1.5 ± 0.3) 
(1.6 ± 0.3) 

0.007  

npp-6 RNAi Nup160 

1.2 ± 0.1* 
(1.1 ± 0.2)* 
(1.4 ± 0.5)* 
(0.9 ± 0.3)* 

2.7 ± 0.3* 
(2.6 ± 0.5)* 
(2.4 ± 0.6)* 
(3.0 ± 0.6)* 

≤.0001  

npp-8 RNAi Nup155 

1.2 ± 0.2* 

(2.0 ± 0.4)* 
(1.5 ± 0.6)* 
(1.1 ± 0.2)* 

2.7 ± 0.3* 

(2.9 ± 0.5)* 
(2.9 ± 0.5)* 
(2.4 ± 0.4)* 

≤.0001  

npp-9 RNAi RANBP1  

1.4 ± 0.2* 

(1.7 ± 0.4)* 
(1.4 ± 0.2)* 
(1.2 ± 0.3)* 

2.6 ± 0.3* 

(2.6 ± 0.8)* 
(2.4 ± 0.5)* 
(3.1 ± 0.5)* 

0.0007  

npp-16 RNAi NPAP60L/NUP50 

2.2 ± 0.2 

(3.1 ± 0.5) 
(1.2 ± 0.2) 
(2.1 ± 0.3) 

3.5 ± 0.3 

(4.8 ± 0.6) 
(2.1 ± 0.3) 
(2.5 ± 0.8) 
(3.3 ± 0.4) 

0.0008  
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npp-19 RNAi NUP53 
1.3 ± 0.2 

(1.5 ± 0.3) 
(1.0 ± 0.3) 

2.7 ± 0.2 

(3.3 ± 0.3) 
(2.2 ± 0.4) 
(2.0 ± 0.5) 

≤.0001  

npp-20 RNAi SEC13-like 

1.5 ± 0.2* 

(1.8 ± 0.3)* 
(1.3 ± 0.4)* 
(1.1 ± 0.3)* 

2.8 ± 0.3* 

(2.4 ± 0.3)* 
(3.4 ± 1.0)* 
(3.2 ± 0.5)* 

≤.0001  

* Adult only treatment due to arrest in early development 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  112

 

 

 

 

 

TABLE 3.10- npp-21 is required for damage-induced germline cell death. 

 

Genotype/treatment No. 

SYTO12 

positive 

cells ± s.e 

P 

0 Gy   
Vector 1.5 ± 0.2 

(1.3 ± 0.2) 
(1.7 ± 0.3) 

 

daf-16(RNAi) 1.5 ± 0.2 

(1.2 ± 0.2) 
(1.8 ± 0.2) 

0.93 

npp-21(RNAi)  1.7 ± 0.2 

(1.2 ± 0.2) 
(2.2 ± 0.2) 

0.60 

60 Gy   
Vector 3.8 ± 0.2 

(4.0 ± 0.2) 
(3.6 ± 0.2) 

 

daf-16(RNAi) 2.1 ± 0.3 

(2.3 ± 0.4) 
(2.0 ± 0.4) 

0.02 

npp-21(RNAi) 2.2 ± 0.3 

(2.5 ± 0.2) 
(2.0 ± 0.2) 

0.004 

120 Gy   
Vector 4.9 ± 0.2 

(5.0 ± 0.2) 
(4.8 ± 0.2) 

 

daf-16(RNAi) 2.2 ± 0.3 
(2.2 ± 0.2) 
(2.3 ± 0.2) 

0.0002 

npp-21(RNAi) 2.3 ± 0.2 

(2.3 ± 0.2) 
(2.4 ± 0.2) 

≤.0001 
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INTRODUCTION 

Our work has shown that reduction of the daf-2/insulin/IGF-1 receptor also causes 

an increase germline apoptosis, and this requires cep-1/p53 and the FOXO transcription 

factor daf-16. This suggests that the daf-2 pathway may “mimic” genotoxic stress and 

activate the DNA damage apoptotic pathway.  In C. elegans, DNA damage leads to an 

increase in germ cell death through a conserved genetic pathway, which requires a 

caspase (CED-3) and an Apaf-1 homologue (CED-4), and is blocked by a Bcl-2-like 

protein (CED-9) (Hengartner, 1999; Hengartner et al., 1992; Yuan et al., 1993), and also 

through the tumor suppressor gene cep-1/p53. 

Recently, a genome-wide RNAi screen was performed for genes that normally 

suppress germ cell death.  In this study, 21 genes were identified that when inactivated 

cause excess cell death, 16 of which were found to be p53-dependant (Lettre et al., 2004). 

Because several of the genes identified in this screen are dependent on cep-1/p53, we 

hypothesized that some or all may also require daf-16, thereby linking them to the daf-2 

pathway.   

In this study, we tested this hypothesis, and found that 12 of the 16 RNAi clones 

act in a p53-dependent manner to increase cell death are also dependent on daf-16.  On 

the other hand, none of the genes that act independently of p53 required daf-16 to affect 

cell death.  Interestingly, some of the genes that we identified to be daf-16-dependent 

normally act to maintain genomic stability.  This provides further evidence that the daf-
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2/insulin/IGF-1 pathway serves to activate the DNA-damage apoptotic pathway, and also 

begins to delineate how this may occur genetically. 
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RESULTS/DISCUSSION 

 

12 germline apoptotic genes that are p53-dependent require daf-16 to increase cell 

death 

 
 RNA inactivation of 16 genes causes an increase in germline cell death via p53.  

We asked whether these same genes also act through daf-16.  To do this, we visualized 

and counted cell corpses using the nucleic acid stain SYTO12, which accumulates 

specifically in apoptotic cells (Gumienny et al., 1999). We find that 12 of the 16 genes 

require daf-16 (Figure 4.1a, Table 4.1), while four are unaffected by loss of daf-16 

(Figure 4.1b, Table 4.1).  Interestingly, two of these genes, rad-50 and rad-51, are 

involved in DNA quality control and are necessary for DNA double-strand break repair 

and homologous recombination.  This is consistent with the idea that p53-dependent (and 

now daf-16-dependent) cell death requires an intact DNA response pathway.  

We were also excited to find that some of these genes act as potential regulatory 

molecules, for instance a gene encoding a rhodopsin-like GPCR, another encoding a 

nuclear hormone receptor, and finally a bZIP transcription factor.  In addition we found 

that genes with a wide variety of functions, such as amino acid transport, protein 

scaffolding, and inhibition of trypsin, and three genes with unknown function depend on 

daf-16 to affect cell death.  It will be interesting to further explore these genes and how 

they act to repress apoptosis. 

Because RNAi does not always accurately mimic loss of function phenotypes, we 

confirmed the result of one of the RNAi clones, bmk-1, using a deletion mutant. (Figure 
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4.3, Table 4.1).  This gene is a homologue of the BimC kinesin-like motor protein, which 

is involved in spindle formation.   

 

None of the germline apoptotic genes that are p53-independent require daf-16 to 

increase cell death 

 Interestingly, none of the apoptotic genes that act independently of p53 require 

daf-16 (Figure 4.2).  Again, we were able to reproduce the RNAi effect for one of these 

genes, pmk-3 (Figure 4.3).    This further supports that the daf-2 pathway is regulating 

cell death via the DNA-damage response pathway and not just by causing non-specific 

cell death. 
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CONCLUSIONS 

 

In this study, we identified twelve genes in the p53-dependent cell death pathway 

that require daf-16 to increase cell death.  Two of these genes function to maintain 

genome stability, supporting that the daf-2 pathway affects cell death through the DNA-

damage response pathway.  Further studies on these two genes, and the other ten will be 

extremely important because they will begin to elucidate how the insulin pathway affects 

cell death.  This, in turn, will provide useful insight into tumor biology. 
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MATERIALS AND METHODS 

Strains 

The strains used in this study were the following:  wild-type N2, daf-16(mu86), 

pmk-3(ok169), and bmk-1(ok391). 

 

RNA Interference 

RNAi was performed by feeding as previously described (Kamath et al., 2001).  Each 

RNAi clone was grown in LB plus 10 µg/ml tetracycline and 100 µg/ml carbenicillin 

overnight at 37°C, and were then seeded onto 100 µl 0.1 M IPTG NG-carbenicillin 

plates. Worms were exposed to RNAi bacteria from hatching.  

 

Apoptotic staining 

Apoptotic corpses were visualized and quantified using the SYTO12 vital dye 

(Molecular Probes).  Staining was performed using a 33 µM aqueous solution as 

previously described (Gumienny et al., 1999). 
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FIGURE 4.1: p53-dependent germline apoptotic genes require daf-16 to increase 

cell death 

Germ cell corpses were visualized using SYTO12-labeling of day 2 (48-hour) adults. 

Each bar represents the mean (±SE) of at least three combined experiments (for details, 

see Table 4.1).  (A) Increase in cell death by inactivation of 12 genes is blocked by a 

daf-16(mu86) mutation. (B) Increased cell death by 4 RNAi clones is unaffected by a 

daf-16(mu86) mutation. 
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FIGURE 4.2: p53-independent germline apoptotic genes do not require daf-

16 to increase cell death 

Germ cell corpses were visualized using SYTO12-labeling of day 2 (48-hour) 

adults. Each bar represents the mean (±SE) of at least three combined 

experiments (for details, see Table 4.1).  Increase in cell death by four RNAi 

clones is unaffected by a daf-16(mu86) mutation. 
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FIGURE 4.3: bmk-1, but not pmk-3, requires daf-16 to increase cell death 

Germ cell corpses were visualized using SYTO12-labeling of day 2 (48-hour) 

adults. Each bar represents the mean (±SE) of at least three combined 

experiments (for details, see Table 4.1).  Increase in cell death bmk-1, but not 

pmk-3, is blocked by a daf-16(mu86) mutation. 
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TABLE 4.1- daf-16-dependence of germline apoptotic RNAi clones 

 
 

No. SYTO12 positive cells ± s.e  

Gene (locus) Human homologue 
N2 

(vector)* 

daf-16(mu86) 
(daf-16 RNAi)* 

P  

daf-2(RNAi)  

(control) 
 

4.4 ± 0.2 

(4.0 ± 0.3) 
(3.6 ± 0.2) 
(4.5 ± 0.4) 

2.2 ± 0.2 

(2.1 ± 0.3) 
(1.8 ± 0.4) 
(2.6 ± 0.3) 

≤.0001  

p53-dependent RNAi clones that require daf-16 to induce germ cell death:  

Y43C5A.6 (rad-

51) 
DNA repair protein 
RAD51 

4.9 ± 0.4 

(5.3 ± 0.3) 
(5.0 ± 0.5) 
(3.6 ± 0.8) 

2.9 ± 0.3 

(3.7 ± 0.3) 
(2.4 ± 0.3) 
(1.6 ± 0.3) 

0.0009  

Y38H6C.17 Amino acid transporter 

3.9 ± 0.4 

(4.2 ± 0.6) 
(3.8 ± 0.5) 
(3.6 ± 1.0) 

2.6 ± 0.3 

(3.1 ± 0.3) 
(1.7 ± 0.4) 
(2.0 ± 0.3) 

0.007  

K02F2.6 (ser-3) Rhodopsin-like GPCR 

4.4 ± 0.3 

(5.9 ± 1.1) 
(3.8 ± 0.5) 
(3.7 ± 0.3) 

2.3 ± 0.3 

(3.1 ± 0.3) 
(2.5 ± 0.4) 
(1.1 ± 0.3) 

≤.0001  

T04H1.4(rad-50) 
DNA repair protein 
RAD50 

3.7 ± 0.2 

(3.5 ± 0.2) 
(3.0 ± 0.4) 
(4.0 ± 0.4) 

2.3 ± 0.3 

(2.6 ± 0.5) 
(2.1 ± 0.2)  
(2.3 ± 0.3) 

≤.0001  

F38H12.3 
Nuclear hormone 
receptor 

3.9 ± 0.3 

(4.5 ± 0.2) 
(3.9 ± 0.4) 
(3.7 ± 0.2) 

1.9 ± 0.2 

(2.1 ± 0.5) 
(1.4 ± 0.2)  
(2.0 ± 0.3) 

≤.0001  

H06H21.9 
PDZ/DHR/GLGF 
domain 

4.7 ± 0.3 

(3.9 ± 0.4) 
(5.1 ± 0.4) 
(4.7 ± 0.4) 

2.6 ± 0.2 

(2.1 ± 0.4) 
(3.3 ± 0.5) 
(2.8 ± 0.3) 

≤.0001  

F28A10.1 DUF13 

4.0 ± 0.3 

(4.6 ± 0.4) 
(4.3 ± 0.4) 
(2.8 ± 0.4) 

2.4 ± 0.2 

(3.0 ± 0.4) 
(2.7 ± 0.6) 
(1.3 ± 0.2) 

≤.0001  

F23B12.8 (bmk-1) 

 
BimC kinesin-like 

5.4 ± 0.4  
(6.3 ± 0.4) 
(4.8 ± 0.3)  
(5.0 ± 0.3) 

3.3 ± 0.2  
(3.7 ± 0.3) 
(2.7 ± 0.5)  
(3.0 ± 0.3) 

 

≤.0001 
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bmk-1(ok391) 

 
 

3.0 ± 0.2* 
(3.3 ± 0.4) 
(3.3 ± 0.3)  
(2.9 ± 0.6) 

1.7 ± 0.2* 
(1.5 ± 0.3) 
(2.3 ± 0.5)  
(1.3 ± 0.3) 

 

≤.0001 

 

Y23H5A.2 Unknown 

4.4 ± 0.4 

(3.3 ± 0.4) 
(4.8 ± 0.3) 
(5.7 ± 0.4) 

3.1 ± 0.3 

(2.7 ± 0.3) 
(2.5 ± 0.5) 
(3.7 ± 0.3) 

≤.0001  

R11G11.7 (pqn-

60) 
DUF148 

4.1 ± 0.2 

(2.4 ± 0.3) 
(5.3 ± 0.2) 
(4.2 ± 0.2) 

2.3 ± 0.3 

(0.9 ± 0.3) 
(3.6 ± 0.3) 
(3.0 ± 0.5) 

0.0003  

K11D12.6 Trypsin inhibitor 

5.1 ± 0.4 

(4.7 ± 0.6) 
(4.5 ± 0.5) 
(6.4 ± 0.7) 

3.4 ± 0.3 

(3.3 ± 0.6) 
(3.4 ± 0.4) 
(3.5 ± 0.3) 

0.0002  

K02F3.5 bZIP 

3.6 ± 0.4 

(3.2 ± 0.6) 
(3.1 ± 0.5) 
(4.0 ± 0.7) 

2.2 ± 0.3 

(1.8 ± 0.6) 
(2.2 ± 0.4) 
(2.4 ± 0.3) 

0.0001  

p53-dependent RNAi clones that do not require daf-16 to induce germ cell death:  

F46F3.4 (ape-1) P53-binding protein 

4.2 ± 0.2 

(3.0 ± 0.4) 
(3.6 ± 0.3) 
(5.7 ± 0.3) 

3.6 ± 0.2 

(2.9 ± 0.4) 
(2.0 ± 0.3) 
(4.8 ± 0.3) 

0.17  

F29F11.2 
UDP-
glucoronosyltransferase 

4.1 ± 0.3 

(5.6 ± 0.4) 
(3.8 ± 0.3) 
(3.1 ± 0.3) 

3.6 ± 0.2 

(4.5 ± 0.4) 
(3.3 ± 0.3) 
(3.1 ± 0.3) 

0.11  

R03D7.6 (gst-5) 
Glutathione S-
transferase 

3.6 ± 0.2 

(5.9 ± 0.4) 
(2.8 ± 0.7) 
(2.3 ± 0.3) 

3.7 ± 0.2 

(4.9 ± 0.4) 
(3.4 ± 0.5) 
(3.4 ± 0.2) 

0.69  

C16C8.14 Ubiquitin domain 

3.8 ± 0.3 
(4.9 ± 0.7) 
(3.3 ± 0.5) 
(3.9 ± 0.4) 

3.2 ± 0.2 
(3.7 ± 0.4) 
(3.0 ± 0.3) 
(2.8 ± 0.3) 

0.08  

p53-independent RNAi clones that do not require daf-16 to induce germ cell death:  

T02E1.3a Sinc finger domain 

8.2 ± 0.6 

(7.8 ± 0.6) 
(8.5 ± 0.8) 
(8.5 ± 0.5) 

8.1 ± 0.6 

(8.2 ± 1.0) 
(8.2 ± 0.8) 
(8.1 ± 0.7) 

0.98  
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B0414.5 (cpb-3) RNA binding protein 

8.0 ± 0.5 

(8.0 ± 0.9) 
(9.0 ± 1.0) 
(7.5 ± 0.9) 

8.5 ± 0.5 

(8.5 ± 0.7) 
(9.2 ± 1.0) 
(8.1 ± 0.8) 

0.48  

F42G8.4 (pmk-3) 

 
P38 MAPK 

5.2 ± 0.4  
(5.8 ± 0.4) 
(5.3 ± 0.7)  
(4.0 ± 0.3) 

5.0 ± 0.3  
(5.1 ± 0.4) 
(5.1 ± 0.5)  
(4.8 ± 0.7) 

 

0.75 

pmk-3(ok169)  

2.9 ± 0.2* 
(3.5 ± 0.4) 
(3.9 ± 0.7)  
(2.6 ± 0.3) 

2.8 ± 0.3 * 
(2.4 ± 0.4) 
(3.0 ± 0.3)  
(2.9 ± 0.3) 

 

0.57 

 

R05D3.4 RING domain 

4.5 ± 0.4 

(4.4 ± 0.7) 
(4.8 ± 0.5) 
(4.2 ± 0.4) 

4.9 ± 0.2 

(5.9 ± 0.4) 
(4.5 ± 0.3) 
(4.1 ± 0.3) 

0.34  
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CHAPTER 5 

CONCLUSION AND FUTURE DIRECTIONS 

 

 The relationship between cancer and longevity is fascinating but also very 

complex.  On the one hand, the overexpression of a short p53 isoform, p44, decrease 

cancer rates in mice but accelerate aging (Maier et al., 2004); however, calorically 

restricted rodents and mutants with reduced insulin/IGF-1 signaling are both long lived 

and cancer resistant (Hursting and Kari, 1999; Hursting et al., 2003; Larsson et al., 2005; 

Tannenbaum, 1940; Weindruch et al., 1986).  Moreover, longevity and cancer resistance 

are strongly correlated among different species in nature.  In this thesis, I aimed to better 

understand the relationship between cancer and longevity, and to begin to explore the 

underlying mechanisms.  

Initially, we found that several longevity mutations extended the lifespans of 

tumorous animals.  In particular, the lifespans of daf-2 mutants, which are roughly twice 

that of normal, were not decreased at all by gld-1 mutations.  Thus in C. elegans, as in 

nature, we see a strong correlation between longevity and cancer resistance.  This 

suggests that the two processes could co-evolve by single gene mutations affecting any of 

a number of longevity pathways.  This in turn suggests that mutations such as p44 that 

inhibit both cancer and longevity are not representative of the majority of lifespan 

mutations, and were not a driving force in the evolution of longevity. Moreover it 

suggests that the molecular mechanisms promoting cell maintenance and longevity are 

detrimental to tumor progression.   
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We next sought to obtain a molecular handle on the mechanism of the tumor 

suppression by daf-2 mutations.  Using C. elegans, we were able to take a forward 

genetics approach to attempt to identify genes that are important for the genetic 

interaction between the daf-2/insulin/IGF-1 pathway and tumor progression.  We 

identified 16 genes that act as tumor-suppressors in our system, and 14 genes that act as 

oncogenes, many of which are homologous to mammalian cancer genes.  This is very 

exciting, because addressing cancer from this new angle has enabled us to identify new 

potential cancer genes that may not have been missed using other approaches.  It will be 

interesting to examine whether any of the new genes have roles in mammalian tumor 

progression.  One way to approach this could be to use siRNA against each of these 

genes in insulin-deprived tumor cell culture, and to assay whether cell proliferation rates 

or apoptosis are affected.   

In the final part of this work, I explored whether several genes that are known to 

act upstream of p53 to affect cell death also act through DAF-16.  We were surprised to 

find that the large majority of these genes do, in fact, act through DAF-16.  This means 

that the daf-2 pathway is very tightly linked to the DNA-damage apoptotic pathway, and 

again shows the importance of studying the daf-2 pathway in the context of cancer. 

In summary, our findings predict that if a means of extending the period of 

youthfulness in humans can be achieved by perturbing a longevity pathway, it will delay, 

not accelerate, cancer.  Furthermore, we identified several genes involved in the link 

between longevity and cancer.  It will be very exciting to further study any one of these 

genes to understand it’s role in aging and cancer. 
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