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[ABSTRACT] 

 

Heat stress hinders the survival of organisms. In order to protect the survival from 

heat stress, it is important to understand the mechanisms of thermotolerance. Many 

studies on thermotolerance have been done in Caenorhabditis elegans in order to extend 

survival under heat stress; DAF-16, a homolog of FoxO in Caenorhabditis elegans, and 

HSF-1, regulator of heat shock responses, were detected as the key factors in 

thermotolerance. 

Although many researches have focused on the studies in related to the effects of 

DAF-16 on thermotolerance, the recovery process from heat stress damage has been 

seldom discussed. In CHAPTER 1, I analyzed the roles of FoxO/DAF-16 on the 

recovery from heat stress by monitoring thrashing movement. Heat shock reduced the 

movement, which was restored by culturing at normal temperature. However, thrashing 

movement was not restored by silencing of daf-16. Activity of DAF-16 is negativily 

regulated by insulin/IGF-1-like signaling pathway. To analyze alteration of thrashing 

movement under DAF-16 activated condition, knock out (KO) mutant of daf-2, a 

homolog of Insulin/IGF-1-like receptor, was treated with heat stress. As a result, 

reduction of thrashing movement was prevented and restoration of the movement 

reduced by heat stress was promoted by daf-2 KO. Furthermore, restoration of daf-2 

mutant was suppressed by a daf-16 RNAi. However, daf-16 RNAi didn’t affect to the 

prevention of movement reduction by daf-2 KO under heat stress. Because daf-2 KO 

promotes thermotolerance via DAF-16, it is expected that Insulin/IGF-1-like singaling is 

inactivated by heat stress. Then, I analyzed the mRNA expression of DAF-2 agonists, 

daf-28 and ins-7. As a result, expression of daf-28 and ins-7 was decreased by heat 

stress. Taken together, these results revealed that FoxO/DAF-16 is activated via 

inhibition of the insulin/IGF-1-like signaling pathway under heat stress and restores 

thrashing movement reduced by heat stress in C. elegans. 

HSF-1 is activated by heat stress and induces the expression of heat shock proteins 

(HSPs). However, the role of HSF-1 in thermotolerance remains unclear. In CHAPTER 

2, I analyzed the function of HSF-1 on thermotolerance by monitoring thrashing 

movement. hsf-1 RNAi inhibited the restoration of thrashing reduced by heat stress. In 
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contrast, hsf-1 knockdown cancelled prevention of movement reduction by daf-2 KO, 

which activates HSF-1, but didn’t suppress thrashing restoration in daf-2 mutant. In 

addition, hsf-1 RNAi accelerated the reduction of thrashing in heat-shocked wild-type 

(WT) C. elegans. And, daf-16 KO didn’t accelerate the reduction of thrashing by heat 

stress. In CHAPTER 1, it was shown that expression of DAF-2 agonists was decreased 

by heat stress. Taken together, my results suggest that HSF-1 is activated via inhibition 

of the insulin/IGF-1-like signaling pathway and prevents the reduction of thrashing 

caused by heat shock. 

As a conclusion, it was suggested that FoxO/DAF-16 and HSF-1 are activated by 

heat stress through inactivation of Insulin/IGF-1-like singaling and restore or prevent 

movement disorder induced by heat stress in C. elegans, suggesting that FoxO/DAF-16 

and HSF-1 play a critical role in thermotolerance. 
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[ABBREVIATIONS] 

 

DAF: Abnormal Dauer Formation 

FoxO: Fork Head Box, Subtype O 

HSF: Heat Shock Factor 

HSP: Heat Shock Protein 

IGF: Insulin Like Growth Factor 

INS: Insulin Like Peptide 

ROS: Reactive Oxygen Species 

SOD: Superoxide Dismutase 

UNC: UNCoordinated 
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 [GENERAL INTRODUCTION] 

 

When organisms are exposed to high temperature, reactive oxygen species (ROS) 

generation (Zuo et al., 2000), protein denaturation and aggregation of denatured protein 

(Kampinga, 1993; Sorger, 1991) are induced. In addition, high temperature triggers 

Ca
2+

-induced necrosis (Lanner et al., 2012; Kourtis et al., 2012). Disorder by high 

temperature is called as heat stress and can hinder the survival of organisms. In order to 

protect survival from heat stress, we need to understand how organisms prevent or 

recover heat stress damage. Then, I paid attention to the studies of thermotolerance. 

Traditionally, heat shock responses have been paid attention in thermotolerance 

study. Nevertheless heat shock responses generally are understood as increase of heat 

shock proteins (HSPs), which work as molecular chaperone, under high temperature 

(Richter et al., 2010); heat shock factor (HSF) was discovered as one of the regulators 

of heat shock responses (Kampinga, 1993; Sorger, 1991). HSF binds heat shock element 

(HSE) region of HSP promoter (Sorger, 1991) and induces transcription of HSPs under 

high temperature (Kampinga, 1993; Sorger, 1991). These phenomena are conserved in 

wide species (Sorger, 1991). Meanwhile, it was reported that DAF-16, homolog of 

FoxO, translocates in nucleous under high temperature in Caenorhabditis elegans 

(Henderson and Johnson, 2001; Lin et al., 2001). In addition, it was shown that DAF-16 

can increase expression of small heat shock proteins (sHSP) under high temperature 

(Hsu et al., 2003). Then, many studies on thermotolerance have been performed in C. 

elegans. Because C. elegans is poikilotherm, researcher can conclude that heat-induced 

phenomena are caused by high temperature but not thermoregulation. 

Previous studies showed that thermotolerance in C. elegans is related to the 

insulin/IGF-1-like signaling pathway. In fact, C. elegans die quickly under heat stress; 

however, their survival can be extended by inducing a daf-2 (insulin/IGF receptor 

homolog) knock out (KO) (Lithgow et al., 1995). Then, DAF-16, homolog of FoxO and 

HSF-1, one of HSF in C. elegans, are considered as key factor in thermotolerance, 

because daf-2 KO extends the lifespan of C. elegans in DAF-16 (Kenyon et al., 1993; 

Murphy et al., 2003; Yen et al., 2011) and HSF-1-dependent manner (Hsu et al., 2003; 

Morley et al., 2004; Chiang et al., 2012). In addition, it was reported that heat stress 
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induces nuclear translocation of DAF-16 (Henderson and Johnson, 2001; Lin et al., 

2001; Singh and Aballay, 2009) and HSF-1 (Chiang et al., 2012).  

Previous studies of DAF-16 showed that overexpression of DAF-16 extends 

survival under heat stress (Henderson and Johnson, 2001), viability is decreased by 

daf-16 KO (Horikawa and Sakamoto, 2009), and survival extension of daf-2 mutant is 

in dependent on DAF-16 (McColl et al., 2012). Therefore, it is expected that DAF-16 

can prevent heat stress damage. However, the recovery process from heat stress damage 

has been seldom discussed. Meanwhile, previous studies of HSF-1 showed that viability 

is increased by overexpression of HSF-1 (Kourtis et al., 2012). However, roles of 

HSF-1 on thermotolerance are still remained unclear. In fact, it was shown that HSF-1 

KO doesn’t affect survival of C. elegans under heat stress and daf-2 knock down by 

RNA interference extends survival under heat stress in independent of HSF-1 (McColl 

et al., 2010). 

To solve the questions of roles of DAF-16 and HSF-1 on thermotolerance, I 

analyzed thrashing movement, that C. elegans frequently bends its body from side to 

side in water, as an index of thermotolerance. It is possible to analyze prevention of heat 

stress and restoration from heat stress by using movement. The movement including 

thrashing is often used as an index in studies of proteotoxic diseases. For example, C. 

elegans expressing polyglutamine (PolyQ) had a larger decline in movement or were 

paralyzed in an age- and temperature-dependent manner (Morley et al., 2002; van Ham 

et al., 2010; Haldimann et al., 2011). And, C. elegans expressing β-amyloid also 

involved movement disorder in an age-dependent manner (Cohen et al., 2006). Because 

heat stress induces protein aggregation (Kampinga 1993), it is probable that heat stress 

alters the movement of C. elegans. My study is the first research which was used 

movement as an index of thermotolerance and made it possible to divide into prevention 

assay and restoration assay in thermotolerance study. 

In CHAPTER 1, I analyzed the physiological function of DAF-16 on recovery from 

heat stress by monitoring thrashing movement. As a result, I found that DAF-16 restores 

thrashing movement reduced by heat stress. In CHAPTER 2, I analyzed the 

physiological function of HSF-1 on thrashing movement altered by heat stress. As a 

result, I found that HSF-1 prevents reduction of thrashing movement under heat stress. 
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CHAPTER 1 

 

DAF-16 restores Thrashing Movement reduced by Heat Stress in 

Caenorhabditis elegans 
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[Introduction] 

 

Previously, a lot of studies were performed to find the function of DAF-16 on 

thermotolerance. As a result, it was proved that daf-16 overexpression extends survival 

under heat stress (Henderson and Johnson, 2001). And, previous study of my laboratory 

showed that viability is decreased by daf-16 KO under heat stress (Horikawa and 

Sakamoto, 2009). In addition, the survival extension by daf-2 KO is dependent on 

DAF-16 under heat stress (McColl et al., 2010). Therefore, FoxO/DAF-16 has 

important roles for thermotolerance. 

However the recovery process from heat stress damage has been seldom discussed, 

although many studies focused on FoxO/DAF-16 and thermotolerance. Likely, C. 

elegans can restore the damage from heat stress, because it was suggested that the 

stimulation of weak heat stress extends lifespan and induces thermotolerance (Lithgow 

et al., 1995; McColl et al., 2010; Kourtis et al., 2012) and innate immunity in a 

DAF-16-dependent manner (Singh and Aballay, 2006). In addition, daf-2 mutant 

survives for a long time compared to WT after acute heat shock, which is daf-16 

dependent (McColl et al., 2010). Hence, I analyzed the mechanisms underlying the 

restoration from heat stress damage by using movement of C. elegans. 

In the CHAPTER 1, I studied the roles of DAF-16 on altered thrashing movement 

in C. elegans exposed to heat stress and analyzed the activation pathway of DAF-16 

under heat stress. I discovered a novel function for DAF-16, which is the focus of much 

C. elegans research (Yen et al., 2011), such as longevity (Kenyon et al., 1993; Murphy 

et al., 2003; Hashimoto et al., 2010; Kwon et al., 2010), thermotolerance, oxidative 

stress (Honda and Honda, 1999; Heidler et al., 2010), lipid metabolism (Horikawa and 

Sakamoto, 2009; Horikawa and Sakamoto, 2010), and innate immunity (Singh and 

Aballay, 2006; Alper et al., 2007; Kawli and Tan, 2008; Hahm et al., 2011). 
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 [Materials and Methods] 

 

Strains and culture 

Wild-type (WT) Caenorhabditis elegans Bristol N2, daf-16 mutant (mgDf50), daf-2 

mutant (e1370), and TJ356 (daf-16::gfp) transgenic mutants were provided by the 

Caenorhabditis Genetics Center (CGC, MN, USA). Each strain was cultured on 

nematode growth medium (NGM) agar plates seeded with Escherichia coli OP50 as 

previously described (Brenner 1974).  

 

NaClO treatment 

To synchronize the growth of C. elegans, adult worms were treated with 10:1 

NaClO solution (NaClO (Haiter, KAO, Tokyo, Japan):10N NaOH (WAKO, Osaka, 

Japan))). The eggs were cultured in S-basal (0.1 M NaCl (Kanto Chemical, Tokyo, 

Japan), 50 mM potassium phosphate buffer [pH 6.0]) until hatching at 20°C. 

 

Preparing cDNA 

Adult worms were collected by S-basal and washed with dDW to remove E. coli. 

RNA was extracted with RNAiso PLUS (Takara, Shiga, Japan) from C. elegans extract 

and treated with DNase I (Takara) to prevent contamination of genomic DNA. cDNA 

was synthesized by using M-MLV Reverse Transcriptase (Takara). Or, genomic DNA 

was broken and cDNA was synthesized by PrimeScript
®
 RT reagent Kit with gDNA 

Eraser (Perfect Real Time) (Takara). 

 

Feeding RNAi 

Plasmid DNA L4440 (Fire Laboratory), which has a daf-16 cDNA fragment in the 

multicloning site, was transformed into E. coli HT115 treated with 50 mM CaCl2 

(WAKO). Primers for preparing the cDNA insert are listed in CHAPTER 1-Table 1. The 

HT115 strain transformed with the L4440 plasmid was treated with isopropyl-β

-D-thiogalactopyranoside (IPTG, WAKO) to induce dsRNA expression. After treatment, 

HT115 was seeded onto NGM RNAi medium plates (Timmons and Fire 1998; Timmons 

et al., 2001). Age-synchronized L1 larvae were transferred onto RNAi plate. 
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Pharynx pumping assay under heat stress 

Age-synchronized L1 larvae were transferred onto a plate and cultured for 4 days at 

20°C. After 4 days, the C. elegans adult worms were transferred onto a new NGM plate 

seeded with OP50 and cultured at 35°C for 0–4 h. Ten worms were chosen randomly, 

and pharynx pumping was counted for 15 s every hour. 

 

Thrashing movement assay under heat stress 

Age-synchronized L1 larvae were transferred onto a plate and cultured for 4 days at 

20
o
C. After 4 days, adult worms were transferred onto NGM plate (E. coli (-)) and 

cultured at 20
o
C or 35

o
C for 4h. After heat stress, the worms were transferred onto a 

new plate and cultured for 0-24 h, and then ten worms were picked and moved into 

S-basal at random to count the movement for 15s. These methods have been previously 

described (Furuhashi and Sakamoto, 2014). 

 

Observation of DAF-16::GFP 

Age-synchronized TJ356 (daf-16::gfp) was collected by S-basal and fixed in 1% 

paraformaldehyde (PFA) solution ((2% PFA (WAKO), 20% EtOH (WAKO), 25 mM 

potassium phosphate buffer, 50 mM NaCl (Kanto Chemical)):S-basal = 1:1). GFP 

fluorescence was observed under a BZ8000 fluorescence microscope (KEYENCE Japan, 

Osaka, Japan). 

 

Quantitative RT-PCR 

cDNA was prepared and amplified on an ABI-7300 system (Applied Biosystems, 

CA, USA) using Thunderbird SYBR qPCR Mix (TOYOBO, Osaka, Japan). Primers are 

listed in CHAPTER 1-Table 1. 

 

Statistical analysis 

Statistical analyses were performed using the analysis software SPSS (IBM, NY, 

USA). Statistical significance was analyzed with t-test, Games-Howell test and 

Dunnett’s T3 test with statistical differences represented by *p < 0.05 and **p < 0.005. 
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[Results] 

 

C. elegans can restore the thrashing movement reduced by heat stress 

First, I observed pharynx pumping under heat stress, because it was reported that 

feeding of C. elegans is totally inhibited at 32
o
C (Jones and Candido, 1999). As a result, 

pumping was remarkably decreased by heat stress (CHAPTER 1-Fig. 1A). Because 

starvation stress affects the insulin signaling pathway and the translocation of DAF-16 

(Henderson and Johnson, 2001; Weinkove et al., 2006), I used NGM plate without food 

for heat treatment to avoid the difference of food intake between heat stress conditions 

and normal temperature conditions. I analyzed the difference of thrashing movement 

under heat stress. C. elegans adult worms were cultured at 20°C for 4 h (20°C, [+]), or 

cultured on NGM plate without food at 20°C (20°C, [-]) or 35°C for 4 h (35°C, [-]). 

After 4 h, worms were transferred to a new NGM plate seeded with OP50 and cultured 

at 20°C for 0–24 h. I found no change in movement between the NGM plate with food 

and without food; however, heat stress remarkably reduced the thrashing movement 

(CHAPTER 1-Figure 1B). After 24 h, the movement of worms under heat stress (35°C, 

[-]) recovered by 70 to 80% of the movement of worms under normal temperature 

conditions (20
o
C, [-]). Therefore, worms can restore the thrashing movement reduced by 

heat stress.  

 

DAF-16 activates immediately after heat shock 

Next, I observed DAF-16 activation. First, I used the TJ356 strain (daf-16::gfp) to 

observe the intracellular localization of DAF-16 protein under heat stress. Adult TJ356 

worms were cultured at 20°C for 4 h (20°C, [+]), or cultured on NGM plate without 

food at 20°C (20°C, [+]) or 35°C for 4 h (35°C, [-]). As a result, DAF-16 protein was 

tentatively accumulated in nucleus by heat stress (CHAPTER 1-Fig. 2A). Nevertheless, 

previous study suggested that DAF-16 is localized in nuclear under starvation stress for 

1 day in TJ356 (Bamps et al., 2009); starvation stress for 4 h didn’t induce DAF-16 

nuclear translocation (CHAPTER 1-Fig. 2A). Therefore, it was suggested that heat 

stress induces DAF-16 nuclear translocation more efficiently than starvation stress. 

Heat-treated TJ356 was transferred to a new NGM plate seeded with OP50, and 
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cultured at 20°C for 24 h. As a result, the GFP localization was decreased compared 

with that at 0 h (CHAPTER 1-Fig. 2A), as found in previous studies (Singh and Aballay, 

2009). In addition, I analyzed the expression of hsp-12.6, a daf-16 downstream gene, by 

using qRT-PCR. The results showed that heat stress increased hsp-12.6 expression 

(CHAPTER 1-Fig. 2B) as previously reported (Hsu et al., 2003; McColl et al., 2010). 

These results suggested that the transcriptional activity of DAF-16 was enhanced 

immediately after heat treatment. 

 

DAF-16 is needed to restore thrashing movement reduced by heat stress 

I analyzed the relation of DAF-16 and thrashing activity by using a daf-16 mutant 

(mgDf50). WT and daf-16 mutant were transferred to a new NGM plate and cultured at 

20°C or 35°C for 4 h. After 4 h, each strain was transferred to a new NGM plate seeded 

with OP50 and cultured at 20°C for 0, 12, and 24 h. As a result, sequential restoration of 

thrashing activity was inhibited by daf-16 KO (CHAPTER 1-Fig. 3A). I also observed 

the thrashing activity of worms treated with daf-16 RNAi under heat stress. As a result, 

worms treated with daf-16 RNAi also displayed restoration inhibition (CHAPTER 1-Fig. 

3B). Additionally, daf-16 RNAi remarkably decreased the GFP fluorescence of the 

TJ356 strain (CHAPTER 1-Fig. 3C). Therefore, daf-16 was knocked down by daf-16 

RNAi. These results suggested that DAF-16 is important for restoration of the thrashing 

movement reduced by heat stress. 

 

Knock out of daf-2 promotes restoration of thrashing movement in dependent on 

DAF-16 

To analyze the change of thrashing activity under the conditions of DAF-16 

activation, I used a daf-2 mutant (e1370). WT and daf-2 mutant were transferred to a 

new NGM plate and cultured at 20°C or 35°C for 4 h, after which each strain was 

transferred to a new NGM plate seeded with OP50 and cultured at 20°C for 0, 3, and 6 h. 

As a result, the thrashing movement of daf-2 mutant was greater than that of WT at 0 h 

after heat treatment, and it was almost restored at 6 h later (CHAPTER 1-Fig. 4A).  

To analyze the relation of DAF-16 and phenotype in daf-2 KO, daf-2 mutant was 

treated with daf-16 RNAi. The results showed that the movement of daf-2 mutant was 
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unchanged between the empty vector and daf-16 RNAi at 0 h. However restoration of 

thrashing movement was inhibited by daf-16 knockdown in daf-2 mutant (CHAPTER 

1-Fig. 4B). Previous study suggested heat stress increases hsp-12.6 expression in daf-2 

mutant in a DAF-16 dependent manner (McColl et al., 2010). I analyzed hsp-12.6 

expression in WT and daf-2 mutant during the recovery process. As a result, expression 

of hsp-12.6 in daf-2 mutant was still higher than that of WT. (CHAPTER 1-Fig. 4C). 

And, hsp-12.6 expression was reduced due to restoration of thrashing movement 

(CHAPTER 1-Fig. 4A and Fig. 4C). Therefore, these results suggested that daf-2 KO 

promotes the restoration of thrashing movement via activation of DAF-16. 

 

Heat stress suppresses the activity of the insulin/IGF-1-like signaling pathway 

DAF-16 restored the thrashing movement in WT strain (CHAPTER 1-Fig. 3). 

Additionally, DAF-16 promoted restoration in daf-2 mutant (CHAPTER 1-Fig. 4). 

Therefore, heat stress may affect the activity of the insulin/IGF-1-like signaling pathway. 

To analyze the activity of the insulin/IGF-1-like signaling pathway under heat stress, I 

measured gene expression of daf-28 and ins-7, which are the agonists of DAF-2 

(Wormbase: http://www.wormbase.org). The results showed that ins-7 and daf-28 

expression was remarkably decreased by heat stress (CHAPTER 1-Fig. 5). Therefore, it 

was suggested that heat stress inactivates the insulin/IGF-1-like signaling pathway. 
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[Discussion] 

 

I found one of the potential functions of DAF-16, which restored the thrashing 

movement decreased by heat stress (CHAPTER 1-Fig. 3 and 4). This is the first finding 

which was obtained through analyzing the physiological function of DAF-16 on 

thermotolerance in the viewpoint of restoration. 

DAF-16 activity was enhanced immediately after heat treatment (CHAPTER 1-Fig. 

2) and was suppressed by a daf-16 KO or RNAi, resulted in the increase of the stress 

resistance genes expression (Hsu et al., 2003; McColl et al., 2010). Therefore, it was 

expected that increase of genes whose expression is positively regulated by DAF-16 can 

restore the thrashing movement that was reduced by heat stress. The genes, such as 

sod-3 and hsp-12.6, preserve cells from stress, including heat stress. For example, it was 

reported that heat stress increased the fluorescent flux of DCF in C. elegans 

(Kampkötter et al., 2007, Arch. Toxicol; Kampkötter et al., 2007, Toxicology) and 

remarkably increased SOD-3 expression (Wolf et al., 2008). Furthermore, research on 

poly-glutamine (PolyQ) diseases showed that knockdown of daf-16 or hsp-12.6 

accelerated the aggregation of the PolyQ protein (Hsu et al., 2003) and daf-16 RNAi 

accelerated paralysis in a C. elegans of PolyQ disease model (Haldimann et al., 2011). 

And, hsp-12.6 expression was decreased due to restoration of thrashing movement in 

daf-2 mutant (CHAPTER 1-Fig. 4A and C). Therefore, it is expected that DAF-16 

removes heat stress damage and restores the thrashing movement. 

This restoration was promoted in a daf-2 KO in a daf-16-dependent manner (Figure 

4). In daf-2 mutant, DAF-16 is localized in the nucleus (Lin et al., 2001) and enhances 

the expression of stress resistance genes (Hsu et al., 2003; McElwee et al., 2003; 

Murphy et al., 2003). Therefore, it is expected that DAF-16 nuclear localization is 

maintained before and after heat shock in daf-2 mutant. In other words, expression of 

genes whose expression is positively regulated by DAF-16 may be enhanced at all times 

in daf-2 mutant. In fact, hsp-12.6 level of daf-2 mutant was still high in recovery 

process compared with that of WT (CHAPTER 1-Fig. 4C). Therefore, these results 

suggest that the consecutive activation of FoxO/DAF-16 accelerates restoration of 

movement disorder induced by heat stress. On the other hand, daf-2 mutant prevented 
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the decline of thrashing movement in a DAF-16-independent manner (Fig. 4B), whereas 

heat stress increases expression of hsp-12.6 in WT (Fig. 2B) (Hsu et al., 2003; McColl 

et al., 2010) and daf-2 mutant (McColl et al., 2010). So, it was expected that DAF-16 

and genes whose expression is positively regulated by DAF-16 can only restore the 

thrashing movement that was lowered by heat stress. 

Heat stress decreased daf-28 and ins-7 gene expression, the agonists of DAF-2 

(CHAPTER 1-Fig. 5). These findings suggest that heat stress suppresses the activity of 

pathway. DAF-16 is translocated to the nucleus from the cytoplasm by ins-7 RNAi 

(Murphy et al., 2007; Kawli and Tan, 2008). It has also been shown that DAF-16 is 

localized in the nucleus by daf-28 RNAi at L2 larval stage (Li et al., 2003). Decreasing 

daf-28 and ins-7 promoted the C. elegans innate immunity against bacteria by DAF-16 

(Kawli and Tan, 2008; Hahm et al., 2011). Additionally, the thrashing movement was 

restored via DAF-16 in daf-2 mutant (CHAPTER 1-Fig. 4). These findings strongly 

suggest that DAF-16 is activated by heat stress via inactivation of the insulin/IGF-1-like 

signaling pathway.  

FoxO families are the common transcription factor which existed in the wide 

varieties of organisms, and have similar functions on oxidative stress and longevity 

(Kenyon, 2010). In fact, it is generally understood that FoxO increases the expression of 

genes related to anti-oxidant (Welker et al., 2013) in response to oxidative stress; daf-2 

KO increases sod-3 expression (Honda and Honda, 1999 and Yoshinaga et al., 2003) 

and promotes oxidative stress tolerance dependent on DAF-16. Furthermore, FoxO also 

induces longevity in yeast (Postnikoff et al., 2012), C. elegans (Kenyon et al., 1993) 

and Drosophila melanogaster (Slack et al., 2011). In addition, it is reported that knock 

out of insulin receptor extends lifespan in mice (Selman et al., 2008), and FoxO3a 

relates to longevity in human too (Willcox et al., 2008, Anselmi et al., 2009, Flachsbart 

et al., 2009, Li et al., 2009 and Kenyon, 2010). Therefore, although the functions of 

FoxO family under heat stress in other organisms are still unclear, it is expected that 

FoxO families play the similar functions on thermotolerance in the wide varieties of 

species including human. It was reported that keratinocyte-specific FoxO1 KO inhibits 

wound healing in mice (Ponugoti et al., 2013). And, FoxO3a maintains the expression 

of pro-autophagic genes and rescued the hematopoietic stem cells from apoptosis 
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induced by metabolic stress (Warr et al., 2013). Therefore, FoxO of mammals is 

involved in, at least, the function of removing and recovering damage. It is expected 

that my findings are applied to the studies of mammals. 

Overall, I concluded that FoxO/DAF-16 was activated by inhibiting the 

insulin/IGF-1-like signaling pathway under heat stress and recovered movement 

reduced by heat stress in C. elegans. And, it is expected that FoxO/DAF-16 can remove 

the heat stress damage.  
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CHAPTER 2 

 

HSF-1 Prevents the Reduction in Thrashing Due to Heat Shock in 

Caenorhabditis elegans 
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[Introduction] 

 

In CHAPTER 1, I investigated thermotolerance in Caenorhabditis elegans by 

analyzing thrashing movement as an index and found that: (1) heat stress reduced 

thrashing, (2) lack of daf-16, a homolog of FoxO, failed to restore thrashing movement 

reduced by heat stress, and (3) knock out of daf-2, a homolog of insulin/IGF receptor, 

promoted restoration of the movement reduced by heat stress in a daf-16-dependent 

manner. However, daf-2 mutants retained the movement immediately after heat stress in 

a daf-16-independent manner. Therefore, it was suggested that DAF-16 is not the only 

inducer of thermotolerance and that some other factors prevent the reduction of 

thrashing movement during heat stress. One protein that was of interest in this 

phenomenon was heat shock factor 1 (HSF-1). 

In previous studies using C. elegans, it was shown that exposure of worms to low 

levels of heat stress for a few hours promotes thermotolerance (Lithgow et al., 1995) 

and these phenomena depend on HSF-1 (McColl et al., 2010; Kourtis et al., 2012). Thus, 

HSF-1 is thought to be a key factor in thermotolerance. Although a number of studies 

represented that HSF-1 has very important roles on thermotolerance, functions of 

HSF-1 remain unclear in C. elegans. In fact, the survival time of C. elegans under heat 

stress is not affected by hsf-1 KO (McColl et al., 2010). In addition, hsf-1 is not 

associated with extension of survival time in daf-2 RNAi-treated worms under heat 

stress (McColl et al., 2010), whereas lifespan extension in response to daf-2 KO 

depends on HSF-1 (Hsu et al., 2003; Morley et al., 2004; Chiang et al., 2012).  

In CHAPTER 2, I analyzed thrashing movement an index of thermotolerance and 

investigated the roles of HSF-1 and HSPs in C. elegans. I found a novel function of 

HSF-1. 
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[Materials and Methods] 

 

Strains and culture 

 WT C. elegans Bristol N2, daf-2 (e1370), and daf-16 (mgDf50) were provided by the 

Caenorhabditis Genetics Center (CGC). Each strain was cultured on nematode growth 

medium (NGM) agar plates seeded with Escherichia coli OP50 as previously described 

(Brenner, 1974).  

 

NaClO treatment 

 To synchronize the growth of C. elegans, adult worms were treated with a 10:1 

NaClO:10 N NaOH solution (NaClO: Haiter, KAO, Tokyo, Japan; NaOH: WAKO, 

Osaka, Japan). The eggs were incubated in S-basal media (0.1 M NaCl (Kanto Chemical, 

Tokyo, Japan), 50 mM potassium phosphate buffer [pH 6.0]) at 20°C until hatching. 

 

Preparation of cDNA  

Adult worms were washed with S-basal media followed by double-distilled water to 

remove E. coli. RNA was purified from whole-cell extracts of worms using RNAiso 

PLUS (Takara, Shiga, Japan) and was treated with DNase I (Takara) to prevent 

contamination of genomic DNA. cDNA was synthesized using Moloney murine 

leukemia virus (MML-V) reverse transcriptase (Takara), PrimeScript
®
 RT reagent Kit 

with gDNA Eraser (Perfect Real Time) (Takara) or PrimeScript
®
 RT Master Mix 

(Perfect Real Time) (Takara). 

 

Feeding RNAi 

 Plasmid DNA L4440 (Fire Laboratory) containing hsf-1 cDNA (primers used to 

obtain the cDNA are shown in CHAPTER 2-Table 1) was transfected into E. coli 

HT115 treated with 50 mM CaCl2 (WAKO). The transfected cells were then treated with 

isopropyl-β-D-thiogalactopyranoside (IPTG; WAKO) to induce dsRNA expression. 

After treatment, the transfected cells were seeded onto NGM plates for RNAi (Timmons 

and Fire 1998; Timmons et al., 2001). Age-synchronized L1 larvae were cultured for 3 

days at 20°C on NGM plates seeded with E. coli OP50. After 3 days, worms were 
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transferred onto RNAi plates and cultured for 24 h at 20°C. 

 

Determination of restoration of thrashing after exposure to heat stress 

Age-synchronized L1 larvae were transferred onto a plate and cultured for 4 days at 

20
o
C. After 4 days, adult worms were transferred onto NGM plate (E. coli (-)) and 

cultured at 20
o
C or 35

o
C for 4 h. After heat stress, the worms were transferred onto a 

new plate and cultured for 0-24 h, and then ten worms were picked and moved into 

S-basal at random to count the movement for 15s. These methods have been previously 

described (Furuhashi and Sakamoto, 2014). 

 

Determination of inhibition of thrashing 

 Adult worms were transferred onto NGM plates (E. coli (-)) and cultured at 35°C for 

1 h. Then, the plates were incubated at room temperature for 10 min after which the 

worms were observed for thrashing for 15 s. 

 

RT-PCR 

 cDNA was amplified using an ABI-2720 Thermal Cycler (Applied Biosystems, CA, 

USA) and Taq DNA Polymerase (Ampliqon, Herlev, Denmark). The cycling conditions 

were as follows: 94°C/5 min, (94°C/30 s, 55 or 57°C/30 s, 72°C/30 s) × 21–25, and 

72°C/7 min. gpd-1 was used as the internal control. Primers are shown in Table 1. 

 

Quantitative RT-PCR 

 cDNA was amplified using Thermal Cycler Dice
®

 Real Time System Lite (Takara) 

and Thunderbird SYBR qPCR Mix (TOYOBO, Osaka, Japan) according to the 

manufacturer’s instructions. actin was used as the internal control. cDNA samples for 

quantitative RT-PCR were prepared as previously described (Furuhashi and Sakamoto, 

2014). Primers are shown in Table 1. 

 

Statistical analysis 

Statistical analyses were performed using the analysis software SPSS (IBM, NY, 

USA). Statistical significance for the values plotted on the graph were analyzed using 
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the t-test, Games-Howell test and Dunnett’s T3 test with statistical differences 

represented by *p < 0.05 and **p < 0.005. 
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[Results] 

 

HSF-1 induces thermotolerance via HSPs expression 

My previous result showed that thrashing movement of C. elegans was reduced by 

heat stress (35
°
C for 4 h) and recovered after culturing at 20°C (CHAPTER 1-Fig. 1B; 

Furuhashi and Sakamoto, 2014). First, to determine the role of HSF-1 in the change of 

thrashing movement, I applied heat stress to worms treated with hsf-1 RNAi. I observed 

that hsf-1 RNAi interferes with the sequential restoration of thrashing after heat stress 

(CHAPTER 2-Fig. 1A). To know whether RNAi specifically interfere the mRNA 

expression of hsf-1, I analyzed mRNA expression of hsf-1. Based on the result of 

RT-PCR, hsf-1 mRNA expression is suppressed specifically by hsf-1 RNAi (CHAPTER 

2-Fig. 1B) and daf-16 level wasn’t knocked down by hsf-1 RNAi (CHAPTER 2-Fig. 

1B). I next analyzed expression of hsp-16.2 and hsp-70. It is known that mRNA 

expression of these genes is positively regulated by HSF-1, the transcription factor 

which is inducible by heat stress and daf-2 KO (Chiang et al., 2012). It was found that 

heat stress increases the expression of both genes temporarily (CHAPTER 2-Fig. 2A 

and 2B). These results suggest that HSF-1 induces thermotolerance and that HSP 

expression may trigger the thermotolerance. 

 

Activated HSF-1 prevents heat stress-induced reduction of thrashing 

It has been reported that the insulin/IGF-1-like signaling pathway negatively 

regulates HSF-1 activity (Hsu et al., 2003; Morley et al., 2004; Chiang et al., 2012). In 

addition, daf-2 mutant promotes restoration of thrashing movement reduced by heat 

stress in a daf-16-dependent manner, and retains the movement immediately after heat 

stress in a daf-16-independent manner (Furuhashi and Sakamoto, 2014). Then, to 

analyze the physiological relation of hsf-1 to daf-2 mutant phenotype, I applied RNAi of 

hsf-1 to daf-2 mutants. As a result, daf-2 mutants treated with hsf-1 RNAi could not 

retain the movement under heat stress (CHAPTER 2-Fig. 3). Furthermore, thrashing 

activity was restored to the level that is close to that observed in daf-2 mutants treated 

with empty vector control (CHAPTER 2-Fig. 3). These results indicate that activated 

HSF-1 prevents thrashing reduction by heat stress but does not accelerate restoration. 
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HSF-1 prevents thrashing reduction due to heat stress 

Although the previous results showed that HSF-1 was not involved in restoration of 

thrashing in heat-stressed daf-2 mutants (CHAPTER 2-Fig. 3), hsf-1 RNAi inhibited 

restoration of thrashing in WT worms (CHAPTER 2-Fig. 1A). In addition, hsf-1 RNAi 

suppressed the prevention of thrashing in daf-2 mutants (CHAPTER 2-Fig. 3). 

Therefore, I hypothesized that the extent of restoration is associated with the extent of 

reduction in thrashing under heat stress. I applied heat stress for 1 h to worms treated 

with hsf-1 siRNA. As a result, thrashing activity of worms treated with hsf-1 RNAi was 

lower than that of worms treated with control vector (CHAPTER 2-Fig. 4A). This result 

shows that hsf-1 RNAi accelerates the reduction in thrashing due to heat stress. 

Furthermore, thrashing activity wasn’t changed between WT and daf-16 mutant after 

heat shock for 1 h (CHAPTER 2-Fig. 4B). Therefore, it was suggested that HSF-1 

prevents the reduction of thrashing caused by heat stress. 
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[Discussion] 

 

The results in this chapter indicate that HSF-1 prevents the reduction of thrashing 

caused by heat stress (CHAPTER 2-Fig. 3 and 4A). This is the first finding which was 

obtained through analyzing the physiological function of HSF-1 on thermotolerance in 

viewpoint of prevention.  

Previous studies have reported that the movement reduction caused by aging is 

accelerated by unc-15 KO, the gene that encodes paramyosin, in C. elegans, and that 

this movement reduction is induced by the mislocalization of paramyosin (Ben-Zvi et 

al., 2009), which is caused by protein misfolding (Gidalevitz et al., 2006). In addition, it 

was shown that paramyosin misfolds at 25°C in the unc-15 mutant (Gidalevitz et al., 

2006), that hsf-1 RNAi exacerbates the reduction in movement seen in unc-15 mutant 

(Ben-Zvi et al., 2009), and that overexpression of hsf-1 prevents mislocalization of 

paramyosin in the unc-15 mutant (Ben-Zvi et al., 2009). Therefore, I speculated that 

HSF-1 prevents the reduction of thrashing caused by heat stress by preventing protein 

misfolding or denaturation. Consequently, HSP, whose expression is positively 

regulated by HSF-1, may be important for preventing the reduction of movement caused 

by heat stress. 

I found that heat stress increased the expression of hsp-16.2 and hsp-70 

(CHAPTER 2-Fig. 2A and 2B) (Hsu et al., 2003; McColl, et al., 2010; Chiang et al., 

2012). And, these mRNA are increased by heat stress or daf-2 KO in dependent on 

HSF-1 (Chiang et al., 2012). A previous study showed that HSP-70 family could 

prevent the aggregation of denatured protein (Kampinga, 1993). In addition, it was 

shown that overexpression of HSP-70 prevents protein denaturation and promotes the 

refolding of denatured protein (Souren et al., 1999). Nevertheless, in C. elegans, 

paralysis caused by accumulation of β-amyloid is promoted by hsf-1 RNAi (Cohen et 

al., 2006; Cohen et al., 2010), whereas overexpression of hsp-16.2 prevents aggregation 

of β-amyloid and subsequent paralysis (Fonte et al., 2008). In addition, it was reported 

HSP-16.1 increased by HSF-1 prevents cell death resulting from Ca
2+

 leakage from the 

golgi to the cytosol through prevention the denaturation of PMR-1, a Ca
2+

 golgi channel 

(Kourtis et al., 2012). Therefore, it was expected that HSF-1 and HSPs may prevent 
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damage from heat stress. 

hsf-1 RNAi did not suppress the restoration of thrashing activity reduced by heat 

stress in daf-2 mutants (CHAPTER 2-Fig. 3). This result indicates that HSF-1 is not 

associated with the restoration of thrashing movement. In CHAPTER 1, I indicated that 

DAF-16 is a key factor for the restoration of thrashing after heat stress (Furuhashi and 

Sakamoto, 2014). However, daf-16 KO didn’t affect the reduction of thrashing under 

heat stress (CHAPTER 2-Fig. 4B). Therefore, it was suggested that HSF-1 and DAF-16 

induced thermotolerance via different mechanisms. 

However, hsf-1 RNAi inhibited the restoration of thrashing after heat stress 

(CHAPTER 2-Fig. 1A). This may be because hsf-1 RNAi exacerbates damage caused 

by heat stress. In fact, hsf-1 RNAi accelerates the reduction of thrashing under heat 

stress in WT (CHAPTER 2-Fig. 4A). Therefore, it is likely that damage aggravated by 

hsf-1 interferes with the restoration of thrashing after heat stress.  

In CHAPTER 1, heat stress significantly decreased the expression of daf-28 and 

ins-7, which encode DAF-2 agonists (CHAPTER 1-Fig. 5). In addition, HSF-1 activity 

was negatively regulated by the insulin/IGF-1-like signaling pathway (Hsu et al., 2003; 

Morley et al., 2004; Chiang et al., 2012). Moreover, hsf-1 RNAi suppressed the 

prevention of the heat stress-induced reduction in thrashing observed in daf-2 mutants 

(CHAPTER 2-Fig. 3). Therefore, it was expected that HSF-1 is activated by heat stress 

via inactivation of the insulin/IGF-1- like signaling pathway. 

Above all, it was suggested that HSF-1 is activated by heat stress via inactivation of 

insulin/IGF-1-like signaling pathway and prevents movement disorder induced by heat 

stress. And it is expected that HSF-1 can prevent damage accumulation of heat stress. 
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[GENERAL DISCUSSION] 

 

I found that silencing of daf-16 inhibits restoration of thrashing movement reduced 

by heat stress in CHAPTER 1 and knock down of hsf-1 suppresses prevention of 

reduction of thrashing movement under heat stress in CHAPTER 2. Meanwhile, it was 

shown that DAF-16 doesn’t involve prevention of movement reduction under heat stress 

and HSF-1 doesn’t rescue thrashing movement decreased by heat stress. Therefore, it 

was suggested that DAF-16 and HSF-1 induced thermotolerance via different 

mechanisms. Probably these differences are appeared by difference of genes whose 

expression is positively regulated by DAF-16 and HSF-1. And, it was expected that 

DAF-16 and HSF-1 are activated by heat stress through inactivation of insulin/IGF-1 

signaling, because activity of DAF-16 and HSF-1 are negatively regulated by 

insulin/IGF-1 signaling and heat stress decreased mRNA expression of ins-7 and daf-28, 

agonists of DAF-2, a homolog of insulin/IGF-1 receptor (CHAPTER 1-Fig. 5). 

Therefore, it was suggested that FoxO/DAF-16 and HSF-1 are activated by heat stress 

through inactivation of insulin/IGF-1-like signaling and involve thermotolerance 

through different functions, which are prevention and restoration of movement disorder 

induced by heat stress, via increasing expression of different kinds of genes (GENERAL 

DISCUSSION-Fig. 1). These are the first findings which were obtained through 

analyzing the physiological function of FoxO/DAF-16 and HSF-1 on thermotolerance 

in different viewpoint of restoration and prevention.  

Heat stress increased mRNA expression of HSPs regulated by DAF-16 or HSF-1. 

Nevertheless movement disorder of C. elegans is induced by PolyQ expression (Morley 

et al., 2002; van Ham et al., 2010; Haldimann et al., 2011), β-amyloid expression 

(Cohen et al., 2006) and mislocalization of paramyosin (Ben-Zvi et al., 2009); DAF-16 

and HSF-1 prevent these movement disorder. Therefore, it is expected that movement 

disorder is caused by heat induced-protein denaturation. On the other hand, ROS level is 

increased by heat stress and PolyQ expression (Zuo et al., 2000; Bertoni et al., 2011). 

And, DAF-16 regulates not only sHSP but also ROS scavenging gene, such as sod and 

catalase family (Murphy et al., 2003; McElwee et al., 2003). In addition, DAF-16 and 

HSF-1 involve oxidative stress tolerance (Honda and Honda 1999; Sagi et al., 2012). So, 
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ROS is also candidate of causes of movement disorder under heat stress. As prospect, 

we need to define the real essence of heat stress through analyzing the effects of genes, 

whose expression is positively regulated by DAF-16 and HSF-1, on thermotolerance. 

Heat stress may cause movement disorder through damaging muscle or neuron. 

Although nervous system involves resistance on RNAi (Timmons et al., 2001), 

movement of C. elegans treated by heat stress is changed by daf-16 or hsf-1 RNAi. 

Therefore, it is expected that movement disorder is induced by damage of muscle under 

35
o
C. However, heat stress at 39

o
C induces Ca

2+
-induced necrosis in neuron (Kourtis et 

al., 2012). So, acute heat shock has a potential to decrease movement through neural 

damage. As a prospect, we need to perform thermotolerance studies under different 

temperature. 

FoxO families of mammals are expected to have similar function to DAF-16 on 

oxidative stress tolerance and lifespan (Kenyon 2010). And, HSF-1 induced 

thermotolerance in not only C. elegans but also yeast and colony-forming 

unit-granulocyte-macrophage derived from mice (Smith and Yaffe, 1991; Zhang et al., 

2002). Therefore, my findings can be applied to thermotolerance studies in a wide 

variety of species including mammals. It is considered as social problems that heat 

stress from environmental high temperature threatens human health, such as heat stroke 

(Nakai et al., 1999), and economy of livestock industries through reduction in 

production of meat, milk and egg (St-Pierre et al., 2003). My results showed that knock 

out of daf-2 prevents reduction of thrashing movement under heat stress via HSF-1 

activation and restores the movement reduced by heat stress through activation of 

DAF-16. Therefore, in the future, it might be necessary to develop the medicines or 

functional foods that can activate FoxO and HSF-1 in mammals to solve these problems 

by heat stress. 

I concluded that FoxO/DAF-16 and HSF-1 are activated by heat stress through 

inactivation of insulin/IGF-1-like signaling and involve thermotolerance through 

different functions, which are prevention and restoration of movement disorder induced 

by heat stress, via expression of stress tolerance genes (GENERAL DISCUSSION-Fig. 

1). My findings contribute to thermotolerance studies and may give one of the prospects 

to solve social problems in related to heat stress. 



 

27 

 

[ACKNOWLEDGEMENTS] 

 

I thank Dr. Kazuichi Sakamoto, associate professor of University of Tsukuba, for his 

supervising and supporting to accomplishment of this work.  

 

I thank Dr. Tomoki Chiba, Dr. Koji Nakamura and Dr. Hitoshi Miyazaki for correcting 

this paper. 

 

I thank members of Dr. K. Sakamoto’s laboratory. 

 

I thank Caenorabditis Genetics Center and Dr. H. Fukuyama for providing C. elegans 

strains and Dr. Fire for providing L4440 plasmid DNA. 

 

I thank my family for their supporting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

28 

 

[REFERENCES] 

Alper, S., McBride, S.J., Lackford, B., Freedman, J.H., and Schwartz, D.A. (2007). 

Specificity and complexity of the Caenorhabditis elegans innate immune response. Mol. 

Cell. Biol. 27, 5544-5553.  

Anselmi, C.V., Malovini, A., Roncarati, R., Novelli, V., Villa, F., Condorelli, G., 

Bellazzi, R., and Puca, A.A. (2009). Association of the FOXO3A locus with extreme 

longevity in a southern Italian centenarian study. Rejuvenation Res. 12, 95-104.  

Bamps, S., Wirtz, J., Savory, F.R., Lake, D., and Hope, I.A. (2009). The Caenorhabditis 

elegans sirtuin gene, sir-2.1, is widely expressed and induced upon caloric restriction. 

Mech. Ageing Dev. 130, 762-770.  

Ben-Zvia., Miller, E.A., and Morimoto, R.I. (2009). Collapse of proteostasis represents 

an early molecular event in Caenorhabditis elegans aging. Proc. Natl. Acad. Sci. U. S. 

A. 106, 14914-14919.  

Bertoni, A., Giuliano, P., Galgani, M., Rotoli, D., Ulianich, L., Adornetto, A., Santillo, 

M.R., Porcellini, A., and Avvedimento, V.E. (2011). Early and late events induced by 

polyQ-expanded proteins: identification of a common pathogenic property of 

polYQ-expanded proteins. J. Biol. Chem. 286, 4727-4741.  

Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics 77, 71-94.  

Chiang, W.C., Ching, T.T., Lee, H.C., Mousigian, C., and Hsu, A.L. (2012). HSF-1 

regulators DDL-1/2 link insulin-like signaling to heat-shock responses and modulation 

of longevity. Cell 148, 322-334.  

Cohen, E., Bieschke, J., Perciavalle, R.M., Kelly, J.W., and Dillin, A. (2006). Opposing 

activities protect against age-onset proteotoxicity. Science 313, 1604-1610.  

Cohen, E., Du, D., Joyce, D., Kapernick, E.A., Volovik, Y., Kelly, J.W., and Dillin, A. 

(2010). Temporal requirements of insulin/IGF-1 signaling for proteotoxicity protection. 

Aging Cell. 9, 126-134.  

Flachsbart, F., Caliebe, A., Kleindorp, R., Blanche, H., von Eller-Eberstein, H., 

Nikolaus, S., Schreiber, S., and Nebel, A. (2009). Association of FOXO3A variation 



 

29 

 

with human longevity confirmed in German centenarians. Proc. Natl. Acad. Sci. U. S. A. 

106, 2700-2705.  

Fonte, V., Kipp, D.R., Yerg, J.,3rd, Merin, D., Forrestal, M., Wagner, E., Roberts, C.M., 

and Link, C.D. (2008). Suppression of in vivo beta-amyloid peptide toxicity by 

overexpression of the HSP-16.2 small chaperone protein. J. Biol. Chem. 283, 784-791.  

Furuhashi, T., and Sakamoto, K. (2014). FoxO/Daf-16 restored thrashing movement 

reduced by heat stress in Caenorhabditis elegans. Comp. Biochem. Physiol. B. 

Biochem. Mol. Biol. 170, 26-32.  

Gidalevitz, T., Ben-Zvia., Ho, K.H., Brignull, H.R., and Morimoto, R.I. (2006). 

Progressive disruption of cellular protein folding in models of polyglutamine diseases. 

Science 311, 1471-1474.  

Hahm, J.H., Kim, S., and Paik, Y.K. (2011). GPA-9 is a novel regulator of innate 

immunity against Escherichia coli foods in adult Caenorhabditis elegans. Aging Cell. 

10, 208-219.  

Haldimann, P., Muriset, M., Vigh, L., and Goloubinoff, P. (2011). The novel 

hydroxylamine derivative NG-094 suppresses polyglutamine protein toxicity in 

Caenorhabditis elegans. J. Biol. Chem. 286, 18784-18794.  

Hashimoto, T., Horikawa, M., Nomura, T., and Sakamoto, K. (2010). Nicotinamide 

adenine dinucleotide extends the lifespan of Caenorhabditis elegans mediated by sir-2.1 

and daf-16. Biogerontology 11, 31-43.  

Heidler, T., Hartwig, K., Daniel, H., and Wenzel, U. (2010). Caenorhabditis elegans 

lifespan extension caused by treatment with an orally active ROS-generator is 

dependent on DAF-16 and SIR-2.1. Biogerontology 11, 183-195.  

Henderson, S.T., and Johnson, T.E. (2001). daf-16 integrates developmental and 

environmental inputs to mediate aging in the nematode Caenorhabditis elegans. Curr. 

Biol. 11, 1975-1980.  

Honda, Y., and Honda, S. (1999). The daf-2 gene network for longevity regulates 

oxidative stress resistance and Mn-superoxide dismutase gene expression in 

Caenorhabditis elegans. Faseb j. 13, 1385-1393.  



 

30 

 

Horikawa, M., and Sakamoto, K. (2010). Polyunsaturated fatty acids are involved in 

regulatory mechanism of fatty acid homeostasis via daf-2/insulin signaling in 

Caenorhabditis elegans. Mol. Cell. Endocrinol. 323, 183-192.  

Horikawa, M., and Sakamoto, K. (2009). Fatty-acid metabolism is involved in 

stress-resistance mechanisms of Caenorhabditis elegans. Biochem. Biophys. Res. 

Commun. 390, 1402-1407.  

Hsu, A.L., Murphy, C.T., and Kenyon, C. (2003). Regulation of aging and age-related 

disease by DAF-16 and heat-shock factor. Science 300, 1142-1145.  

Jones, D., and Candido, E.P. (1999). Feeding is inhibited by sublethal concentrations of 

toxicants and by heat stress in the nematode Caenorhabditis elegans: relationship to the 

cellular stress response. J. Exp. Zool. 284, 147-157.  

Kampinga, H.H. (1993). Thermotolerance in mammalian cells. Protein denaturation and 

aggregation, and stress proteins. J. Cell. Sci. 104 ( Pt 1), 11-17.  

Kampkötter, A., Gombitang Nkwonkam, C., Zurawski, R.F., Timpel, C., Chovolou, Y., 

Watjen, W., and Kahl, R. (2007). Effects of the flavonoids kaempferol and fisetin on 

thermotolerance, oxidative stress and FoxO transcription factor DAF-16 in the model 

organism Caenorhabditis elegans. Arch. Toxicol. 81, 849-858.  

Kampkötter, A., Nkwonkam, C.G., Zurawski, R.F., Timpel, C., Chovolou, Y., Watjen, 

W., and Kahl, R. (2007). Investigations of protective effects of the flavonoids quercetin 

and rutin on stress resistance in the model organism Caenorhabditis elegans. 

Toxicology 234, 113-123.  

Kawli, T., and Tan, M.W. (2008). Neuroendocrine signals modulate the innate 

immunity of Caenorhabditis elegans through insulin signaling. Nat. Immunol. 9, 

1415-1424.  

Kenyon, C., Chang, J., Gensch, E., Rudner, A., and Tabtiang, R. (1993). A C. elegans 

mutant that lives twice as long as wild type. Nature 366, 461-464.  

Kenyon, C.J. (2010). The genetics of ageing. Nature 464, 504-512.  



 

31 

 

Kourtis, N., Nikoletopoulou, V., and Tavernarakis, N. (2012). Small heat-shock proteins 

protect from heat-stroke-associated neurodegeneration. Nature 490, 213-218.  

Kwon, E.S., Narasimhan, S.D., Yen, K., and Tissenbaum, H.A. (2010). A new DAF-16 

isoform regulates longevity. Nature 466, 498-502.  

Lanner, J.T., Georgiou, D.K., Dagnino-Acosta, A., Ainbinder, A., Cheng, Q., Joshi, 

A.D., Chen, Z., Yarotskyy, V., Oakes, J.M., Lee, C.S., et al. (2012). AICAR prevents 

heat-induced sudden death in RyR1 mutant mice independent of AMPK activation. Nat. 

Med. 18, 244-251.  

Li, W., Kennedy, S.G., and Ruvkun, G. (2003). daf-28 encodes a C. elegans insulin 

superfamily member that is regulated by environmental cues and acts in the DAF-2 

signaling pathway. Genes Dev. 17, 844-858.  

Li, Y., Wang, W.J., Cao, H., Lu, J., Wu, C., Hu, F.Y., Guo, J., Zhao, L., Yang, F., 

Zhang, Y.X., et al. (2009). Genetic association of FOXO1A and FOXO3A with 

longevity trait in Han Chinese populations. Hum. Mol. Genet. 18, 4897-4904.  

Lin, K., Hsin, H., Libina, N., and Kenyon, C. (2001). Regulation of the Caenorhabditis 

elegans longevity protein DAF-16 by insulin/IGF-1 and germline signaling. Nat. Genet. 

28, 139-145.  

Lithgow, G.J., White, T.M., Melov, S., and Johnson, T.E. (1995). Thermotolerance and 

extended life-span conferred by single-gene mutations and induced by thermal stress. 

Proc. Natl. Acad. Sci. U. S. A. 92, 7540-7544.  

McColl, G., Rogers, A.N., Alavez, S., Hubbard, A.E., Melov, S., Link, C.D., Bush, A.I., 

Kapahi, P., and Lithgow, G.J. (2010). Insulin-like signaling determines survival during 

stress via posttranscriptional mechanisms in C. elegans. Cell. Metab. 12, 260-272.  

McElwee, J., Bubb, K., and Thomas, J.H. (2003). Transcriptional outputs of the 

Caenorhabditis elegans forkhead protein DAF-16. Aging Cell. 2, 111-121.  

Morley, J.F., Brignull, H.R., Weyers, J.J., and Morimoto, R.I. (2002). The threshold for 

polyglutamine-expansion protein aggregation and cellular toxicity is dynamic and 

influenced by aging in Caenorhabditis elegans. Proc. Natl. Acad. Sci. U. S. A. 99, 

10417-10422.  



 

32 

 

Morley, J.F., and Morimoto, R.I. (2004). Regulation of longevity in Caenorhabditis 

elegans by heat shock factor and molecular chaperones. Mol. Biol. Cell 15, 657-664.  

Murphy, C.T., Lee, S.J., and Kenyon, C. (2007). Tissue entrainment by feedback 

regulation of insulin gene expression in the endoderm of Caenorhabditis elegans. Proc. 

Natl. Acad. Sci. U. S. A. 104, 19046-19050.  

Murphy, C.T., McCarroll, S.A., Bargmann, C.I., Fraser, A., Kamath, R.S., Ahringer, J., 

Li, H., and Kenyon, C. (2003). Genes that act downstream of DAF-16 to influence the 

lifespan of Caenorhabditis elegans. Nature 424, 277-283.  

Nakai, S., Itoh, T., and Morimoto, T. (1999). Deaths from heat-stroke in Japan: 

1968-1994. Int. J. Biometeorol. 43, 124-127.  

Nomura, T., Horikawa, M., Shimamura, S., Hashimoto, T., and Sakamoto, K. (2010). 

Fat accumulation in Caenorhabditis elegans is mediated by SREBP homolog SBP-1. 

Genes Nutr. 5, 17-27.  

Ponugoti, B., Xu, F., Zhang, C., Tian, C., Pacios, S., and Graves, D.T. (2013). FOXO1 

promotes wound healing through the up-regulation of TGF-beta1 and prevention of 

oxidative stress. J. Cell Biol. 203, 327-343.  

Postnikoff, S.D., Malo, M.E., Wong, B., and Harkness, T.A. (2012). The yeast forkhead 

transcription factors fkh1 and fkh2 regulate lifespan and stress response together with 

the anaphase-promoting complex. PLoS Genet. 8, e1002583.  

Richter, K., Haslbeck, M., and Buchner, J. (2010). The heat shock response: life on the 

verge of death. Mol. Cell 40, 253-266.  

Sagi, D., and Kim, S.K. (2012). An engineering approach to extending lifespan in C. 

elegans. PLoS Genet. 8, e1002780.  

Selman, C., Lingard, S., Choudhury, A.I., Batterham, R.L., Claret, M., Clements, M., 

Ramadani, F., Okkenhaug, K., Schuster, E., Blanc, E., et al. (2008). Evidence for 

lifespan extension and delayed age-related biomarkers in insulin receptor substrate 1 

null mice. Faseb j. 22, 807-818.  



 

33 

 

Singh, V., and Aballay, A. (2009). Regulation of DAF-16-mediated Innate Immunity in 

Caenorhabditis elegans. J. Biol. Chem. 284, 35580-35587.  

Singh, V., and Aballay, A. (2006). Heat-shock transcription factor (HSF)-1 pathway 

required for Caenorhabditis elegans immunity. Proc. Natl. Acad. Sci. U. S. A. 103, 

13092-13097.  

Slack, C., Giannakou, M.E., Foley, A., Goss, M., and Partridge, L. (2011). 

dFOXO-independent effects of reduced insulin-like signaling in Drosophila. Aging Cell. 

10, 735-748.  

Smith, B.J., and Yaffe, M.P. (1991). Uncoupling thermotolerance from the induction of 

heat shock proteins. Proc. Natl. Acad. Sci. U. S. A. 88, 11091-11094.  

Sorger, P.K. (1991). Heat shock factor and the heat shock response. Cell 65, 363-366.  

Souren, J.E., Wiegant, F.A., and Van Wijk, R. (1999). The role of hsp70 in protection 

and repair of luciferase activity in vivo; experimental data and mathematical modelling. 

Cell Mol. Life Sci. 55, 799-811.  

St-Pierre, N.R., Cobanov, B., and Schnitkey, G. (2003). Economic Losses from Heat 

Stress by US Livestock Industries. J. Dairy Sci. 86, Supplement, E52-E77.  

Timmons, L., Court, D.L., and Fire, A. (2001). Ingestion of bacterially expressed 

dsRNAs can produce specific and potent genetic interference in Caenorhabditis elegans. 

Gene 263, 103-112.  

Timmons, L., and Fire, A. (1998). Specific interference by ingested dsRNA. Nature 395, 

854.  

van Ham, T.J., Holmberg, M.A., van der Goot, A.T., Teuling, E., Garcia-Arencibia, M., 

Kim, H.E., Du, D., Thijssen, K.L., Wiersma, M., Burggraaff, R., et al. (2010). 

Identification of MOAG-4/SERF as a regulator of age-related proteotoxicity. Cell 142, 

601-612.  

Warr, M.R., Binnewies, M., Flach, J., Reynaud, D., Garg, T., Malhotra, R., Debnath, J., 

and Passegue, E. (2013). FOXO3A directs a protective autophagy program in 

haematopoietic stem cells. Nature 494, 323-327.  



 

34 

 

Weinkove, D., Halstead, J.R., Gems, D., and Divecha, N. (2006). Long-term starvation 

and ageing induce AGE-1/PI 3-kinase-dependent translocation of DAF-16/FOXO to the 

cytoplasm. BMC Biol. 4, 1.  

Welker, A.F., Moreira, D.C., Campos, E.G., and Hermes-Lima, M. (2013). Role of 

redox metabolism for adaptation of aquatic animals to drastic changes in oxygen 

availability. Comp. Biochem. Physiol. A. Mol. Integr. Physiol. 165, 384-404.  

Willcox, B.J., Donlon, T.A., He, Q., Chen, R., Grove, J.S., Yano, K., Masaki, K.H., 

Willcox, D.C., Rodriguez, B., and Curb, J.D. (2008). FOXO3A genotype is strongly 

associated with human longevity. Proc. Natl. Acad. Sci. U. S. A. 105, 13987-13992.  

Wolf, M., Nunes, F., Henkel, A., Heinick, A., and Paul, R.J. (2008). The MAP kinase 

JNK-1 of Caenorhabditis elegans: location, activation, and influences over 

temperature-dependent insulin-like signaling, stress responses, and fitness. J. Cell. 

Physiol. 214, 721-729.  

Yen, K., Narasimhan, S.D., and Tissenbaum, H.A. (2011). DAF-16/Forkhead box O 

transcription factor: many paths to a single Fork(head) in the road. Antioxid. Redox 

Signal. 14, 623-634.  

Yoshinaga, T., Kaneko, G., Kinoshita, S., Tsukamoto, K., and Watabe, S. (2003). The 

molecular mechanisms of life history alterations in a rotifer: a novel approach in 

population dynamics. Comp. Biochem. Physiol. B. Biochem. Mol. Biol. 136, 715-722.  

Zhang, Y., Huang, L., Zhang, J., Moskophidis, D., and Mivechi, N.F. (2002). Targeted 

disruption of hsf1 leads to lack of thermotolerance and defines tissue-specific regulation 

for stress-inducible Hsp molecular chaperones. J. Cell. Biochem. 86, 376-393.  

Zuo, L., Christofi, F.L., Wright, V.P., Liu, C.Y., Merola, A.J., Berliner, L.J., and 

Clanton, T.L. (2000). Intra- and extracellular measurement of reactive oxygen species 

produced during heat stress in diaphragm muscle. Am. J. Physiol. Cell. Physiol. 279, 

C1058-66.  

 

 



 

35 

 

[TABLES AND FIGURES] 

 

 

CHAPTER 1-Table 1 

Gene Sense Antisense Reference 

(qRT-PCR)    

actin* TCGGTATGGGACAGA

AGGAC 

CATCCCAGTTGGTGACG

ATA 

Kawli and 

Tan, 2008 

hsp-12.6 TGGAGTTGTCAATGT

CCTCG 

GACTTCAATCTCTTTTGG

GAGG 

Kwon et 

al., 2010 

ins-7 CATGCGAATCGAATAC

TGAAG 

GAAGTCGTCGGTGCATT

C 

Kawli and 

Tan, 2008 

daf-28 TTCCGTATGTGTGGAG

TGTC 

TTTGTATATACTCGGCAG

TGC 

Hahm et 

al., 2011 

(RNAi)    

daf-16 CATGGATCCATCCAGA

TGCAAAGCCAG 

CATGGATCCGTATGCTGT

GCAGCTACA 

Hashimoto 

et al., 2010 

qPCR was performed by ABI 7300 with the default cycling condition [50
o
C/2 min, 

95
o
C/10 min, (95

o
C/15 s, 60

o
C/1 min) x 40]. Pan-actin was used as internal control. 
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CHAPTER 1-Fig. 1 Alteration of movement under heat stress. (A) 

Age-synchronized L1 larvae were transferred to NGM plate seeded with OP50 and 

cultured for 4 days at 20°C. Adult worms were transferred to new NGM plate seeded 

with OP50 and cultured at 35°C for 0–4 h. Ten worms were chosen randomly and 

pumping movement was counted for 15 s in every h. Three independent experiments 

were performed and these data were combined for making a graph. Statistical 

significance was analyzed with t-test. N = 30, mean ± SE, *P < 0.05, **P < 0.005. (B) 

Age-synchronized L1 larvae were transferred to NGM plate seeded with OP50 and 

cultured for 4 days at 20°C. Adult worms were transferred to NGM plate seeded with 

OP50 (+) or E. coli-free NGM plate (-) and cultured for 4 h at 20°C or 35°C. After 4 h, 

worms were transferred to new NGM plate seeded with OP50 and cultured for 0–24 h. 

After 0–24 h, ten worms chosen randomly were transferred to S-basal on E. coli-free 

NGM plates. Thrashing movement was counted for 15 s. Three independent 

experiments were performed and these data were combined for making a graph. 

Statistical significance was analyzed with t-test. N = 30, mean ± SE, *P < 0.05, **P < 

0.005.   
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 CHAPTER 1-Fig. 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

20

40

60

80

100

0 1 2 3 4

P
h

a
ry

n
x
 P

u
m

p
in

g
(t

im
e
s
 /
 1

5
 s

e
c
)

20 35A

(h)

(oC)

** **
** **

 

0

10

20

30

40

50

60

70

0 24

T
h

ra
s

h
in

g
M

o
v
e

m
e

n
t

(t
im

e
s

 /
 1

5
 s

e
c

)

20 20 35

(+)   (-)       (-)

(oC)

E. coli
B

**



 

38 

 

 

 

 

 

 

 

CHAPTER 1-Fig. 2 Activity of DAF-16 under heat stress. (A) Age-synchronized L1 

larvae of TJ356 were transferred to NGM plate seeded with OP50 and cultured for 4 

days at 20°C. Adult worms were transferred to NGM plate seeded with OP50 (+) or E. 

coli-free NGM plate (-), and cultured for 4 h at 20°C or 35°C. The mutants cultured in 

each condition were transferred to new NGM plates seeded with OP50. The worms 

were fixed in 1% PFA solution. Fluorescence emitted by GFP was observed using 

fluorescence microscopy. It was counted that number of worms which is observed GFP 

nuclear localization (Nuc), cytosol localization (Cyto) or intermediate localization 

(Nuc/Cyto). Three independent experiments were performed and these data were 

combined for making a graph. N = 3, mean ± SE, Scale = 100 µm. (B) 

Age-synchronized L1 larvae were transferred to NGM plate seeded with OP50 and 

cultured for 4 days at 20°C. Adult worms were transferred to NGM plate seeded with 

OP50 (+) or E. coli-free NGM plate (-), and cultured for 4 h at 20°C or 35°C. RNA was 

extracted and cDNA was synthesized. The mRNA level of hsp-12.6 was analyzed using 

qRT-PCR. Two independent experiments were performed and these data were combined 

for making a graph. In each trial, gene expression was analyzed by three different wells. 

Statistical significance was analyzed with Dunnett’s T3 test. N = 6, mean ± SE, *P < 

0.05, **P < 0.005. 
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CHAPTER 1-Fig. 2 
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CHAPTER 1-Fig. 3 Alteration of thrashing movement by daf-16 silencing under 

heat stress. (A) Age-synchronized L1 larvae were transferred to NGM plate seeded 

with OP50 and cultured for 4 days at 20°C. Adult worms were transferred to E. coli-free 

NGM plate and cultured for 4 h at 20°C or 35°C. After 4 h, worms were transferred to a 

new NGM plate seeded with OP50 and cultured for 0–24 h. After 0, 12, or 24 h, ten 

worms chosen randomly were transferred to S-basal on E. coli-free NGM plates. 

Thrashing movement was counted for 15 s. The graph shows the ratio of the number of 

thrashing activity of heat treated worms divided by that of heat-untreated worms. Three 

independent experiments were performed and these data were combined for making a 

graph. Statistical significance was analyzed with t-test. N = 30, mean ± SE, *P < 0.05, 

**P < 0.005. (B) Age-synchronized L1 larvae were transferred to RNAi plate and 

cultured for 4 days at 20°C. Adult worms were transferred to E. coli-free NGM plate 

and cultured for 4 h at 20°C or 35°C. After 4 h, worms were transferred to new NGM 

RNAi media plate and cultured for 0–24 h. After 0, 12, or 24 h, ten worms chosen 

randomly were transferred to S-basal on E. coli-free NGM plates. Thrashing movement 

was counted for 15 s. The graph shows the ratio of the number of thrashing activity of 

heat treated worms divided by that of heat-untreated worms. Three independent 

experiments were performed and these data were combined for making a graph. 

Statistical significance was analyzed with t-test. N = 30, mean ± SE, *P < 0.05, **P < 

0.005. (C) Age-synchronized L1 larvae of TJ356 were transferred to RNAi plate and 

cultured for 4 days at 20°C. Adult worms were fixed in 1% PFA solution, and 

fluorescence was observed via fluorescence microscopy. Scale = 100 µm. 
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CHAPTER 1-Fig. 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

20

40

60

80

100

0 12 24

T
h

ra
s

h
in

g
 (

%
)

[(
3
5

o
C

 /
 2

0
o
C

) 
x
 1

0
0
]

WT daf-16 KO

(h)

** **

A

0

20

40

60

80

100

0 12 24

T
h

ra
s
h

in
g

 (
%

)
[(

3
5

o
C

/ 
2
0

o
C

) 
x
 1

0
0
]

empty daf-16 RNAi

**

**

(h)

B

C
empty daf-16 RNAi



 

42 

 

 

 

 

CHAPTER 1-Fig. 4 Alteration of thrashing movement by daf-2 KO under heat 

stress. (A) Age-synchronized L1 larvae were transferred to NGM plate seeded with 

OP50 and cultured for 4 days at 20°C. Adult worms were transferred to E. coli-free 

NGM plate and cultured for 4 h at 20°C or 35°C. After 4 h, worms were transferred to 

new NGM plate seeded with OP50 and cultured for 0–6 h. After 0, 3, or 6 h, ten worms 

chosen randomly were transferred to S-basal on E. coli-free NGM plates. Thrashing 

movement was counted for 15 s. The graph shows the ratio of the number of thrashing 

activity of heat treated worms divided by that of heat-untreated worms. Three 

independent experiments were performed and these data were combined for making a 

graph. Statistical significance was analyzed with t-test. N = 30, mean ± SE, *P < 0.05, 

**P < 0.005. (B) Age-synchronized L1 larvae were transferred to RNAi plate and 

cultured for 4 days at 20°C. Adult worms were transferred to E. coli-free NGM plate 

and cultured for 4 h at 20°C or 35°C. After 4 h, worms were transferred to new NGM 

RNAi media plate and cultured for 0–6 h. After 0, 3, or 6 h, ten worms chosen randomly 

were transferred to S-basal on E. coli-free NGM plates. Thrashing movement was 

counted for 15 s. The graph shows the ratio of the number of thrashing activity of heat 

treated worms divided by that of heat-untreated worms. Three independent experiments 

were performed and these data were combined for making a graph. Statistical 

significance was analyzed with t-test. N = 30, mean ± SE, *P < 0.05, **P < 0.005. (C) 

Age-synchronized L1 larvae were transferred to NGM plate seeded with OP50 and 

cultured for 4 days at 20°C. Adult worms were transferred to E. coli-free NGM plate 

and cultured for 4 h at 35°C. After 4 h, RNA was extracted from C. elegans as 0 h or 

worms were transferred to new NGM plate seeded with OP50 and cultured for 3–6 h. 

After 3 or 6 h, RNA was extracted from C. elegans. cDNA was synthesized and 

expression of hsp-12.6 was measured by qRT-PCR. Two independent experiments were 

performed and these data were combined for making a graph. In each trial, gene 

expression was analyzed by three different wells. Statistical significance was analyzed 

with t-test. N = 6, mean ± SE, *P < 0.05, **P < 0.005. 

 

 

 



 

43 

 

CHAPTER 1-Fig. 4 
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CHAPTER 1-Fig. 5 Activity of insulin/IGF-1-like signaling pathway under heat 

stress. Age-synchronized L1 larvae were transferred to NGM plate seeded with OP50 

and cultured for 4 days at 20°C. Adult worms were transferred to NGM plate seeded 

with OP50 (+) or E. coli-free NGM plate (-) and cultured for 4 h at 20°C or 35°C. RNA 

was extracted and cDNA was synthesized. Expression of daf-28 and ins-7 was measured 

by using qRT-PCR. Two independent experiments were performed and these data were 

combined for making a graph. In each trial, gene expression was analuzed by three 

different wells. Statistical significance was analyzed with Dunnett’s T3 test.  N = 6, 

mean ± SE, *P < 0.05, **P < 0.005. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

45 

 

CHAPTER 1-Fig. 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

0.5

1

1.5

20 20 35

R
e

la
ti

v
e

 m
R

N
A

 l
e

v
e

l

daf-28

ins-7

+ - -

(oC)

E. coli

**

**
**



 

46 

 

 

 

CHAPTER 2-Table 1 

Gene Sense Antisense Reference 

(qRT-PCR)    

actin* TCGGTATGGGACAGA

AGGAC 

CATCCCAGTTGGTGACG

ATA 

Kawli and 

Tan, 2008 

hsp-16.2 TGTTGGTGCAGTTGC

TTCGAATC 

TTCTCTTCGACGATTGCC

TGTTG 

 

hsp-70 ACCCTTCGTTGGATG

GAACG 

GCATCCGGAACCTGATG

GGC 

 

(RNAi, RT-PCR)    

hsf-1 CATGAATTCTGATAAT

GCGTGTTCCG 

CATGAATTCATATTGCTG

TTGGCGAGC 

 

daf-16 CATGGATCCATCCAGA

TGCAAAGCCAG 

CATGGATCCGTATGCTGT

GCAGCTACA 

Hashimoto 

et al., 2010 

gpd-1 ATGTCGAAGGCCAAC

GTC 

GTTTTGTCCAGCACCGC

G 

Nomura 

et al., 2010 

qPCR was performed using a Thermal Cycler Dice
®
 Real Time System Lite with the 

default cycling conditions (95°C/30 s, [95°C/5 s, 60°C/30 s] × 40). actin was used as the 

internal control. PCR was performed using an ABI-2720, and the cycling conditions 

were as follows: 94°C/5 min, (94°C/30 s, 55 or 57°C/30 s, 72°C/30 s) × 21–25, and 

72°C/7 min. gpd-1 was used as the internal control. 
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CHAPTER 2-Fig. 1 The role of HSF-1 in restoring thrashing in C. elegans exposed 

to heat stress. (A) Worms treated with hsf-1 siRNA were transferred to E. coli-free 

NGM plate and cultured for 4 h at 20°C or 35°C. After 4 h, worms were transferred onto 

fresh NGM RNAi media plates and cultured for 0–24 h. After 0, 12, or 24 h, ten worms 

were observed for thrashing for 15 s. The graph shows the ratio of the number of 

thrashing activity of heat treated worms divided by that of heat-untreated worms. Three 

independent experiments were performed and these data were combined for making a 

graph. Statistical significance was analyzed with t-test. Mean ± SE, *p < 0.05, **p < 

0.005. Three independent trials were conducted and showed similar result. (B) RNA 

was extracted from C. elegans treated with siRNA, and cDNA was synthesized. 

Expression of hsf-1, daf-16, and gpd-1 were detected by RT-PCR. Two independent 

trials were conducted and showed similar result.  
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CHAPTER 2-Fig. 1 
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CHAPTER 2-Fig. 2 Expression of genes downstream of HSF-1. Worms were 

transferred to NGM plates seeded with OP50 (+) or E. coli-free NGM plates (-) and 

cultured for 4 h at 20°C or 35°C. After incubation in each condition, worms were 

transferred to NGM plates seeded with OP50 and cultured for 24 h at 20°C. Then RNA 

was extracted, and cDNA was synthesized. Expression of hsp-16.2 (A) and hsp-70 (B) 

were detected by quantitative RT-PCR. Each cDNA sample was amplified in three wells. 

Statistical significance was analyzed with Games-Howell test. Mean ± SE, *p < 0.05, 

**p < 0.005. Two independent trials were conducted. 
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CHAPTER 2-Fig. 2 
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CHAPTER 2-Fig. 3 The role of HSF-1 in the reduction of thrashing by heat stress 

in daf-2 mutants. daf-2 mutant worms treated with hsf-1 RNAi were transferred to E. 

coli-free NGM plates and cultured for 4 h at 20°C or 35°C. After 4 h, the worms were 

transferred onto new NGM RNAi media plates and cultured for 0–6 h. After 0, 3, or 6 h, 

ten worms were observed for thrashing for 15 s. The graph shows the ratio of the 

number of thrashing activity of heat treated worms divided by that of heat-untreated 

worms. Three independent experiments were performed and these data were combined 

for making a graph. Statistical significance was analyzed with Games-Howell test. 

Mean ± SE, *p < 0.05, **p < 0.005.  
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CHAPTER 2-Fig. 3 
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CHAPTER 2-Fig. 4 The roles of HSF-1 and DAF-16 in the prevention of thrashing 

reduction by heat stress. (A) Worms treated with hsf-1 RNAi were transferred to E. 

coli-free NGM plates and cultured for 1 h at 20°C or 35°C. The plates were incubated 

for 10 min at room temperature, and ten worms were observed for thrashing for 15 s. 

The graph shows the ratio of the number of thrashing activity of heat treated worms 

divided by that of heat-untreated worms. Three independent experiments were 

performed and these data were combined for making a graph. Statistical significance 

was analyzed with t-test. Mean ± SE, *p < 0.05, **p < 0.005. At least, three independent 

trials were conducted and showed similar result. (B) Adult worms were transferred onto 

E. coli-free NGM plates and cultured for 1 h at 20°C or 35°C. The plates were 

incubated for 10 min at room temperature, and ten worms were observed for thrashing 

for 15 s. The graph shows the ratio of the number of thrashing activity of heat treated 

worms divided by that of heat-untreated worms. Three independent experiments were 

performed and these data were combined for making a graph. Statistical significance 

was analyzed with t-test. Mean ± SE, *p < 0.05, **p < 0.005. 
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CHAPTER 2-Fig. 4 
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GENERAL DISCUSSION-Fig. 1 Summary of my work.  

Details are described in GENERAL DISCUSSION. 
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GENERAL DISCUSSION-Fig. 1 
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