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Abstract 

The Heat Shock Response (HSR) is a highly conserved stress responsive molecular 

pathway that functions to promote appropriate protein folding in the cell. The HSR 

accomplishes this primarily through the use of molecular chaperones that serve to bind 

to misfolded or unfolded proteins to assist in stabilizing and folding proteins back to their 

native functional state. The master regulator of this pathway is a transcription factor 

known as Heat Shock Factor 1 (HSF1). HSF1 regulates molecular chaperone 

expression in the cell’s basal state, but can also be stress induced by diverse biotic and 

abiotic signals including thermal shock, oxidative stress, osmotic imbalance, pathogenic 

invasion, cell transformation, and other pathological disease states. Thus, it is essential 

to understand how HSF1 function is regulated to better appreciate how the compromise 

of protein homeostasis (proteostasis) underlies many clinical disease pathologies. 

Evidence from invertebrates suggests that the HSR undergoes a rapid decline very 

early in adulthood and may explain the physiological effect of aging across many cell  

and tissue types.  

To better understand this process, we sought to develop an endogenously tagged 

fluorescent model of HSF1 in C. elegans. We utilized CRISPR/Cas9 mediated 

transgenesis and found that our tagged model behaves very similar to wildtype animals 

and displays similar phenotypes to previously published low-copy fluorescent models of 
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HSF-1 which is the C. elegans homolog of mammalian HSF1. Using this novel model, 

we find that HSF-1 is capable of responding to novel cell stressors including Juglone, 

Peroxide, Paraquat, Osmotic stress, and UV exposure. This model also displays tissue-

specific localization changes during the transition to adulthood. This time period of 

around 24 hours has been shown to be the critical window where the HSR collapses. 

The formation of these age-related HSF-1::GFP nuclear stress bodies (nSBs) is 

typically correlated with an increase in HSR activity, yet multiple measurements of 

proteostasis in the worm suggest that HSF-1 cannot mount an adequate response to 

meet acute stress demands. Genetic loss of the germline that has been shown 

previously to enhance longevity and stress resistance was able to suppress the 

formation of nSBs suggesting that the HSR remains robust and retains the youthful 

phenotype. Our data suggests that most cells in the worm form HSF-1:GFP nSBs 

during this early timepoint except the neurons. We hypothesized that this may be due to 

physical contact and examined the effect of ensheathment defective mutants, but found 

no difference in the appearance of nSBs after the transition to adulthood. 

Recent data in the literature suggested that chromatin remodel may underlie the abrupt 

decline in the HSR has previously stated. To identify other candidate chromatin 

remodeling genes we performed a targeted RNAi subscreen to search for other 

regulators of the HSR across the transition to adulthood. Our work identified pyp-1, an 

inorganic pyrophosphatase, that when suppressed is capable of enhancing the activity 

of HSR transcriptional reporters and can also support metastable protein folding 

reporter animals. Interestingly, we did not find a subsequent benefit in longevity due to 

this increased HSF-1 dependent activity. Additionally, the effect of pyp-1 knockdown on 
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our reporter animals appeared to require initiation of RNAi prior to the transition of 

adulthood. Taken together, this data may suggest that pyp-1 performs a specific 

function during the transition to adulthood and that when this process is suppressed it 

results in increased HSF-1 activity in adulthood, but it is not sufficient to more broadly 

enhance proteostasis. This suggests further investigation into pyp-1 expression and 

activity to better understand its role in regulating the HSR. 

The literature suggests that mammalian HSF1 can be post-translationally modified by 

O-GlcNAclyation. This modification, which is similar to phosphorylation, is thought to be 

very dynamic and highly dysregulated in many metabolic disorders including diabetes, 

cancer, and neurodegeneration. The overall effect of O-GlcNAclyation on the HSR at 

the organismal level is still unknown. To investigate the role of O-GlcNAclyation in C. 

elegans, we utilized knockdown of the two O-GlcNAclyation modifying enzymes, oga-1 

and ogt-1, to examine the effect of hyper-O-GlcNAclyation and hypo-O-GlcNAclyation 

on the HSR in the worm. We found that in larval animals disruption O-GlcNAc cycling 

typically results in the enhancement of proteostasis. However, in adults, we found that 

knockdown of oga-1 typically resulted in increased HSF-1 activity and ogt-1 knockdown 

compromised proteostasis. Interestingly, we found that modulating O-GlcNAc cycling 

appeared to alter HSF-1::GFP localization specifically in the intestine suggesting further 

research. Intriguingly, when performing experiments to confirm the modulation of O-

GlcNAc cycling on the HSR was HSF-1 dependent we found a dramatic reversal of the 

phenotypes of oga-1 and ogt-1 genetic dosage. This conflict may suggest that the 

bacterial food source, RNAi pathway activation, or other factors may synergize with O-

GlcNAclyation to specifically regulate the HSR and suggests future experimentation.  
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Previous research from our lab suggests that HSF-1 may regulate a number of collagen 

and cuticle genes in C. elegans both in basal conditions and during acute stress. It was 

suggested that these collagen and cuticle genes may themselves regulate the HSR. To 

address this, we performed a RNAi subscreen of all available cuticle and collagen 

genes using a hsf-16.2 fluorescent transcriptional reporter. We found a number of 

candidate genes that both enhanced and suppressed stress induction relative to control 

knockdown. Further research is required to determine if these candidates also regulate 

endogenous HSF-1 target gene expression and by what mechanism this is performed 

with. 

Lastly, we utilized our validated HSF-1::GFP CRISPR/Cas9 model to examine the 

genetic regulation of HSF-1:GFP nSBs. It has been shown that the formation of HSF1 

nSBs are typically correlated with an increase in HSR activity, but prolonged HSF1 

nSBs is associated with a compromise in proteostasis. Similar to our previous research 

we find that longevity enhancing genetic backgrounds typically suppress HSF-1::GFP 

nSB formation during the transition to adulthood. Previously, we found that genetic loss 

of the germline conferred by a glp-1 mutation blocked the formation of these nSBs. Here 

we found that this effect requires p38 MAPK signaling as a pmk-1 mutant in the glp-1 

mutant background reversed the effect of glp-1. Next, we found that SIR-2.1 

overexpression also suppressed nSBs that form during the transition to adulthood and 

that this required the lysine demethylase jmjd-3.1. We also examined the role of 

disrupting insulin signaling which is well known to dramatically enhance longevity and 

stress resistance. Interestingly, we did find less nSBs relative to wildtype but the effect 

was not completely suppressed as seen in glp-1 and SIR-2.1 OE genetic backgrounds. 
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Finally, we examined the role of hsb-1 in regulating HSF-1::GFP nSBs and found that 

hsb-1 mutants typically had increased nSBs and a delay in restoring the basal level of 

nSBs after acute stress. Also, in the hsb-1 mutant background, we found that jmjd-3.1 

expression is enhanced which has been previously shown to regulate HSF-1’s 

chromatin accessibility to its target hsps. Taken together, this entire work establishes an 

endogenously tagged whole-organism model of HSF-1 and expands upon the 

knowledge of stress conditions that regulate HSF-1. We also identify novel genetic 

pathways at the whole organism level to regulate the HSR including age-specific 

modulation of inorganic pyrophosphatase, post-translation modification pathways, and 

manipulation to the worm cuticle. These identified signaling cascades require further 

research work to fully understand how each contributes to HSF-1 regulation and in what 

tissue types this regulation is present in.   
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Chapter 1 

Introduction 

History of the Heat Shock Response 

The initial discovery of heat shock response (HSR) was the result of an unintentional 

incubator accident in the lab of Ferruccio Ritossa [1]. In Ristossa’s lab work involving 

Drosophila melanogaster was being performed to study DNA. After the incubator was 

left at an elevated temperature it was found that puffing patterns emerged in the 

chromosomes of the flies suggesting those regions were experiencing increased access 

and transcriptional activity [2]. Although Ritossa was unable to understand why the 

pattern emerged in the DNA, we now understand that the significance of those puffs to 

be a highlight of an ancient and highly conserved proteostatic stress response now 

known as the HSR. Since those initial observations, multiple studies across model 

organisms and mammalian cell models have shown that in response to diverse 

endogenous and exogenous proteotoxic insults such as thermal stress, oxidative stress, 

pH changes, UV damage, and others result in the rapid transcriptional and translational 

production of cytoprotective proteins known as heat shock proteins (HSPs) [3]. Upon 

heat stress, one of the most highly upregulated proteins was a protein product, now 

called HSP70, that was observed to be approximately 70 kDa in molecular weight [4]. 

This led to the convention of naming these proteins which are highly enriched in 
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response to thermal stress by their molecular weights. Further studies identified the 

master transcriptional regulator of the HSR known as heat shock factor 1 (HSF1) [5, 6]. 

Given that thermal stress is a highly detrimental and a universal abiotic stress for all 

cells, it is unsurprising that HSF1 or a functionally identical gene is highly conserved 

across both eukaryotes and prokaryotes. Studies have revealed that upstream of HSF1 

target genes, such as hsps, there is a HSF1 target sequence referred to as a heat 

shock element (HSE). These target sequences consist of a pattern of inverted triplicate 

repeats of nGAAn [5-7]. Identification of these HSEs within the promotor elements of 

genes provided a method to study the genes induced during the HSR. That is, the 

presence of HSEs within the promotor element would suggest the gene is likely 

regulated by HSF-1. 

Heat Shock Proteins and Molecular Chaperones 

Under both normal cellular activity and during proteotoxic stress, HSF1 regulates the 

expression of numerous hsps which function as molecular chaperones to assist in 

protein folding. Chaperones typically recognize an unfolded or misfolded polypeptide via 

hydrophobic amino acids [8, 9]. These residues which are usually found on the interior 

of the functional protein would normally be shielded from the aqueous environment of 

the cytoplasm. Many chaperones can have overlapping or sometimes distinct client 

proteins to fold. Given their broad function to support overall cellular function it then 

follows that these chaperones are essential in maintaining protein homeostasis 

(proteostasis) at the cellular and organismal level. Chaperones also have been found to 

be stress inducible or constitutive. Both inducible or constitutive chaperones are also 

divided by subcellular locations such as within the mitochondria [10].   
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The different classes of chaperones are divided up typically by their molecular weight as 

stated previously. One of the most well studies chaperone families is the 90 kda weight 

chaperone known as HSP90. This chaperone is known to function as a dimer with ATP 

acting as an essential component of the protein folding pathway. The working model for 

HSP90 folding cycle involves HSP90 forming an open conformation when bound to 

ADP and the target protein to be folded. After a nucleotide exchange factor replaces 

ADP with ATP hydrolysis follows which enables a conformational shift in the HSP90 

which attempts to fold the client protein [11]. This cycle is thought to repeat until the 

client protein is successfully folded. Similar hsp folding cycles have been shown for 

other families of hsps including the HSP70 subfamily. Further regulation of protein 

folding by co-chaperones such as HSP40s or J-domain containing proteins (DNAJs) 

can assist in guiding unfolded proteins or specificity of client proteins [4, 12].  

HSF-1 Structure  

HSF1 structure is defined by multiple domains which regulate its transcriptional activity. 

HSF1 has been shown to experimentally contain four distinct domains including a DNA 

binding domain, trimerization domain, regulatory domain, and transactivation domain. 

The DNA binding domain has been shown to have a helix-turn-helix motif which 

“embraces” DNA segments containing the HSE [13-16]. A key characteristic of HSF1 is 

the ability to form trimers which can be homotrimers, but also heterotrimers which 

another closely related heat shock factor called heat shock factor 2 (HSF2). Contained 

within the trimerization domain are hydrophobic heptad repeats A, B, and C. (HR-

A/B/C). As a monomer HSF1 can be self inhibited by having HR-C fold back onto the 

HR-A/B region preventing trimerization [17-19]. In mammalian cells there are also other 
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heat shock factor genes, HSF1-4, which have some, but mostly few overlapping target 

genes and cellular expression locations [20, 21]. It is canonically thought that 

mammalian HSF1 forms homotrimers in its active state, but evidence has also shown 

that HSF1 and HSF2 can form heterotrimers as well [22]. Interestingly, within the mouse 

testes cells, in response to heat shock co-occupation of target sites of HSF1/2 were 

dramatically reduced and now reflected the present of only HSF1 [23].  

HSF1 Post-translational modifications 

The activity of HSF1 has been shown to be related to extensive post-translational 

modification including phosphorylation, acetylation, and O-GlcNAclyation. Some 

function of these modifications have been described. Phosphorylation is arguably the 

most well studied with its functionality described.  Hyperphosphoylation of HSF1 is 

usually associated with increased transcriptional activity and is performed by kinases 

including MAPK, PLK1, and PKA [24-28]. However, specific phosphorylation events 

may also reduce DNA binding and transcriptional activity such as the action of GSK-3β 

or MK2 [29, 30].  

Deacetylases and acetyltransferases have also been shown to target HSF1. Most 

acetylation sites do not have a function on HSF1 described except for acetylation to 

lysine 80 within the DNA binding domain [31]. This lysine can be acetylated by the 

acetyltransferase p300 and deacetylated by SIRT1 which serves to decrease and 

increase HSF1’s DNA binding, respectively.  

O-GlcNAclyation is the addition of a modified glucose group derived from the 

hexosamine biosynthesis pathway to a molecule [32]. Its addition to proteins is 
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controlled only by two proteins, OGT1 and OGA1, which add and remove O-GlcNAc, 

respectively [32]. HSF1 has been shown to be O-GlcNAclyated in response to 

increased glutamine presence in the cell, which is itself a part of the rate limiting step in 

the production of O-GlcNAc groups [33-36]. This effect is associated with increased 

expression of HSP70 which is dependent on HSF1 activity. However, no specific 

residues on HSF1 where the O-GlcNAClyation is placed have been described nor has 

the HSF1 O-GlcNAclyation been described in the context of heat shock similarly to 

phosphorylation and acetylation. To address this gap in understanding, I present the 

results of modulating global O-GlcNAcylation on the HSR in C. elegans in chapter 4 of 

this dissertation.   

The HSF-1 Activity Cycle Feedback Hypothesis 

It is suggested that HSF1 and the HSPs it regulates form a self-correcting mechanism 

to maintain appropriate proteostasis. As a monomer, HSF1 may associate with HSPs 

including HSP70 and HSP90 keeping it inactive (refs). However, with an increase in the 

population of misfolded/unfolded proteins, it is thought that those HSPs titrate away 

from HSF1 to assist folding of proteins at risk. Subsequent trimerization, DNA binding, 

and transactivation of HSF1 occur which leads to the upregulation of the concentration 

of HSPs [37-39]. Once enough chaperones are produced and have reduced the number 

of misfolded/unfolded species, they then reduce HSF1 activity by associating with it 

once again.  
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HSF1 Localization Changes 

Changes to HSF1 localization have been reported to occur during cell stress or within 

pathological conditions. Upon heat shock, as HSF1 trimerizes it has been shown to 

translocate to the nucleus where it is observed to form distinct foci termed nuclear 

stress bodies (nSBs) [40]. HSF1 nSBs have been shown to colocalize with sites of 

transcription using RNA Pol II in immunohistochemistry [41]. However, a large majority 

of HSF1 nSBs do not overlap with such specific functional markers, suggesting other 

molecular functions of nSBs. These structures are not specific to induction by thermal 

stress, as many diverse cytotoxic stressors can elicit HSF1 nSBs including oxidative 

stress, mitochondrial stress, heavy metals such as cadmium, proteasome inhibition, and 

other small molecule modulators [42, 43]. A common finding in the states that induces 

HSF1 nSBs is the upregulation of HSPs, which has led to the thought that HSF1 nSBs 

are a hallmark of increased HSF1 activity [41, 44]. However, recent evidence suggests 

that chronic stress which leads to an extended time of HSF1 nSB formation is 

detrimental to cell survival [45].  Outside of exogenously applied cell stress, pathological 

conditions such as cancer may also exhibit the formation of HSF1 nSBs [45, 46]. The 

presence or absence of these HSF1 nSBs may be used as predictive markers to assess 

the prognosis and behavior of tumors [46, 47].  

Utilizing C. elegans as a Model Organism 

The roundworm C. elegans is an ideal model organism for studying the molecular basis 

of many biological processes in humans such as aging and pathological conditions. It is 

genetically tractable, has a short lifespan, has transparent anatomy for visualizing 

fluorescent proteins in vivo in live cells, and is economic to culture in laboratory settings. 
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Starting from a newly hatched worm they undergo three larval molts before finally 

molting into an adult hermaphrodite and initiating reproduction shortly thereafter [48]. 

Feeding on E. coli on agar plates researchers can easily manipulate genetic expression 

via RNA interference (RNAi) [49]. By generating RNAi feeding vectors it is possible to 

use E. coli to produce the double stranded RNAi which is ingested and then processed 

into the single stranded RNA species within the worm’s cells themselves [50]. This 

effect is also systemic and can spread from tissue to tissue but has been shown to be 

less effective in some tissue types than others notably neuronal cells. C. elegans also 

has well defined genetics. It was the first multicellular organism to have its genome 

sequenced and has been fully annotated [51].  

Studies of the Heat Shock Response in C. elegans 

For this research’s studies on the HSR the worm is especially well suited. 

Transcriptional reporters for HSF1 target genes have already been generated and 

characterized. Similarly, to mammalian cells, the C. elegans homolog of human HSF1 is 

also known as Heat Shock Factor 1 (HSF-1). Within the worm HSF-1 has been shown 

to drive the expression of HSPs as well as regulating diverse cellular processes. Similar 

to mammalian cell-based experiments, worm HSF-1 can also exhibit localization 

changes either in response to cell stress or optogenetic based stimulation [52, 53]. 

However, a complete understanding of the function of these structures remains unclear 

as worms lack the DNA satellite sequences described from mammalian investigations. 

Experimental evidence also suggests that the HSR can be regulated cell non-

autonomously by sending signals from one tissue type to distal tissues [54-56]. 

Overexpression of HSF-1 in the worm can replicate longevity enhancement similar to 
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mouse experiments as well [57]. Modulation to the actin cytoskeleton has also been 

shown to regulate HSF-1 activity in the worm [58]. Notably, there is evidence suggested 

that the germline regulates multiple cell stress pathways in the worm including the HSR 

[59, 60]. Very early in the worm lifespan there is also a radical change in the robustness 

of stress activated HSR that is related to chromatin access and mitochondrial function 

[61, 62]. It has been shown that mild mitochondrial stress can modulate the decline in 

the HSR associated with the transition to adulthood to improve worm health and this 

acts through the HSR. However, a complete understanding of the expression of HSF-1 

in all tissues and throughout aging in the worm is not well described. 

Aging and the Heat Shock Response 

The HSR has been shown to regulate aging in many metazoan model systems and has 

become a very attractive system to pharmaceutically target in order to promote healthier 

lifespans in humans. Experiments in which HSF-1 is overexpressed or activated with 

small molecules results in the higher expression of its target genes, including molecular 

chaperones, which act to stabilize the proteome and protect it from damage [47, 57, 63, 

64]. As such, understanding how to utilize the HSR is thought to be essential to develop 

therapies to promote human health. It has been shown that modest stressors such as 

mild heat shocks may activate HSF-1 enough to provide a lasting benefit, which is 

partially mediated through histone acetylation and the activation of autophagy [63, 65]. 

Genetically, the HSR can also be modulated to promote longevity by the suppression of 

negative regulators of the HSR. First described in mammalian cells, a binding partner of 

HSF1, heat shock binding protein 1 (hsbp-1), can bind to HSF1 and block HSR activity 

by interacting with the oligomerization domain of HSF1 [66-68]. The homologous gene 
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in the worm is heat shock binding protein 1 (hsb-1) and its effect on the activity of the 

HSR and longevity is also conserved [69, 70].  

Insulin Signaling in C. elegans 

Interestingly, it has been shown that insulin signaling, a well-studied regulator of stress 

resistance and aging in C. elegans, has been shown to regulate hsb-1’s ability to bind to 

and suppress HSF-1 activity [69]. Insulin signaling, and more importantly the disruption 

of insulin-signaling, is one of the most well studied genetic pathways that regulate C. 

elegans lifespan, stress resistance, metabolism, immunity, and development is the 

Insulin/IGF-1 signaling pathway [71-73]. The C. elegans genome encodes many insulin 

or insulin-like peptides to mediate essential developmental signals and respond to 

changes in food availability, temperature, pH, and other biological challenges [71, 74, 

75]. One of the key insulin receptors is a gene called daf-2 which was first described in 

1993 as a mutant that lives twice as long as wildtype animals [76]. This receptor is 

classified as a tyrosine kinase. Active insulin signaling leads to a downstream cascade 

of phosphoinositide-3-kinase (PI3K), Ras/mitogen activated protein kinase (MAPK), and 

target of rapamycin (mTOR) pathway activation [77]. This gene was identified for its role 

in promoting dauer formation which is an alternative life cycle stage for C. elegans that 

results in morphological, behavioral, and feeding changes. The disruption in insulin 

signaling conferred by daf-2 mutants has been shown to dramatically increase general 

stress resistance including thermotolerance and requires stress responsive transcription 

factors such as daf-16, hsf-1, and skn-1 [57, 78, 79]. Most notably, the regulation of the 

FoxO transcription factor DAF-16 within the insulin signaling pathway is the most well 

studied. Once insulin or insulin like peptides bind to DAF-2 they lead to the activation of 
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the downstream phosphorylation cascade starting with the phosphoinositide-3-kinase 

AGE-1 [80]. This then results in a series of serine/threonine kinase activations including 

PDK-1, AKT-1, and AKT-2 which result in the phosphorylation of DAF-16 which plays a 

major role in DAF-16 subcellular localization [77, 81, 82]. Phosphorylated DAF-16 is 

predominantly cytoplasmic where dephosphorylated DAF-16 can accumulate in the 

nucleus and drive expression of its target genes [83]. In the wildtype daf-2 background, 

DAF-16 has been shown to be mostly diffuse in the cytoplasm, but can quickly 

redistribute in response to heat shock or other stressors for activation. However, In the 

daf-2 mutant background, DAF-16 is constitutively nuclear in expression which suggests 

increased transcriptional activity supporting its role in enhancing lifespan and overall 

stress resistance [83]. As stated previously, a connection between insulin-signaling and 

the heat shock response was made 2012 showing that the DDL-1-containing HSF-1 

inhibitory complex (DHIC) are disrupted by reduced insulin-signaling [69]. These 

findings suggested that DDL-1/2 acted together with HSB-1 to negatively regulate HSF-

1 activity. However, it remains unclear if the characterized phosphorylation signaling 

cascade may directly target HSF-1 or how changes to insulin-signaling may regulate 

HSF-1 localization.  

Sirtuin SIRT1 and the Heat Shock Response 

Direct negative regulation with HSF-1 is not necessary as research from our group has 

also shown that it is possible to suppress negative regulators of other HSF-1 modifying 

genes to affect longevity. SIRT1 in human mammalian cells functions as an acetylation 

transferase and has been shown to modify many conserved client proteins and when 

overexpressed leads to increased stress resistance and longevity [84-86]. This effect is 
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also recapitulated in the worm and has been another attractive target for pharmaceutical 

targeting [87].  SIRT1 can deacetylate HSF1 within its DNA binding domain and this 

effect causes enhanced binding and an increased HSR [88]. It was then hypothesized 

that by suppressing a negative regulator of the worm homolog of SIRT1 termed CCAR-

1, it should enhance the HSR in the worm and promote stress resistance and longevity 

[89]. In the worm the homolog of SIRT1 is sir-2.1 and it still remains unclear how sir-2.1 

may regulate HSF-1 activity or localization is still unknown. 

Decline of the Heat Shock Response in C.elegans 

The effect of aging on the HSR is also a large interest in C. elegans. A striking feature 

of the HSR is that it undergoes a dramatic decline very early in adulthood [61, 90]. This 

effect is related to chromatin remodeling that leads to decreased access for HSF-1 to its 

target gene promotor elements such as hsp-70 and hsp-90. Interestingly, this event can 

be suppressed by restoring histone modifying enzymes, modulation of mitochondrial 

stress, or genetic removal of the germline [61, 62, 91]. However, there is still not a 

complete understanding of how these signals may transmit from the germline to the 

soma nor between two somatic tissue types. Further, how these signals affect HSF-1 

localization is very unclear. In this dissertation research, I have conducted studies to 

examine how tagged HSF-1 behaves under some of these conditions, revealing critical 

insights into understanding HSF-1 at the whole organism level within chapter 2 

Previous Fluorescently Tagged HSF-1 Models 

To address the aims of chapter 2 of this dissertation I will need to examine the 

localization of HSF-1 under various stressors, in different genetic backgrounds, and 
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during aging using a fluorescently labeled hsf-1 transgene. There are multiple methods 

to insert transgenic DNA into the genomes of model organisms. Previous techniques 

such as TALENs and Zinc-finger nucleases have been used for years to modifying an 

assortment of different organisms [92-95]. These techniques both rely on DNA cleaving 

enzymes to break and/or then repair a particular genetic locus depending on the 

researcher’s applications.I utilized CRISPR/Cas9 based genome editing to produce an 

endogenously tagged HSF-1::GFP worm model. There are other C. elegans HSF-

1::GFP models that are currently available. The first model produced was based on 

standard extrachromosomal array integration of a HSF-1::GFP transgene driven under 

the control of the hsf-1 promotor [69]. In this strain the exogenous DNA element is 

randomly integrated into the worm’s genome during the recovery period after the 

application of mutagenic agents [96]. These models will overexpress your transgene, 

but may represent the behavior of the protein at endogenous expression levels. To 

improve on this, the creation of low-dose transgene models utilizing a predetermined 

genomic locus to insert the transgene was developed. This method uses the Mos1 

mediated single copy insertion (Mos-SCI) [97]. In this approach, Mos1 transposable 

elements from Drosophila were introduced into the worm genome which then are able 

to react with a plasmid carrying your DNA of interest flanked by the corresponding 

homology arms [97]. This method was used to create a HSF-1::GFP model that showed 

C. elegans HSF-1::GFP is predominately nuclear and is able to respond to diverse 

stressors [52]. However, one issue with both of these approaches is silencing of the 

transgene which has been shown to be regulated by the choice of 3’ untranslated region 



13 
 

in the transgene and they will not reflect the regulation of the endogenous hsf-1 locus 

[98].  

CRISPR/Cas9 as a Tool for Genetic Modification 

Recently, a new approach using the enzyme Cas9 derived from Streptococcus 

pyrogenes has dramatically altered the accessibility of genetic modifications to 

scientists. Cas9 revolutionized genetic recombination because it is a endonuclease that 

is readily reprogrammable to cleave a particular target sequence. Once bound to a 

guiding RNA molecule, it scans the DNA until the site is located and creates a double 

strand break [99]. This endonuclease activity is dependent on a particular motif called 

the protospacer adjacent motif located at the end of the target sequence corresponding 

to the general sequence nGG. In prokaryotes, research suggests that Cas9 acts as an 

adaptive immunity molecule by searching for sequences from bacteriophage integrated 

into the genome from previous infections [100]. First identified in 1987, these clustered 

regularly interspaced palindromic repeats (CRISPR) serve as the sequence obtained 

from phage or plasmid DNA previously infecting the cell [101]. These sequences are 

then used as templates to produce guiding RNAs that load onto Cas9 to search out and 

inactivate invading viral genomes. Researchers have adapted this programmable 

endonuclease to achieve a variety of genetic modifications. It is possible to adapt the 

CRISPR/Cas9 system to perform genetic activations, inactivations, knock-in, or knock-

out animals or cell lines at specific sites within the genome with relative ease. Because 

CRISPR/Cas9 insertion is thought to bypass the concerns regarding transgene 

silencing and should faithfully reflect endogenous expression and regulation of the hsf-1 
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locus I chose this approach to generate my HSF-1::GFP model for research in chapter 

2. 

Chromatin remodeling and the Heat Shock Response 

hsp promotors and other regions of the chromatin undergo changes both during and 

after heat shock. Multiple conserved chromatin remodeling factors and complexes have 

been implicated in regulating hsp promotors across a variety of cell types and 

organisms. Starting in C. elegans, it has been shown that mild heat shock enables a 

more robust response to an otherwise lethal heat shock given afterward [63, 102]. One 

mechanism that regulates this is histone acetylation [65]. The effect of this modification 

is thought to relax the chromatin state and enable more efficient access of transcription 

factors like HSF-1 to bind and activate HSPs in response to stress [103]. It has also 

been shown that modulation of the histone balance by perturbing chromatin remodeling 

factors such as ISW-1, a member of the Nucleosome remodeling factor complex 

(NURF) also upregulates the HSR in the worm [104]. Relatedly in yeast, another 

chromatin remodeling complex SWI/SNF and ISWI has also been shown to play a major 

role in both the normal activation of the HSR and repression of other genes during heat 

shock [105, 106]. One of the hallmarks of the response of cells to heat shock is a global 

reorganization of chromatin which typically results in the prioritization of the robust 

induction of hsp genes and few other genes [107-111]. To explain this, within the 

mammalian literature it is suggested that HSF-1 itself acts as a chromatin remodeling 

factor due to its ability to the recruit histone deacetylases HDAC1 and HDAC2 to initiate 

heat shock-dependent histone deacetylation [112].  
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In C. elegans, it has also been shown that a specific lysine demethylase, jmjd-3.1, is 

capable of specifically regulating hsf-1 target genes across the transition to adulthood 

[61]. Lysine demethylases function to remove a methyl group from histone lysines and 

this functions to regulate chromatin structure and gene expression [113]. These genes 

have been shown to become dysregulated in many disease states including cancer and 

are a growing area of interest for therapeutic manipulation. In the worm, the transition to 

adulthood is a particularly early timepoint in aging and it also marks the striking decline 

in the inducibility of many hsf-1 dependent hsps [90]. The literature suggests that jmjd-

3.1’s gene expression declines very rapidly during this point in early adulthood which 

results in the repression of chromatin accessibility of HSF-1 to its hsp target gene 

promotors. Transgenic overexpression of JMJD-3.1 is sufficient to suppress the decline 

in hsp expression and results in lifespan extension and increased stress resistance in 

the worms [61]. However, given jmjd-3.1’s important role in regulating C. elegans 

lifespan, a complete understanding of the genetic control of the expression of jmjd-3.1 is 

still unclear.  

Another common finding in response to heat shock is the expression of Satellite III 

repeat sequence RNAs dependent on HSF1 in human cells. The DNA regions that 

contain these repeats is typically found in the heterochromatin state prior to heat shock. 

It has been shown that heat shock can cause HSF1 nuclear stress bodies to form near 

Satellite III repeats and regulates histones at these locations and temporarily alters the 

chromatin state to euchromatin facilitating the transcription [114, 115]. It has also been 

shown that the SWI/SNF complex is also required for the expression of these Satellite 
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III repeats and the formation of HSF1 nuclear stress bodies which is thought to 

represent active HSF1 [116, 117].  

One interesting aspect is that these repetitive sequences have not been described in 

the C. elegans genome, yet fluorescently tagged worm HSF-1 displays similar nuclear 

stress bodies in response to heat shock [52]. Taken together, these results suggest that 

multiple chromatin remodeling complexes regulate HSR target genes and thermal 

stress itself may play an important role in regulating chromatin dynamics and HSF-1 

activity across metazoans. Specifically in C. elegans, it prompts unanswered questions 

regarding how chromatin remodeling factors regulate HSF-1 target gene expression as 

well as how thermal stress may also directly mediate HSF-1 target gene accessibility. 

To identify candidate chromatin remodeling factors that affect the worm HSR I will 

perform an unbiased RNAi subscreen and characterize hits in chapter 3 of this 

dissertation.  

Inorganic Pyrophosphatases and PYP-1 

A hit identified in our collagen/cuticle screen was the gene pyp-1. It is not very well 

studied beyond basic characterization in C. elegans [118]. PYP-1 is expressed in the 

intestine and nervous system where it functions as an inorganic pyrophosphatase 

(PPase) [118]. Inorganic pyrophosphatases function enzymatically to hydrolyze 

inorganic pyrophosphate (PPi) to two molecules of orthophosphate (Pi). This reaction is 

highly exergonic which may be coupled to catalyze otherwise energetically unfavorable 

reactions [119]. The types of reactions inorganic pyrophosphatase include biosynthetic 

reactions of DNA, RNA, protein, and polysaccharides [120]. There are two classes of 

PPases, soluble PPase and membrane bound H+ translocating PPases and are not 
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very related in sequence similarity [121]. Within the soluble PPases the active site 

structure is evolutionarily conserved [122]. Changes in their activity lead to alterations of 

metabolism and growth in some plants [123]. The most widely studied soluble PPase is 

NURF38 in Drosophila is a member of the NURF complex and functions in nucleosome 

remodeling [124]. In Drosophila, NURF38 is required for appropriate development and 

regeneration after radiation damage and during metamorphosis [125, 126]. It also plays 

a role in maintaining germline stem cells in the Drosophila testis [127]. Interestingly, in 

the parasitic roundworm Ascaris, PPase has been shown to play a role in the 

development and molting of the cuticle [121]. Our data regarding the identification and 

phenotypes of pyp-1 regulating the HSR in C. elegans are detailed in chapter 3 of this 

dissertation work. 

The C.elegans Cuticle and Collagens 

Given our findings related to pyp-1 in chapter 3 in conjunction with previous results of 

our groups data we also sought to screen cuticle and collagen genes as regulators of 

the HSR [111]. Similar to the mammalian cuticle, the worm cuticle serves as a physical 

barrier to pathogens and small molecules, and assists in maintaining internal cellular 

physiology [128, 129]. The worm undergoes five total molts throughout its lifespan. The 

cuticle serves as an essential attachment point for body wall muscles for locomotion 

[130, 131]. The collagens that comprise the cuticle are highly conserved ubiquitious 

proteins that have a regular tripeptide repeat which consists of Glycine-A-B, where A is 

proline and B hydroxyproline [132]. In order to form a collagen fiber, three procollagen 

peptides trimerize in the endoplasmic reticulum before being exported from the cell. 

After secretion from the ER, procollagens are further processed and crosslinked 
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together for cuticle synthesis [133]. Appropriate cuticle synthesis and patterning results 

in specific structures called alae along the dorsal and ventral and circumferential 

furrows along the entire length of the worm body [134]. Mutations in collagen genes 

may lead to changes in the morphology of the cuticle affecting the alae, furrows, and 

overall motility of the worm. Cuticle phenotypes are typically named for the resulting 

observable phenotype including dumpy (dpy), squat (sqt), long (lon), roller (rol), and 

blister (bli) [132]. The cuticle genes undergo cyclic expression that correspond to 

molting timing [135].  

Beyond the worm cuticle, collagens serve as essential components of the extracellular 

matrix in other cellular compartments and organs. Dysregulation of collagen processing 

also underlies a variety of human disease such as Ehlers-Danlos syndrome, 

chondrodysplasia, osteogenesis imperfecta, and wound healing defects [132]. The 

worm cuticle has distinct characteristics and features within its underlying mechanisms 

regarding its synthesis and processing which are highly conserved in many metazoans. 

One growing technology that will benefit from a better understanding of ECM synthesis 

is organoid technology. In this technique, cells are cultured to form more accurate 

representative structures of organs to facilitate a variety of research applications [136, 

137]. 

It has been reported that the cuticle plays a role in regulation of osmotic and oxidative 

stress [138-140]. Changes to intracellular osmolarity can lead to increases or decreases 

in cell volume which may result in mechanical stress on cellular components. 

Interestingly, changes to the morphology of the cuticle has been shown to activate both 

oxidative stress and antimicrobial defenses. This data suggests that the cuticle itself 
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may act as a sensor to adverse environmental conditions and the presence of 

pathogens. One relatively new approach to enhance longevity is the modulation of 

collagens to mediate aging effects. It has been suggested that in long-lived genetic 

mutants collagen remodeling may be a mechanism by which worms exhibit anti-aging 

behavior [141]. Some collagen genes have been shown to be regulated by HSF-1 

during stress conditions and independent of stress [111]. These results suggest that the 

HSR can be co-opted in order to promote increased longevity and stress resistance to 

enhance the human condition. It is unknown if the modulation of cuticle morphology 

affecting oxidative and osmotic stress responses described above may also regulate 

HSF-1 activity as well. To begin answering these questions, the worm presents an 

amenable screening tool to identify novel candidate regulators of the HSR. We 

performed a RNAi subscreen of all available cuticle/collagen genes and the results can 

be found in chapter 5 of this dissertation.  

Studies Proposed 

Analysis from the literature reveals many aspects of the HSR that need to be 

addressed. Specifically in C. elegans, to better understand the regulation of the HSR, I 

propose the following aims. The construction of an endogenously tagged HSF-1 

fluorescent model will allow for high fidelity analysis of the expression and localization of 

HSF-1 in vivo during acute cell stress and aging. This will be examined in chapter 2 of 

this work. Following construction and validation of this model I propose to test the 

genetic regulation of longevity promoting mutant backgrounds on the localization of 

HSF-1::GFP to better understand how HSF-1 may be regulated to promote enhanced 

survival. This will be examined in chapter 6 of this work. Chromatin remodeling has 
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been shown to regulate the HSR, but a wide analysis of multiple chromatin remodeling 

factors has not been performed. I propose a targeted RNAi subscreen of available 

chromatin remodeling factors to potentially identify novel regulators of the HSR. This will 

be addressed in chapter 3 of this work. The post-translation modification O-GlcNAc has 

been shown to modify mammalian HSF1, but its effect at the organismal level is still not 

well understood. To address this, I propose to examine the effect of both hyper-O-

GlcNAclyation and hypo-O-GlcNAclyation on the HSR in C. elegans. This will be 

presented in chapter 4 of this work. Lastly, previous research in our lab has revealed 

HSF-1 dependent regulation of collagen genes both dependent on cell stress and 

independent of stress. To examine a potential role of collagens themselves regulating 

the HSR I propose a RNAi subscreen of collagen or collagen modifying genes to identify 

potential novel regulators of the HSR via collagen/cuticle remodeling. This work will be 

presented in chapter 5 of this work. 
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Chapter 2 

HSF-1 displays nuclear stress body formation in multiple tissues in Caenorhabditis 

elegans upon stress and following the transition to adulthood 

Text adapted from manuscript submitted to Cell Stress and Chaperones in revisions.  

Abstract 

The transcription factor Heat Shock Factor-1 (HSF-1) regulates the heat shock response 

(HSR), a cytoprotective response induced by proteotoxic stresses.  Data from model 

organisms has shown that HSF-1 also has non-stress biological roles, including roles in 

the regulation of development and longevity.  To better study HSF-1 function, we created 

a C. elegans strain containing HSF-1 tagged with GFP at its endogenous locus utilizing 

CRISPR/Cas9-guided transgenesis.  We show that the HSF-1::GFP CRISPR worm strain 

behaves similarly to wild-type worms in response to heat and other stresses, and in other 

physiological processes. HSF-1 was expressed in all tissues assayed. Immediately 

following the initiation of reproduction, HSF-1 formed nuclear stress bodies, a hallmark of 

activation, throughout the germline. Upon the transition to adulthood, of HSF-1 nuclear 

stress bodies appeared in most somatic cells. Genetic loss of the germ line suppressed 

nuclear stress body formation with age, suggesting that the germ line influences HSF-1 

activity. Interestingly, we found that various neurons did not form nuclear stress bodies 
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after transitioning to adulthood. Therefore, the formation of HSF-1 nuclear stress bodies 

upon the transition to adulthood does not occur in a synchronous manner in all cell types. 

In sum, these studies enhance our knowledge of the expression and activity of the aging 

and proteostasis factor HSF-1 in a tissue-specific manner with age. 

Introduction 

The heat shock response (HSR) is a conserved stress response that maintains 

proteostasis within cells and organisms. Heat shock transcription factor 1 (HSF1), the 

master regulator of the HSR, drives expression of heat shock protein (hsp) genes 

following exposure to high temperature [142]. HSPs then act as molecular chaperones to 

restore proteostasis [143].  In addition to functions in stress-induced gene expression, 

HSF1 is now known to orchestrate diverse normal physiological processes including 

development, reproduction and aging [142]. HSF1 is also central to a number of diseases 

of aging including neurodegenerative diseases, cancer, and metabolic disorders [144]. 

Understanding how HSF1 function can be co-opted or compromised with age is thus 

critical for understanding the normal aging process and for elucidating novel therapeutic 

strategies for diseases of aging. 

Caenorhabditis elegans is a useful model organism in which to study the function of the 

conserved HSF-1 transcription factor during stress, development, and aging. A number 

of HSF-1::GFP worm strains have been created to visualize HSF-1 localization and 

activity during these conditions. Overexpression models of HSF-1::GFP have shown gain-

of-function phenotypes, including increased stress resistance and longevity [69, 78, 145, 

146]. More recently, HSF-1::GFP models created using the direct genome insertion 

MosSCI technique have allowed the study of HSF-1::GFP when expressed at levels that 
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are closer to physiological levels [52, 147]. HSF-1::GFP is expressed primarily in the 

nucleus of C. elegans cells, where it localizes into distinct granules upon heat shock [52]. 

These granules are similar to the nuclear stress bodies formed by mammalian HSF1, 

markers of activation [40, 44].  

Many questions remain regarding HSF-1 activation in a whole organism. For instance, 

more could be learned about the effects of diverse stressors besides heat shock on 

HSF-1 activity.  Also, a whole organism model is useful to uncover the effects of 

naturally occurring developmental programs on HSF-1 activity. Additionally, the effect of 

aging on HSF-1 activity in a tissue-specific manner deserves more research. To 

address these questions, we utilized CRISPR/Cas9 technology to add a GFP tag onto 

the endogenous hsf-1 gene in C. elegans. This model has the advantage that HSF-

1::GFP expression comes from the endogenous chromatin location, so expression 

should be highly similar to wild-type expression. Using this model, we characterized the 

localization and nuclear stress body formation of HSF-1 in response to diverse cytotoxic 

stressors and across age in a tissue-specific manner.  

 

Results 

A C. elegans HSF-1::GFP CRISPR model shows that HSF-1::GFP in young worms 

is localized to nuclei of hypodermal cells and forms nuclear stress bodies in 

response to heat shock. 

Previously published studies of C. elegans HSF-1 have utilized fluorescently tagged HSF-

1 that was either overexpressed or integrated at a non-endogenous location in the 
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genome [52, 69, 147]. To improve upon our understanding of HSF-1 physiology and its 

expression and function during the transition to adulthood in C. elegans, we sought to 

knock in GFP in the endogenous locus to avoid overexpression and locus-specific effects.  

We utilized CRISPR/Cas9 transgenesis to knock in a homologous repair template 

carrying a direct GFP hsf-1 C-terminal fusion, retain its endogenous 3’ UTR, and select 

transgenic animals via unc-119(+) rescue (Figure S1) allowing expression of endogenous 

HSF-1 tagged with GFP (Figure 1A-B). Hypodermal cells of the resulting worm strain, 

SDW015, were then examined at the L4 larval/young adult stage (L4/YA) for HSF-1::GFP 

expression patterns with and without heat shock (Figure 1 A-B). We found that HSF-

1::GFP is diffusely expressed in nuclei under non-stress conditions (Figure 2.1A).  HSF-

1::GFP redistributed into nuclear stress bodies, a well-established hallmark of HSF-1 

activation [115, 148], following heat shock (Figure 1B). We obtained similar results using 

a MosSCI single-copy HSF-1::GFP strain [52] for comparison (Figure 2.1C-D). Upon 

examining hypodermal cells from multiple worms (n≥8) from both the CRISPR knock-in 

and the MosSCI HSF-1::GFP strains, we found nearly 100% of the cells showed diffuse 

nuclear HSF-1 prior to stress (negative for the appearance of nSBs (–nSBs)), which 

redistributed into nuclear stress bodies following heat shock (Figure 2.1E).  

HSF-1::GFP shows diffuse nuclear expression in multiple tissues in young worms, and 

forms nuclear stress bodies in the absence of exogenous stress in some germline cells. 

To determine the full organismal expression pattern of HSF-1::GFP using our 

endogenous HSF-1::GFP CRISPR model, we analyzed multiple tissues via fluorescence 

microscopy in L4/YA worms. (Figure 2.2- A-H complete images, Figure 2- I-N magnified 

inserts).  HSF-1::GFP expression was observed in all cell types examined. In unstressed 
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worms, HSF-1::GFP was predominantly localized diffusely in the nucleus and was visible 

in all cells examined including hypodermal cells, intestinal cells, pharyngeal muscle cells, 

amphid neurons, phasmid neurons, adult nerve ring neurons and germ cells. Interestingly, 

HSF-1::GFP was observed to form nuclear stress bodies in different regions of the 

germline including both the distal and proximal ends as well as the loop (Figure 2.S2), 

even though the worms were not exposed to any external stressors, suggesting that HSF-

1 activity may be affected by the germ cell maturation process. 

HSF-1::GFP provides thermotolerance, allows the induction of hsp mRNA upon 

heat shock, and does not alter thermotolerance, brood size, or lifespan. 

To validate that the addition of the GFP tag to HSF-1 did not cause any gross organismal 

alterations to HSF-1 function, we first examined whether the worm strain induced hsp 

mRNA upon heat shock, and whether the worms displayed alterations to thermotolerance 

(Figure 2.3). In L4/YA worms, we assessed the heat shock inducibility of hsp-16.2 mRNA 

(Figure 2.3A) and hsp-70 (C12C8.1) mRNA (Figure 2.3B). We found that both genes were 

highly inducible in the HSF-1::GFP CRISPR strain, although the maximum induction 

levels were lower than in the wild-type N2 strain. We found no significant changes in 

thermotolerance levels between the HSF-1::GFP CRISPR strain and the wildtype N2 

strain 24 hours post subjection of L4/YA worms to a 37⁰C heat shock for 2 hours (Figure 

2.3C).  Thus, while the HSF-1::GFP CRISPR strain was not able to reach the same 

maximal hsp mRNA induction as wild-type worms, the modified hsf-1 gene still allowed 

for significant activation of molecular chaperone genes in response to thermal stress and 

the same degree of protection of the organism from thermal stress.  
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Continuing to validate our HSF-1::GFP model, we next performed experiments using hsf-

1 or GFP RNAi to test whether targeting HSF-1::GFP in our CRISPR strain had 

physiological consequences on brood size, thermotolerance, and lifespan, all processes 

which are known to be modulated by HSF-1 [145]. hsf-1 RNAi decreased brood size by 

over 50% in both the N2 strain and in the HSF-1::GFP CRISPR strain (Figure 2.3D). As 

predicted, RNAi targeting GFP specifically eliminated offspring in the HSF-1::GFP 

CRISPR worms as compared to the N2 strain. Therefore, HSF-1 with the GFP tag retains 

its ability to modulate the number of offspring. To test for resistance to heat stress, we 

found that hsf-1 RNAi decreased thermotolerance in both the N2 and in the HSF-1::GFP 

CRISPR strain (Figure 2.4E). GFP RNAi, on the other hand, only decreased 

thermotolerance in the HSF-1::GFP CRISPR strain, as expected. We note that the effect 

of the hsf-1 RNAi on both the number of offspring and on thermotolerance was greater in 

the SDW015 strain than it was in the N2 strain for unknown reasons. For longevity studies, 

we observed that both N2 and HSF-1::GFP CRISPR animals displayed similar lifespans 

with control RNAi (Figure 2.4F) and both have reduced longevity after hsf-1 RNAi 

treatment, but only the HSF-1::GFP CRISPR animals were affected by GFP RNAi (Figure 

2.4G). A similar pattern for the median lifespan was also observed (Figure 2.4H). Both 

strains had significant reductions in median lifespan when fed hsf-1 RNAi, but only the 

HSF-1::GFP CRISPR strain was affected by GFP RNAi. Thus, our HSF-1::GFP CRISPR 

strain can be targeted by RNAi against either hsf-1 or GFP to affect known HSF-1-

dependent physiological processes. 
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Multiple cytotoxic stressors induce HSF-1 nuclear stress body formation. 

Heat shock is one of many proteotoxic stressors that can activate HSF-1.  We thus tested 

the effectiveness of several other stressors on the formation of nuclear stress bodies in 

the hypodermal cells of HSF-1::GFP CRISPR animals at the L4/YA stage (Figure 2.5). 

We found that severe hypertonicity (600 mM NaCl/ 30 min) induced HSF-1:GFP nuclear 

stress body formation (Figure 2.5B), likely due to a disruption in proteostasis caused by 

osmotic stress. We then tested a panel of oxidative stressors, including the naturally 

occurring oxidants juglone and peroxide, and the synthetic compounds paraquat and 

acrylamide, for their abilities to induce HSF-1 nuclear stress bodies. Juglone (38 µM/30 

mins), paraquat (5 mM/2 hrs), and peroxide (7.5 mM/2 hrs), were all able to induce 

nuclear stress bodies, but acrylamide (7 mM) was not (Figure 2.5B-F). Since acrylamide 

is reported to act as a neurotoxin, we wondered if cells still responded to thermal stress 

following acrylamide exposure, and indeed we observed strong HSF-1:GFP nuclear 

stress body formation after heat shock (Appendix A3, A-E). To confirm our acrylamide 

was functional, we exposed strain CL2166 (pgst-4::GFP), an oxidative stress transgenic 

transcriptional reporter strain, to 7 mM acrylamide and observed strong activation of the 

reporter (Appendix A3, F).   

Next, we tested whether HSF-1::GFP could respond to UV-induced DNA damage. We 

found that UV damage also activated HSF-1, as we observed the formation of stress 

bodies in nuclei of stressed animals immediately following UV exposure (Figure 2.5G). 

Lastly, we tested whether sodium azide induced HSF-1::GFP nuclear stress bodies. 

Sodium azide inhibits cytochrome oxidase and ATP production, and can be often used 

as an anesthetic to immobilize C. elegans [149]. Similar to a previous report [52], we 
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found strong nuclear stress body formation in hypodermal cells upon exposure to 5 mM 

sodium azide for 5 mins  (Figure 2.5H). Therefore, HSF-1::GFP can form nuclear stress 

bodies in hypodermal cells in response to diverse cytotoxic stressors in addition to heat 

shock. 

HSF-1::GFP forms nuclear stress bodies upon the transition to adulthood in 

hypodermal cells and germline cells, an effect that is suppressed by genetic loss 

of the germline. 

C. elegans is an ideal model to study organismal aging and it has been reported that the 

HSR declines precipitously upon the transition to adulthood [61, 90]. To investigate how 

HSF-1 localization is affected during this period, we aged our HSF-1::GFP CRISPR 

animals without applying outside stressors and recorded the localization of HSF-1::GFP 

in the hypodermal cells and in the germline. During the last larval stage, L4, we observed 

HSF-1::GFP diffusely expressed in the nuclei of both hypodermal cells and germ cells 

(Figure 2.6 A,G). Approximately 6-8 hrs after the L3/L4 molt, C. elegans animals complete 

their final molt into the adult cuticle, becoming young adults (YA).  Five to seven hrs after 

becoming young adults, the worms begin reproduction and become fully gravid adults 

(GA). We observed that upon the transition to adulthood just after the L4/adult molt, HSF-

1::GFP formed nuclear stress bodies in some hypodermal cells and germ cells (Figure 

2.6 B-C and H-I). In addition, a higher proportion of the hypodermal cells of gravid adults 

displayed nuclear stress bodies as compared to young adults, suggesting that the 

transition to adulthood enhances HSF-1 foci formation. Beyond the transition to 

adulthood, we also assessed the behavior of HSF-1::GFP in normally aging animals. 

Starting at the L4 stage we assessed the individually number of HSF-1::GFP nSBs 
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present per hypodermal cell (Appendix A4 A-B). We find that throughout aging stress 

bodies are always observable in every hypodermal cell, but the individual number of nSBs 

per cell can vary dramatically. The C. elegans germline has been linked to the regulation 

of somatic proteostasis and overall longevity, with loss of the germline having a pro-

survival effect [150, 151]. We tested whether the formation of nuclear stress bodies that 

appear in the adult could be suppressed by the genetic loss of the germline by crossing 

the HSF-1::GFP CRISPR strain with a strain carrying the temperature sensitive glp-

1(e2144) mutation (Figure 2.6 D-F). After shifting to the non-permissive temperature of 

25°C, we observed that the glp-1 mutant animals lost the formation of nuclear stress 

bodies upon the transition to adulthood. We next tested whether or not this suppression 

of nSBs conferred by the genetic loss of the germline is capable of retaining cells largely 

absent of nSBs throughout aging in 25°C. Intriguingly, we did not observe any dramatic 

increases in hypodermal cells displaying HSF-1::GFP nuclear stress bodies up to day 9 

of adulthood (Figure 2.6K). Thus, the transition to adulthood can cause the formation of 

nuclear stress bodies, a marker of active HSF-1, and the genetic loss of the germline can 

suppress this effect. 

HSF-1::GFP in various types of neurons escapes the formation of nuclear stress 

bodies during the transition to adulthood. 

We wondered whether cell-cell communication may be important in HSF-1::GFP nuclear 

stress body formation that occurs during the transition to adulthood. To test this 

hypothesis, we asked whether nuclear stress body formation would occur in cells that are 

physically shielded from other cells. In C. elegans, the touch receptor neurons (TRNs) 

become ensheathed by the hypodermis during development. As a result, they are not 
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exposed to the worm’s pseudocoelom and are thus largely protected from other cells. We 

crossed a strain expressing a fluorescent marker for TRNs, pmec-17::RFP, into our HSF-

1::GFP CRISPR strain to create strain SDW077.  We then observed a subset of TRNs, 

the posterior lateral microtuble (PLM) and anterior lateral microtubule (ALM) touch 

receptor neurons, for the presence or absence of HSF-1::GFP nuclear stress bodies 

during the transition to adulthood (Figure 2.7). Interestingly, unlike the other cell types we 

studied, we did not observe an increase in the number of PLM neurons with nuclear stress 

bodies upon the transition to adulthood or in gravid adults (Figure 2.7A). Indeed, upon 

analysis of both the PLM and ALM neurons at gravid adulthood, neither type of TRN 

neuron showed an increase in nuclear stress bodies (Figure 2.6B-F). We then crossed 

an ensheathment mutation, mec-1 (e1292) [152], with our HSF-1::GFP; pmec-17::RFP 

CRISPR strain, and found that the PLM and ALM neurons in these animals still escape 

age-induced formation of nuclear stress bodies (Figure 2.7B, G-J). Thus, an alternative 

mechanism must exist to prevent the  formation of HSF-1 nuclear stress bodies with age 

in these cells. To confirm that PLM neurons are capable of producing HSF-1::GFP nuclear 

stress bodies, we exposed them to heat stress and observed strong focus formation 

immediately following exposure (Appendix A5). We then wondered whether neurons in 

general have decreased formation of nuclear stress bodies with age. We analyzed the 

neurons in the adult nerve ring, and we observed that these neurons also did not show 

enhanced nuclear stress body formation with age (Appendix A6). We thus conclude that 

PLM, ALM and adult nerve ring neurons contrast from other cells in that they do not form 

nuclear stress bodies upon the transition to adulthood. 
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Discussion 

Given the critical role of HSF-1 in regulating cellular proteostasis, organismal viability, and 

aging, we sought to generate a biologically relevant expression model to study this 

transcription factor in C. elegans. We utilized CRISPR/Cas9 genome editing to insert GFP 

as a direct fusion to the endogenous hsf-1 locus, while retaining the natural 3’ 

untranslated region. This approach has an advantage over other C. elegans HSF-1 

expression models as it restricts the cell to express only GFP-tagged HSF-1 instead of 

both tagged and untagged variants. We characterized this strain to understand the 

localization and activation of HSF-1 during cell stress and during the transition to 

adulthood in a tissue-specific fashion. We observed that HSF-1 is nuclear in all cell types 

examined, and that it formed nuclear stress bodies, a marker of activated HSF-1, in 

response to diverse proteotoxic stressors. Immediately following the initiation of 

reproduction, we observed the formation of HSF-1::GFP nuclear stress bodies in multiple 

cell types including germ cells. Overall, these studies enhance our knowledge of the 

expression and activation of the proteostasis factor HSF-1 in a tissue-specific manner 

over age. 

While the addition of the GFP tag decreased maximal hsp induction by heat shock, other 

biological readouts of the HSR remained unaltered. There was no statistical difference in 

survival after thermal stress, brood size, or lifespan in wild-type N2 versus our HSF-

1::GFP CRISPR strain. We note that there appears to be a blunted maximal induction of 

hsp-16.2 and hsp-70 mRNA expression after heat stress as compared to wildtype 

animals, indicating that the GFP tag may moderately hinder the activity of HSF-1, but this 
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reduction was not sufficient to cause obvious phenotypic differences in the assays tested. 

Thus, our strain provides a valid model in which to study HSF-1 expression and activity. 

We observed that the HSF-1::GFP fusion protein is a predominately nuclear protein which 

can quickly redistribute its localization to form nuclear stress bodies after heat shock and 

other cytotoxic stresses. We note that it could be possible for GFP tagging to alter fusion 

protein localization. Many models of mammalian HSF1 suggest that it is cytoplasmic in 

the resting state, and only moves to the nucleus upon proteotoxic stress that allows the 

titration away of inhibitory cytoplasmic chaperones [153]. Conversely, other studies have 

found HSF1 to be predominantly nuclear under control conditions [154, 155]. Initial results 

with overexpressed C. elegans HSF-1::GFP indicated diffuse nucleo-cytoplasmic 

localization for HSF-1 under control conditions, which switched to weak nuclear 

localization after heat shock [69]. Our results that HSF-1::GFP is nuclear prior to stress 

agree with recent C. elegans studies in which HSF-1::GFP was expressed at more 

physiological levels via the MosSCI insertion technique [52, 147].  As our strain expresses 

HSF-1::GFP from the endogenous locus and is thus unlikely to have enhanced HSF-1 

levels, our results support the previous findings that HSF-1 is a constitutively nuclear 

protein in C. elegans.  

The formation of nuclear stress bodies has been associated with HSF1 activation in 

mammalian cells [115, 148].  As reported in previous studies with C. elegans HSF-1::GFP 

generated by MosSCI [52, 147], we find that heat shock induces the localization of HSF-

1 into nuclear stress bodies. Thus, C. elegans HSF-1 is a nuclear protein in all cells 

examined, and it forms classical nuclear stress bodies upon heat shock.  
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Interestingly, we find robust HSF-1::GFP expression in germ cells. While this was not 

reported in a HSF-1::GFP MosSCI strain utilizing the unc-54 3’UTR [52], this was 

observed in a HSF-1::GFP MosSCI strain utilizing the endogenous hsf-1 3’UTR [156]. 

This difference in HSF-1 models is likely attributed to strong germline silencing of 

transgenes that can be alleviated with the usage of particular 3’ UTRs that allow for 

germline expression [98]. In our studies, we have found a striking formation of HSF-

1::GFP nuclear stress bodies throughout the germline immediately following the initiation 

of the C. elegans reproductive cycle. This finding has not been previously described, and 

it is unknown what the function of the HSF-1 nuclear stress bodies is in these cells. Prior 

to fertilization, protein aggregates are cleared to avoid the transmission of protein damage 

across generations [157].  It is possible that HSF-1 nuclear stress body formation in the 

germline is a marker of HSF-1 activation that may be required for this process. 

As a central regulator of cellular proteostasis, worm HSF-1 should be capable of 

responding to diverse forms of cytotoxic agents. To test this hypothesis, we exposed 

worms to several stress conditions in addition to heat shock, including hypertonic stress, 

different forms of oxidative stress, and DNA damage. While mild hypertonic stress did not 

activate HSF-1 (data not shown), we found that severe hypertonic stress (600 mM NaCl) 

could, perhaps due to the macromolecular crowding that occurs under this condition 

[158]. With a panel of oxidative stressors, we found that juglone, paraquat, and peroxide 

were all able to induce nuclear stress bodies. This data fits with previous results showing 

that redox reactions can regulate the HSR [159, 160]. It is unclear why acrylamide, which 

also induces oxidative stress, does not induce nuclear stress body formation. It may be 

that the specific type of oxidative stress is important in determining whether HSF-1 can 



34 
 

become activated. Because the HSR is subject to non-cell autonomous signaling via the 

worm nervous system [54] and acrylamide has been reported to act as a neurotoxin [161], 

we wondered whether HSF-1::GFP would be capable of responding to a thermal stress 

after acrylamide exposure, and found that prior treatment with acrylamide did not block 

heat-induced HSF-1 activation. We showed that sodium azide, a common anesthetic 

used to paralyze worms for imaging [149], also caused the formation of HSF-1 nuclear 

stress bodies. Additionally, UV treatment induced nuclear stress body formation. 

Therefore, we conclude that diverse cytotoxic stressors can activate the formation of 

HSF-1 nuclear stress bodies. Future work with our HSF-1::GFP CRISPR model will allow 

a more detailed analysis of which stressors, or stress combinations, can cause nuclear 

stress body formation and the mechanisms by which this happens. 

Why do we observe an increase in HSF-1 nuclear stress bodies upon the transition to 

adulthood? Previous studies have shown that HSR promotors are subjected to dramatic 

transcriptional silencing upon the transition to adulthood in C. elegans via chromatin 

repression [61]. As HSF-1 nuclear stress body formation has been associated with 

activated HSF-1, how can we reconcile these two disparate observations? HSF-1 nuclear 

stress bodies may reflect an attempt to respond to a decline in proteostasis capacity that 

occurs upon the transition to adulthood. HSF-1 could become activated and form nuclear 

stress bodies at distinct genomic loci, but would be unable to activate the transcription of 

most hsp target genes due to chromatin inaccessibility. A recent study of HSF-1 nuclear 

stress body formation in human cancer cells also has an interesting link with our data. In 

this study, it was found that while HSF1 nuclear stress body formation correlates with 

HSF1 activity at the cell population level, at the single cell level it is actually the dissolution 
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of the foci, not the formation of the foci, that correlates with HSF1 activity [45]. It is possible 

that once stress induces the HSF1 foci, the foci then have two options: to dissolve, 

allowing HSF1 activity, or to solidify, permanently trapping and inactivating HSF1. It is 

possible that the appearance of HSF-1 nuclear stress bodies that we are seeing with age 

is thus indicative of inactive, trapped HSF-1, correlating with the dramatic decrease in the 

activity of the HSR. 

Well-established methods to support overall proteostasis and longevity in C. elegans 

are by physical destruction of germline precursor cells or by genetic loss of the germline 

[59, 91]. Raising HSF-1::GFP CRISPR animals carrying the glp-1 (e2144) mutation at 

the non-permissive temperature to eliminate the germline, we found that the formation 

of nuclear stress bodies upon the transition to adulthood is lost. Thus, there is a 

transcellular signaling mechanism that signals between the germline and the somatic 

cells to regulate nSBs formation. It will be interesting in future work to determine the 

mechanism by which the transition to adulthood induces HSF-1 nuclear stress bodies, 

how the elimination of the germline prevents this, and what the biological significance of 

formation of nuclear stress bodies is at the cellular and organismal level across age. 

Interestingly, we observed that the PLM, ALM and nerve ring neurons did not recapitulate 

the rapid shift in HSF-1::GFP nuclear stress body formation across the transition to 

adulthood that occurs in the cells of other tissues. PLM neurons did form HSF-1 nuclear 

stress bodies in response to heat shock, so they do express HSF-1 that can respond to 

stress.  It will be informative in future work to test whether other neuronal types also 

behave similarly, and to investigate what is protecting these neuronal cells from nuclear 

stress body formation with age. 
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Collectively, our studies suggest that HSF-1 is expressed in the nuclei of multiple cell 

types within C. elegans and can respond to diverse stresses, biological processes, and 

age to become activated.  Our HSF-1::GFP CRISPR model provides a new tool to further 

understand how this critical protein integrates stress, development, and aging in a whole 

organism model. 

Materials and Methods 

C. elegans strains and maintenance. C. elegans strains were grown and maintained at 

20⁰C on NGM plates with Escherichia coli OP50-1, unless otherwise noted. Bristol N2 

was used as the wild-type strain for these studies. Additional strains used were OG497 

[drSi13 II; unc-119(ed3) III] [52], SDW015 hsf-1(asd002(hsf-1::GFP + unc-119(+)) (this 

work), SDW050 hsf-1(asd002(hsf-1::GFP + unc-119(+))); glp-1(e2144) (this work), 

SDW077 hsf-1(asd002(hsf-1::GFP + unc-119(+)));uIs115[pmec-17::RFP] (this work), and 

TU6773 hsf-1(asd002(hsf-1::GFP + unc-119(+))); uIs115[pmec-17::RFP]; mec-1(e1292). 

Age synchronization was accomplished by standard hypochlorite treatment. 

Creation of CRISPR HSF-1::GFP strain (SDW015). CRISPR/Cas9 transgenesis was 

performed as described with modifications [162]. Briefly, upstream and downstream 

homology arms consisting of 2 kb of genomic sequence flanking either side of the desired 

double strand break was amplified via PCR and followed by subsequent Gibson 

Assembly to insert GFP directly following exon 8 directly before the stop codon of hsf-1. 

Unc-119(+) rescue was used to detect homologous repair template insertion. The 

homologous repair template was injected at a final concentration of 10 ng/μl. A 

Cas9/sgRNA-producing plasmid (pDD162) was edited using NEB Q5 Site Directed 

Mutagenesis per the manufacturer’s instructions to insert the sgRNA targeting exon 8 of 
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hsf-1 and was injected by Knudra Transgenics (Murray, UT) at a final concentration of 50 

ng/μl. The negative selection vector pMA122 and the fluorescent co-injection vector 

pCFJ90 were injected at 10 ng/μl and 5 ng/μl, respectively. 

RNA interference (RNAi). To perform RNAi, animals were fed HT115(DE3) E. 

coli transformed with the indicated RNAi vectors (J. Ahringer, University of Cambridge, 

Cambridge, U.K.) as previously described [163]. Individual RNAi clones were sequence-

verified prior to use. To induce dsRNA production, NGM plates were supplemented with 

1 mM IPTG and inoculated plates were left to mature overnight at room temperature. 

RNAi feeding was initiated at the L1 developmental stage unless otherwise noted. 

Stress exposures. Worms were subjected to heat shock for the specific duration and 

temperatures described, 600 mM NaCl for 30 mins, 7 mM acrylamide for 5 hrs, 38 µM 

juglone for 30 mins, 5 mM paraquat for 2 hrs, 7.5 mM hydrogen peroxide for 2 hrs, 300 

J/cm2 UV using a Stratalinker UV crosslinker (Stratagene, La Jolla, CA), or 5 mM sodium 

azide for 5 min.  

Fluorescence microscopy and nuclear stress body assessment. Confocal images were 

obtained using a Zeiss Axiovert 200M inverted confocal microscope (Jena, Germany) and 

a Zeiss LSM 700 laser scanning microscope (Jena, Germany).  Animals were picked free 

of bacteria and anesthesized with 10 mM levamisole. Nuclear stress body formation was 

quantified by assessing for the presence of nuclear foci containing HSF-1::GFP. The heat 

shock conditions for nuclear stress body assessment was 5 mins in a 33°C water bath on 

plates wrapped in parafilm. After anesthetizing and placing the cover slip on top of the 

worms, they were imaged within 10-15 mins to avoid the formation of nuclear stress 

bodies which may be due to hypoxia or other cytotoxic stress. Quantification was 
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performed in GraphPad Prism (GraphPad Software, www.graphpad.com). A minimum of 

eight individual animals (n>8) were imaged per stress condition. 

Brood Size Analysis. Animals were grown on gene-selected RNAi plates until L4 and then 

individual worms were transferred to 6-well plates. Parental worms were transferred to 

fresh plates daily for 6 days and total live offspring were counted per worm. Brood assay 

data reflects three biologically independent trials with 4-6 replicate animals per condition. 

Significance was determined by conducting a One-Way ANOVA using GraphPad Prism 

(GraphPad Software, www.graphpad.com) followed by a Tukey post-hoc test 

comparisons of all columns. 

Lifespan Analysis. Worms were grown on gene-selected RNAi plates and transferred to 

fresh RNAi plates every other day starting on day 3 of adulthood to avoid progeny 

contamination. Worms were considered alive if they physically responded to a gentle 

touch with a metal worm pick. Animals that were observed to display hatched offspring 

within the parental worm (bag of worms) or that underwent intestinal expulsion were 

censured. Longevity assay data reflects three biologically independent trials with 

approximately 30-80 individual replicate lifespans recorded per trial per condition. Deaths 

over time were recorded, plotted, and statistically analyzed as a survival curve using 

GraphPad Prism (GraphPad Software, www.graphpad.com). 

Thermotolerance analysis. Thermotolerance was tested by exposing L4 animals to 37°C 

for 2 hrs and then determining survival 24 hrs later by assessing response to a gentle 

touch. Data was plotted as the fraction alive using GraphPad Prism (GraphPad Software, 

www.graphpad.com), and was analyzed with a two tailed t-test. Thermotolerance assay 

data reflects three biologically independent trials with an approximate total of 100-175 
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individual animal’s survival assessed per trial per condition. Significance was determined 

by conducting a One-Way ANOVA using GraphPad Prism (GraphPad Software, 

www.graphpad.com) followed by a Tukey post-hoc test comparisons of all columns. 

qPCR analysis. Approximately 250-300 animals were grown on OP50-1 plates until L4 

and then subjected to either a 1 hr HS at 33°C or left at 20°C. Following HS, all plates 

were washed twice with NGM buffer and worms were washed clean of bacteria before 

immediately being snap frozen at -80°C. Trizol was added to the frozen worm pellet prior 

to sonication for 10 cycles of 30 seconds on/off in a Bioruptor sonicator (Diagenode, Inc., 

Denville, NJ). RNA was extracted via Direct-Zol RNA Miniprep kit (Zymo Research, Irvine, 

CA) and reverse transcribed into cDNA via the High Capacity cDNA Reverse 

Transcription Kit (Thermo Fisher Scientific, Waltham, MA) according to manufacturer’s 

instructions. Expression levels for hsp-70 (C12C8.1) and hsp-16.2 (Y46H3A.3) were 

analyzed via qPCR using the Step-One Plus Real-time PCR machine (Applied 

Biosystems, Waltham, MA) using the the ΔΔCt method.  The housekeeping gene cdc-42 

(R07G3.1) was used for normalization. qPCR analysis reflect three biologically replicate 

trials. Significance was determined by conducting a One-Way ANOVA using GraphPad 

Prism (GraphPad Software, www.graphpad.com) followed by a Tukey post-hoc test 

comparisons of all columns.  

Primers used - hsp-16.2 (Y46H3A.3) Fwd-ACGCCAATTTGCTCCAGTCT Rvs-

TGATGGCAAACTTTTGATCATTGT, hsp-70 (C12C8.1) Fwd-

TTCAATGGGAAGGACCTCAACT Rvs-GGCTGCACCAAAGGCTACTG, cdc-42 

(R07G3.1) Fwd–CTTCTGAGTATGTGCCGACAGTCT Rvs-GGCTCGCCACCGATCAT 
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Figure 2.1 – The C. elegans HSF-1::GFP CRISPR model shows that HSF-1::GFP forms nuclear 
stress bodies (nSBs) in hypodermal cells in response to heat shock. (A-B) Expression of HSF-1::GFP 
from the HSF-1::GFP CRISPR strain (SDW015) was analyzed by fluorescence microscopy with and 
without heat shock (HS) for 5 min at 33°C. Without heat shock, HSF-1::GFP exhibits a diffuse nuclear 
pattern in the hypodermal cells examined. Upon heat shock, there is a redistribution of signal into 
nuclear stress bodies (nSBs). (C-D) Expression of HSF-1::GFP from an HSF-1::GFP MosSCI strain 
(OG497), with and without HS for 5 min at 33°C. This strain is shown as a comparison to the HSF-
1::GFP CRISPR strain and displays similar results. (E) Hypodermal nuclei from SDW015 and OG497 
were scored for the appearance of nSBs in A-D and the fraction of those containing no nSBs was 
calculated and plotted for n≥8 replicate worms. Scale bar within zoomed image insert represents 5 
microns. 
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Figure 2.2 – HSF-1::GFP CRISPR is expressed in multiple cell types and forms spontaneous nuclear 
stress bodies in some oocytes. HSF-1::GFP from strain SDW015 shows nuclear expression in the 
amphid neurons (A/I), pharyngeal muscle (A/J), intestine (F/K), phasmid neurons (D/L), hypodermis 
(D/M) and germline (H/N), as indicated.  Scale bar in (A-H) represents 45 microns. Scale bar in (I-N) 
represents 5 microns. 
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Figure 2.3 – The C. elegans HSF-1::GFP CRISPR model shows that HSF-1::GFP provides thermotolerance, allows the 
induction of hsp mRNA upon heat shock, and does not alter thermotolerance or brood size. (A-B) N2 (wildtype) and SDW015 
(HSF-1::GFP CRISPR) animals at the L4/YA stage were subjected to a 1 hour HS at 33°C followed by immediate RNA 
extraction for qRT-PCR analysis of hsp-16.2 and hsp-70 (c12C8.1) expression. Three independent biological replicates were 
assessed in technical triplicate using the ΔΔCt analysis method. *** p-value < 0.0001.  For significance, all samples are 
compared to N2 (-HS). (C) Survival of N2 (wildtype) and SDW015 (HSF-1::GFP CRISPR) worm strains after being subjected to 
37°C for 2 hours. Survival was assessed 24 hours post heat shock via response to gentle touch with a platinum wire. 150 
worms were used for each experiment in three independent biological replicates. Results were analyzed using a two-tailed t-
test. The difference between the two results was not statistically significant, with a p-value of 0.39. (D) RNAi targeting HSF-
1::GFP alters brood size. N2 (wildtype) and SDW015 (HSF-1::GFP CRISPR) animals were grown on empty L4440 RNAi 
feeding vector (Control), HSF-1, or GFP RNAi starting from L1. Total brood size of N2 (wildtype) and SDW015 (HSF-1::GFP 
CRISPR) animals was determined by assessing live hatched offspring measured during the first five days of adulthood.  
Eighteen worms were used for each experiment in three independent biological replicates. For significance, all samples are 
compared to N2 (Ctrl RNAi) unless otherwise indicated with brackets.  
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Figure 2.4 - The C. elegans HSF-1::GFP CRISPR model shows that HSF-1::GFP does not alter thermotolerance or lifespan. 
(E) RNAi targeting HSF-1::GFP inhibits thermotolerance. N2 (wildtype) and SDW015 (HSF-1::GFP CRISPR) animals were 
grown on empty L4440 RNAi feeding vector (EV), HSF-1, or GFP RNAi starting from L1. Thermotolerance was conducted by 
exposure to 37°C for 2 hours at the L4/YA stage and assessing for survival 24 hours later. Animals were considered alive if 
they responded to a gentle touch via a platinum wire. 150 worms were used for each experiment in three independent 
biological replicates. For significance, all samples are compared to N2 (Ctrl RNAi). (F) hsf-1 RNAi inhibits lifespan in N2 and in 
HSF-1::GFP CRISPR animals. N2 (wildtype) and SDW015 (HSF-1::GFP CRISPR) animals were grown on empty L4440 RNAi 
feeding vector (EV) or hsf-1 RNAi starting from L1 and measured for live/dead every other day starting at day 5 of adulthood. 
Worms were considered alive if they responded to a gentle touch via worm pick. Greater that 120 worms were used for each 
experiment, in three biological replicates. For significance, all samples are compared to N2 (Ctrl RNAi). (G) GFP RNAi inhibits 
lifespan in HSF-1::GFP CRISPR animals. N2 (wildtype) and SDW015 (HSF-1::GFP CRISPR) animals were grown on empty 
L4440 RNAi feeding vector (EV) or GFP RNAi starting from L1 and measured for live/dead every other day starting at day 5 of 
adulthood. Worms were considered alive if they responded to a gentle touch via worm pick. Greater that 120 worms were used 
for each experiment, in three biological replicates. For significance, all samples are compared to N2 (Ctrl RNAi). (H) Median 
survival for figures F/G plotted as bar graph. For significance, all conditions were compared to N2 (Ctrl RNAi). Significance was 
determined by conducting a One-Way ANOVA followed by a Tukey post-hoc test comparisons of all columns (D-E,H) or 
survival curve analysis (F-G) in GraphPad Prism. Significance is indicated by * p-value<0.05.  “ns”: not significant. 
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Figure 2.5 – Confocal fluorescence images show the formation of HSF-1:GFP nSBs in response to multiple cytotoxic stressors. 
(A-H) SDW015 animals at the L4/YA stage were exposed to control conditions (A), sodium chloride at 600 mM for 30 mins (B), 
acrylamide at 7 mM (C), juglone at 38 µM for 30 mins (D), paraquat at 5 mM for 2 hrs (E), peroxide at 7.5 mM for 2 hrs (F), UV 

radiation at 300 J/cm
2

 (G), or azide at 5 mM for 5 mins (H), and then assessed for the presence of nSBs in hypodermal nuclei 
as previously described. Confocal images are zoomed-in images of those in Figure S4. (I) Hypodermal nuclei were scored for 
the appearance of HSF-1::GFP nSBs and the fraction of cells displaying no nSBs (-nSBs) in conditions A-H was calculated and 
plotted for n≥8 replicate worms. For significance, A One-Way ANOVA was performed with Tukey Post-Hoc test of all 
comparisons. For indicated significance, all conditions were compared to control. *** p-value < 0.0001. Scale bar within 
zoomed image represents 5 microns. 
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Figure 2.6 – HSF-1::GFP forms nSBs upon transition to adulthood in hypodermal cells and germline cells, an effect that is 
suppressed by genetic loss of the germline. (A-C) Confocal fluorescence images of HSF-1::GFP CRISPR worms (SDW015) 
show expression of HSF-1::GFP in hypodermal cell nuclei during the transition to adulthood in C. elegans. The formation of 
nSBs occurs in hypodermal cell nuclei within a 24 hr window between the L4 stage (0 hr) to young adulthood (YA) (~4-6 hrs 
post L4), and gravid adulthood (GA) (24 hrs post L4). (D-F) Confocal fluorescence images show that the formation of nSBs 
upon transition to adulthood is suppressed  in HSF-1::GFP CRISPR animals carrying the glp-1 (e2144) mutation strain name 
(SDW050). (G-I) Confocal fluorescence images show the robust formation of nSBs upon the transition to adulthood throughout 
the germline. (J) Hypodermal nuclei from HSF-1::GFP (SDW015) or HSF-1::GFP; glp-1(e2144) (SDW050) animals at the last 
larval stage (L4), young adult (YA), or gravid adult (GA) were scored for the appearance of HSF-1::GFP nSBs and the fraction 
of cells displaying no nSBs (-nSBs) was calculated and plotted in GraphPad Prism for n≥8 replicate worms from images (A-F). 
Significance indicated compares the gravid adult condition of HSF-1::GFP (SDW015) to the gravid adult condition of HSF-
1::GFP; glp-1(e2144) (SDW050), *** indicates p<0.0001. (K) HSF-1::GFP; glp-1 (e2144) (SDW050) animals were grown to the 

9
th

 day of adulthood on OP50-1 plates and hypodermal nuclei were scored for the appearance of HSF-1::GFP nSBs and the 
fraction of cells displaying no nSBs (-nSBs) was calculated and plotted in GraphPad Prism for n≥8 replicate worms per 
timepoint. Scale bar in zoomed in images represents 5 microns. 
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Figure 2.7 – The transition to adulthood does not induce the localization of HSF-1::GFP into nuclear 
stress bodies in Touch Receptor Neurons (TRNs) PLM  and ALM neurons, an effect that is 
independent of neuronal ensheathment. The Touch Receptor Neuron (TRN) co-marker pmec-17::RFP 
was genetically crossed into HSF-1::GFP CRISPR (SDW015) to generate HSF-1::GFP CRISPR; 
pmec-17::RFP (SDW077). (A) For each age, n≥28 replicate animals of HSF-1::GFP CRISPR; pmec-
17::RFP (SDW077) were examined and scored for the appearance of HSF-1::GFP nSBs within the 
PLM neuron at the L4 stage, young adult (YA), and gravid adult (GA) and the fraction of cells 
displaying no nSBs (-nSBs) was calculated and plotted in GraphPad Prism. (B) SDW077 animals 
carrying the wildtype sequence variant of mec-1 or genetically crossed to the ensheathment defective 
mec-1 (e1292) were grown to gravid adulthood (24 hours post L4) and scored for the appearance of 
HSF-1::GFP nSBs within the PLM and ALM neurons and the fraction of cells displaying no nSBs (-
nSBs) was calculated and plotted in GraphPad Prism for n=20 replicate individuals. (C-J) Confocal 
images of PLM and ALM neurons as graphed in (B) scale bar represents 5 microns. 
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Chapter 3 

Regulation of the Heat Shock Response by NuRF subunit pyp-1 

Abstract 

The transcription factor Heat Shock Factor 1 (HSF-1) regulates the heat shock 

response (HSR), a highly conserved cytoprotective pathway induced by proteotoxic 

stress. The HSR has been shown to be epigenetically regulated in early adulthood 

leading to a collapse in proteostasis and loss of robust induction of chaperones. We 

performed a targeted RNAi subscreen of chromatin remodeling factors and identify pyp-

1, a Nucleosome Remodeling Complex Factor (NuRF), as a negative regulator of the 

HSR. Reduction of pyp-1 activity was shown to lead to increased proteostasis as 

measured through a metastable protein assay and suppression of Amyloid Beta toxicity. 

pyp-1 also required for appropriate brood size, growth, lipid accumulation, but not 

longevity. Interestingly, we find that in order for pyp-1 to act as a negative regulator 

gene suppression is required to be initiated during larval development. Negative 

regulation was also specific to pyp-1 as knockdown of other NuRF complex members 

did not alter HSR reporter activity. Our results show that a specific member of the NuRF 

complex negatively regulates the HSR which can improve proteostasis in C. elegans. 
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Introduction 

The Heat Shock Response (HSR) is a highly conserved stress pathway that responds 

to the increased presence of unfolded or misfolded proteins. In response to this 

disruption in protein homeostasis (proteostasis) the major transcriptional regulator of the 

HSR Heat Shock Factor 1 (HSF-1) increases the expression of molecular chaperones 

known as heat shock proteins (HSPs) [164]. These HSPs serve to assist in the folding 

of proteins to maintain their functional state [3, 165-169]. Experimental evidence across 

metazoans suggests that increases in HSR activity is associated with increased stress 

resistance, longevity, and healthspan [57, 63, 170]. Recent evidence suggests that the 

HSR undergoes an abrupt decline in activity early in adulthood in C. elegans which is 

regulated by decreased chromatin access of HSF-1 to target gene loci [61]. As worms 

molt from their last larval stage (L4) to adulthood they lose the ability to mount a robust 

induction of HSPs within six to eight hours post the L4 molt. However, a complete 

understanding of how chromatin remodeling pathways regulates this sharp temporal 

window is lacking. 

To address this, we performed an unbiased RNAi subscreen of annotated and predicted 

chromatin remodeling factors to identify targets that may regulate the HSR across the 

transition to adulthood. Of the genes assessed we found a component of the 

Nucleosome Remodeling Factor (NuRF) complex able to induce HSR transcriptional 

GFP reporters in the absence of applied thermal stress. The NuRF complex is most well 

studied in Drosophila which has identified it as a critical pathway that serves to regulate 

transcription [171]. NuRF consists of four members including an ISWI ATPase that 

facilitates chromatin remodeling by nucleosome sliding after binding to histones [172-
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176]. Outside of Drosophila, NuRF has also been identified to regulate cellular 

differentiation and maturation [177]. 

From our subscreen, we find that pyp-1, an inorganic pyrophosphatase, is a negative 

regulator of the HSR which when knocked down can alter brood size, growth rate and 

lipids content. Furthermore, pyp-1 knockdown can enhance proteostasis as measured 

via a metastable protein folding assay and in Alzheimer’s Disease model animals by 

suppression of Amyloid Beta toxicity and both effects are dependent on HSF-1. 

Interestingly, we find that the negative regulation effects of pyp-1 knockdown appear to 

be linked to initiation of RNAi before adulthood.  

Materials and Methods 

C. elegans strains. C. elegans strains were grown and maintained at 20°C unless 

otherwise noted [48]. Strains used in this study: wildtype Bristol N2, TJ375 [gpIs1 (phsp-

16.2::GFP)], AM446 [(pC12C8.1::GFP; pRF4 (rol-6)], HE250 [unc-52(e669su250) II], 

AM140 [rmIs132 [punc-54::Q35::YFP], CL2006 [dvIs2 (pCL12(unc-54/human Abeta 

peptide 1-42 minigene)) + pRF4]. Age synchronization was accomplished by standard 

hypochlorite treatment. 

RNA interference. To perform RNAi animals were fed HT115(DE3) E. coli that are 

engineered to transcribe double-stranded RNA (dsRNA) [50, 163, 178]. Clones were 

obtained from the Ahringer RNAi feeding library (Geneservice, Cambridge, United 

Kingdom) and individual RNAi clones were obtained and sequenced verified prior to 

use. To induce dsRNA production NGM plates were supplemented with 0.2% β-lactose 

[179]. RNAi was initiated at the L1 stage unless otherwise indicated. 
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Fluorescence analysis. TJ375 and AM446 Animals were grown to the indicated 

timepoints and anesthetized by picking individual worms to a drop of 10 mM levamisole 

on 1% agarose pads and then covered with a cover slip. Slides were imaged on an 

EVOS Fluorescence microscope. Fluorescent images analyzed using ImageJ (NIH) to 

quantify fluorescent intensity [180]. 

Thrashing analysis. HE250 animals were fed HT113(DE3) E. coli containing plasmids 

targeting pyp-1, hsf-1, or non-targeting empty vector control. Dual pyp-1/hsf-1 

conditions were prepared by mixing overnight cultures of pyp-1 and hsf-1 RNAi in equal 

parts at equal density. Animals were grown at 20°C until day 2 of adulthood and then 

shifted to 25°C for 24 hours and then thrashing was assayed. Animals were scored as 

number of body bends per 30 seconds floating in a drop of NGM buffer.  

Amyloid Beta paralysis CL2006 animals were fed HT113(DE3) E. coli containing 

plasmids targeting pyp-1, hsf-1, or non-targeting empty vector control. Dual pyp-1/hsf-1 

conditions were prepared as described above. Animals were grown until Day 6-10 of 

adulthood and then assayed for paralysis. Animals that can twitch the pharynx but are 

non-motile upon gentle stimulation with a platinum wire were scored as paralyzed while 

motile animals were scored as non-paralyzed. Animals were picked to fresh plates as 

needed to avoid progeny contamination.  

Lifespan/Worm length/Brood analysis. N2 wildtype animals were fed HT113(DE3) E. 

coli containing plasmids targeting pyp-1, hsf-1, or non-targeting empty vector control. 

Dual pyp-1/hsf-1 conditions were prepared as described above. Lifespan analysis: 

Animals were picked to fresh plates as needed to avoid progeny contamination. Animals 

were scored as alive if they responded to gentle stimulation with a platinum wire or dead 
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if there was no response. Animals that formed a “bag of worms” phenotype or protruded 

intestines were scored as censured. Worm length: Brightfield images of animals were 

taken with an EVOS FL microscope and worm length was calculated utilizing ImageJ to 

trace the length of the worm as measured from the tip of the pharynx to tail following the 

midline of the animal. Brood size measurements: At the L4 stage individual animals 

were isolated to one well of a 6-well RNAi plate and picked every day for 5 days to fresh 

plates. Hatched offspring were counted two days after the parental worms were moved 

to fresh plates.  

Oil Red O staining- Staining was performed as previously described [181]. Briefly, on 

the day of staining working stocks were prepared by a 3:2 dilution of 5 mg/ml Oil Red O 

(ORO) from 100% isopropanol to 60% isopropanol and filtered. Worms were washed 

free of bacteria and worms were fixed using 40% isopropanol for 3 minutes with 

rotation. Working stock of ORO was added to each sample and left rotating at RT for 2 

hours. Worms were then washed free of ORO and placed onto a 1% agarose pad on a 

glass slide and covered with a cover slip for imaging. 

pyp-1 isoform RNAi – To generate isoform specific RNAi clones of pyp-1 genetic 

sequences unique to pyp-1 isoform A, C, or D were amplified according to the appendix 

figure B1 utilizing the primers listed in appendix table B1. Those PCR products were 

cloned into L4440 gtwy following standard Gateway Cloning technology BP reactions. 

All clones generated for pyp-1A RNAi, pyp-1C RNAi, and pyp-1D RNAi were fully 

sequenced verified. TJ375 animals were then fed the isoform specific RNAi including 

the original Ahringer library clone of pyp-1 used previously.  
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Liquid RNAi. Inoculate RNAi cultures in 96 deep well plates overnight at 37°C and then 

induced to produce dsRNA by adding 4 mM of IPTG and shaking for 1 hour at 37°C. 

Cultures were then pelleted and resuspended with 100 microliters of NGM/Carbenilcillin 

(25 µg/ml)/IPTG (5 mM) buffer. In a 96 well plate 20 microliters of TJ375 L1 worms in 

liquid were added to each well and 30 microliters of the resuspended RNAi cultures 

were added to each well. Plates were sealed with breathable tape, placed in a 

humidified sealed box, and set on a rotating platform at 20°C. Worms were grown to 

day 1 and day 3 of adulthood and then manually screened for brightness of the GFP 

reporter. 

Results 

pyp-1 acts as a specific negative transcriptional regulator on the HSR 

After performing our targeted RNAi subscreen we identified pyp-1 as a candidate 

negative regulator of the HSR (Supplemental figure 3.1). We confirmed this hit by 

measuring the effect of pyp-1 knockdown in two transcriptional reporters of the HSR. 

These animals have integrated HSF-1 regulated gene promotors driving the expression 

of GFP which have already been characterized. We observe that pyp-1 knockdown in 

both reporters induce a GFP signal (Figure - 3.1 A/B). Interestingly, we observe that the 

reporter signal is only apparent in the adult stages (Day 3) which is indicated as two 

days post the last larval stage L4. Importantly, this signal is also dependent on hsf-1 as 

the dual knockdown of pyp-1 and hsf-1 abolishes the day 3 GFP expression. We 

confirmed this result using ImageJ analysis of the fluorescent images (Figure 3.2 A/B). 

The NuRF complex consists of four members in Drosophila. We were curious if the 

negative regulation we observed was due to a disruption of the entire NuRF complex or 
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pyp-1 acting independently. To test this, we performed RNAi of the C. elegans 

homologs of the other complex members utilizing the HSR transcriptional reporter used 

in previous experiments. We find that no other members are able recapitulate an 

increase in GFP signals as pyp-1 did (Supplemental figure 3.2 A-E). Thus, pyp-1 

specifically appears to negatively regulate the HSR transcriptionally in adulthood rather 

than in larval development. 

pyp-1 regulates C. elegans growth and reproduction, but does not affect lifespan 

Next, we were interested in whether or not pyp-1’s regulation of the HSR affected worm 

healthspan. We first examined growth and found that pyp-1 is required for normal 

growth into adulthood (Figure 3.3 A). We observed that during larval development pyp-1 

knockdown does not appear to cause any growth defects, but around after 48 hrs, when 

animals are transitioning into adulthood, they appear shorter in length than control RNAi 

animals. We next assessed reproduction by measuring the number of hatched live 

offspring during the first five days of adulthood. We found that pyp-1 knockdown 

resulted in the failure of any live offspring (Figure 3.3 B/C). Lastly, we assessed lifespan 

by moving animals to fresh plates as needed recording deaths as failure to respond to 

touch. Interestingly, we observed no significant difference in longevity of worms after 

pyp-1 RNAi (Figure 3.3 D). Taken together, these results suggest pyp-1 is required for 

reproduction and appropriate maturation into adulthood, but does not regulate overall 

longevity. 
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pyp-1 knockdown improves proteostasis in a metastable protein folding assay 

and suppresses Amyloid-beta induced paralysis. 

Because we observed an increase in the transcriptional activity of the HSR we 

hypothesized that this effect may be able to improve proteostasis in the worm. To 

address this, we utilized a mutation in unc-52 that confers a metastable protein that 

induces paralysis in at the non-permissible temperature of 25C. We observed that pyp-1 

knockdown can increase motility as measured by increased body bends of swimming 

worms which was dependent on hsf-1 (Figure 3.4 A). Next, we utilized Alzheimer’s 

Disease model worms that express amyloid beta in body wall muscle that leads to age-

related paralysis. We observed that pyp-1 RNAi is able to suppress this paralysis 

relative to control animals and that this effect was dependent on hsf-1 (Figure 3.4 B). 

Thus, pyp-1 knockdown is able to increase proteostasis as measured in a metastable 

protein folding assay and amyloid-beta toxicity.   

Late pyp-1 RNAi initiation is not sufficient to induce negative regulation of the 

HSR and knockdown of isoform pyp-1C is required. 

Because there was no change in longevity we were curious if initiating RNAi later would 

be able to induce the negative regulation we observed previously. We devised a 

different RNAi paradigm that will expose animals to the same length of time on RNAi 

from hatching in previous experiments, but now initiate it after two days of growing on 

control RNAi (Figure 3.5 A). This is within the period when animals would transition into 

adulthood and where we observed the beginning of previous pyp-1 effects manifesting 

such as growth dysregulation. Interestingly, we did not observe an increase in the GFP 

signal from our transcriptional reporters (Figure 3.5 B). From this result, we suggest that 



55 
 

pyp-1’s negative regulation on the HSR may require knockdown within larval 

development. PYP-1 has three protein isoforms reported via Wormbase. We were 

interested to determine which, if any, may be responsible for the negative regulation of 

the HSR we have observed thus far. We devised an approach to knockdown each 

isoform by utilizing unique exonic sequence for each isoform where possible and place 

it into the standard RNAi feeding vector L4440. As a control, we also utilized the original 

pyp-1 RNAi clone obtained from the Ahringer RNAi library used in previous 

experiments. After performing knockdown from hatching again, we found that 

knockdown of pyp-1a and pyp-1c were insufficient to induce any GFP signal, but we 

were able to recapitulate the effects of pyp-1 RNAi with our pyp-1d clone (Figure 3.5 C). 

From these results we suggest that PYP-1D may be the isoform required to suppressed 

to induce negative regulation of the HSR. 

pyp-1 RNAi negatively regulates lipid staining 

During our experiments we observed that pyp-1 RNAi appeared to result in adults that 

varied in their overall pigmentation compared to control which we hypothesized may be 

a change in lipid content. To assess lipid content we employed Oil Red O staining which 

is known to stain all lipid droplets contained in the cell. We performed RNAi from 

hatching and then analyzed total lipid content on day 3 of adulthood and found that pyp-

1 RNAi resulted in less lipid content compared to control RNAi (Figure 3.6 A/B). This 

may indicate that pyp-1 regulates lipid metabolism in C. elegans. 
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Discussion 

Our data suggests that pyp-1 acts as a negative regulator of the HSR, but can only do 

so if suppressed early in life. From our RNAi subscreen we show that pyp-1 regulates 

the HSR, but of all the candidates tested it was the only one that showed an effect in 

non-stress conditions. Further, there appeared to be no effect of pyp-1 knockdown at 

day one (L4/YA) of the screen which is just prior to adulthood. Our data confirm this 

negative regulation as another previous study also identified as a negative regulator. 

Importantly, in that study RNAi knockdown was initiated after one day of feeding on 

control RNAi before being assessed in adulthood 2.5 days later. Taken together, we 

suggest that these two studies indicate in order to obtain pyp-1’s effect on the HSR it 

must be suppressed prior to the transition to adulthood.  

We show that pyp-1 knockdown completely eliminates reproduction in C. elegans, but 

interestingly this does not lead to an increase in longevity. In C. elegans cells within the 

germline are unique stem cells that have distinct regions which remain mitotic before 

completing meiosis prior to fertilization [182]. Previous research on the NuRF complex 

indicates that it regulates stem cell maintenance in Drosophila [127]. Our data may 

indicate that by disrupting this complex via pyp-1 RNAi we may be compromising germ 

cell division possibly resulting in poor cell viability. Additionally, previous literature 

suggests that there is a trade off between reproductive effort and healthspan in C. 

elegans. Manipulations such as laser ablation of the precursor germ cells or other 

mutations that reduce reproduction typically result in increased longevity of the animal 

[91]. Our data suggests that pyp-1 may be an exception to this general aging 

phenomena described in C. elegans. Nevertheless, the negative regulation observed is 
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not merely an artifact of a reporter system. We observe benefits to proteostasis in 

metastable protein folding and a neurodegenerative disease model animal both of which 

require hsf-1. Activation of hsf-1 is a stepwise ordered process which is tightly regulated 

at the transcriptional, post-translational level, and via protein-protein interactions from 

target gene HSPs most notably HSP90/HSP70 [183]. Understanding how pyp-1 

knockdown leads to higher hsf-1 activity will be important to reveal how the NuRF 

complex affects proteostasis in C. elegans. We performed one preliminary experiment 

to suggest a mechanism in this regard by measuring the abundance of lipids with and 

without pyp-1 knockdown. Since we observed a modest, but statistically significant 

decrease in lipid droplets we propose a dysregulation in fatty acid metabolism caused 

by pyp-1 RNAi. Metabolic regulation of the HSR is generally not well understood as 

compared to its function in acute cytotoxic stress. Additionally, because we did not note 

any effect if pyp-1 is suppressed post 48 hours of growth we suggest that this metabolic 

regulation is critical to the successful metabolic transition into adulthood. Thus, further 

study is warranted to understand how changes to lipid biology via the NuRF complex 

regulates proteostasis in C. elegans.  
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B 

Figure 3.1 – Knockdown of pyp-1 negatively regulates two HSR transcriptional reporters. (A) 
TJ375 (phsp-16.2::GFP) or (B) AM446 (phsp-70::GFP) animals were fed control, pyp-1, or pyp-
1/hsf-1 RNAis from hatching. At L4/YA (Day 1) or two days later (Day 3) worms were 
anesthetized using 10 mM Levamisole and mounted on agarose pads and imaged.  
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Figure 3.2 – Analysis of knockdown of pyp-1 negatively regulates two HSR transcriptional 
reporters. (A) TJ375 (phsp-16.2::GFP) or (B) AM446 (phsp-70::GFP) animals were fed control, 
pyp-1, or pyp-1/hsf-1 RNAis from hatching. At L4/YA (Day 1) or two days later (Day 3) worms 
were anesthetized using 10 mM Levamisole and mounted on agarose pads and imaged. 
Fluorescent images were analyzed using ImageJ and normalized to each days control RNAi 
sample and plotted using GraphPad Prism. Data was analyzed using a OneWay ANOVA. (***) 
indicates p<0.0001 
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Figure 3.3 – pyp-1 knockdown regulates growth and reproduction, but does not affect lifespan. (A) N2 
worms were fed control or pyp-1 knockdown from hatching and grown for four days. Worm lengths 
were measured along the midline and analyzed using GraphPad Prism. (***) indicates p<0.0001. (B) 
N2 worms were fed control or pyp-1 knockdown from hatching and moved to fresh plates as needed. 
Total live offspring was recorded as the number of offspring hatched for five total days post L4 then 
plotted and analyzed using GraphPad Prism (***) indicates p<0.0001. (C) Brightfield images of N2 
worms fed control or pyp-1 knockdown from hatching either at L4 (Day 1) or two days later (Day 3). 
(D) N2 worms were fed control or pyp-1 knockdown from hatching and moved to fresh plates as 
needed. Deaths were recorded as no response to gentle touch then plotted and analyzed using 
GraphPad Prism. 
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Figure 3.4 – pyp-1 knockdown improved metastable protein folding and suppresses Amyloid-beta 
toxicity. (A) HE250 animals were fed control, pyp-1, or pyp-1/hsf-1 RNAis from hatching and then 
shifted to 25C at day two of adulthood for 24 hours and then thrashing was assayed. Data was plotted 
and analyzed using GraphPad Prism. (***) indicates p<0.0001. (B) CL2006 animals were fed control, 
pyp-1, or pyp-1/hsf-1 RNAis from hatching and moved to fresh plates as needed. Non-motile worms 
were scored as paralyzed while motile animals were scored as non-paralyzed. Data was plotted and 
analyzed using GraphPad Prism. (*) indicates p<0.01 
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phenotype, but now RNAi is initiated at L4/YA. (B) AM446 animals fed with control or pyp-1 RNAi 
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RNAi feeding schedule. Day 3 worms were anesthesized using 10 mM Levamisole and mounted on 
agarose pads and imaged. Fluorescent images were analyzed using ImageJ and normalized to 
each days control RNAi sample and plotted using GraphPad Prism. Data was analyzed using a 
OneWay ANOVA. (***) indicates p<0.0001 
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Figure 3.6 – pyp-1 RNAi negatively regulates lipid staining. (A) N2 worms were fed the 
indicated RNAis using the original RNAi feeding schedule. Day 3 worms were then stained 
with Oil Red O and mounted on agarose pads and imaged. (B) Images were analyzed 
using ImageJ and plotted using GraphPad Prism. Data was analyzed using a Two tailed t-
test. (*) indicates p<0.05 
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Chapter 4 

Modulation of the Heat Shock Response by O-GlcNAc in C. elegans 

Introduction 

Modification of proteins by O-linked β-N-acetylglucosamine (O-GlcNAc) is a dynamic, 

stress regulated post translational modification to serine and threonine residues that has 

been shown to modify cell signaling, apoptosis, and transcription [184-186]. Like 

phosphorylation, it is a reversible modification that can alter protein function. Because it 

can be added or removed from similar residues it may also compete with 

phosphorylation at these sites. Various human pathological conditions such as 

Diabetes, cancer, cell stress, and neurodegeneration have been shown to alter global 

O-GlcNAc cycling to cause both hyper and hypo-O-GlcNAclyation [187, 188]. 

Contrasted with phosphorylation, adding or removing O-GlcNAc groups can only be 

achieved with two proteins compared to the numerous kinase and phosphatase 

families. O-GlcNAc transferase (OGT-1) and O-GlcNAcase (OGA-1) can add or remove 

this modification to target substrates respectively. Both of these genes are essential in 

mammalian cells but are not in C. elegans [189-191].  

Changes to overall cellular O-GlcNAclyation via Glutamine supplementation or oxidative 

stress via Arsenite treatment have been shown to regulate the expression of the HSF1 

target gene HSP70 which suggests HSF1 involvement in some degree [33]. Reports of 
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mammalian HSF1 itself possibly being O-GlcNAclyated has been inconsistent in the 

literature. Two different studies, both using mouse embryonic fibroblasts (MEFs), have 

shown and not been able to demonstrate that HSF1 is modified by O-GlcNAc [34]. It 

has been reported to be found in lung homogenates from septic mice. These results 

could be explained in such that O-GlcNAclyation of HSF1 may be stress or cell type 

specific. Taken together we propose utilizing C. elegans to study O-GlcNAC cycling on 

the HSR would be an ideal tool to elucidate any conserved mechanisms relevant to 

human disease. 

Materials and Methods 

C. elegans strains. C. elegans strains were grown and maintained at 20°C unless 

otherwise noted [48]. Strains used in this study: wildtype Bristol N2, TJ375 [gpIs1 (phsp-

16.2::GFP)], SDW015 hsf-1(asd002(hsf-1::GFP + unc-119(+)), HE250 [unc-

52(e669su250) II], AM140 [rmIs132 [punc-54::Q35::YFP], CL2006 [dvIs2 (pCL12(unc-

54/human Abeta peptide 1-42 minigene)) + pRF4].SDW058 (ogt-1(ok430)), SDW061 

(oga-1(ok1207)) Age synchronization was accomplished by standard hypochlorite 

treatment. 

RNA interference. To perform RNAi animals were fed HT115(DE3) E. coli that are 

engineered to transcribe double-stranded RNA (dsRNA). Clones were obtained from the 

Ahringer RNAi feeding library (Geneservice, Cambridge, United Kingdom) and 

individual RNAi clones were obtained and sequenced verified prior to use. To induce 

dsRNA production NGM plates were supplemented with 0.2% β-lactose. RNAi was 

initiated at the L1 stage unless otherwise indicated. 
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Fluorescence analysis. TJ375 animals were grown to the indicated timepoints and 

anesthetized by picking individual worms to a drop of 10 mM levamisole on 1% agarose 

pads and then covered with a cover slip. Slides were imaged on an EVOS Fluorescence 

microscope. Fluorescent images analyzed using ImageJ (NIH) to quantify fluorescent 

intensity. 

Thrashing analysis. HE250 animals were fed HT113(DE3) E. coli containing plasmids 

targeting ogt-1, oga-1, or non-targeting empty vector control. Animals were grown at 

20°C until day 2 of adulthood and then shifted to 25°C for 24 hours and then motility 

was assayed. Length of trails were normalized to control RNAi. 

SDW015 nuclear stress body formation assay. SDW015 animals were grown to L4 after 

being fed the indicated RNAis from hatching. Worms were anesthetized by picking 

individuals to a drop of 10 mM levamisole on 1% agarose pads and then covered with a 

cover slip and imaged on a Zeiss Axiovert 200M inverted confocal microscope (Jena, 

Germany) and a Zeiss LSM 700 laser scanning microscope (Jena, Germany). Nuclear 

stress body formation was quantified by assessing for the presence of nuclear foci 

containing HSF-1::GFP. After anesthetizing and placing the cover slip on top of the 

worms, they were imaged within 10-15 mins to avoid the spontaneous formation of 

nuclear stress bodies which may be due to hypoxia or other cytotoxic stress. 

Quantification was performed in GraphPad Prism (GraphPad Software, 

www.graphpad.com). A minimum of eight individual animals (n>8) were imaged per 

condition. 

Polyglutamine analysis. AM140 animals were grown to the indicated timepoints and 

anesthetized by picking individual worms to a drop of 10 mM levamisole on 1% agarose 
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pads and then covered with a cover slip. Slides were imaged on an EVOS Fluorescence 

microscope. Worms were then assessed for the number of aggregates and analyzed 

using GraphPad Prism (GraphPad Software, www.graphpad.com). A minimum of eight 

individual animals (n>8) were imaged per stress condition. 

Thermotolerance. Worms were grown to the indicated timepoints at 20°C and then 

exposed to either 37°C for 2 hours or 35°C for 4 hours and then recovered for 24 hours 

at 20°C. Worms were then assessed for survival by visual analysis of movement. Data 

was then plotted using GraphPad Prism (GraphPad Software, www.graphpad.com). 

Approximately 120-160 individual animals were assessed per condition per trial.  

mRNA expression analysis. N2, SDW058 (ogt-1), or SDW061 (oga-1) worms were grown 

to day 3 of adulthood on either control RNAi or hsf-1 RNAi from hatching. Worms were 

then exposed to 33°C for one hour and then immediately washed clean of bacteria and 

snap frozen at -80°C. Worms were lysed in Trizol (Ambion) via sonication  in Diagenode 

Bioruptor for 10 cycles of 30 seconds on and 30 seconds off on high power. RNA was 

extracted using the Zymo Direct-Zol RNA extraction kit and then equal amounts of RNA 

were reverse transcribed using the High Capacity cDNA synthesis kit (Invitrogen) 

according to manufacturer’s instructions. RT-PCR was performed using a Applied 

Biosystems Stepone Plus real-time PCR machine using SYBR green chemistry and ΔΔCt 

analysis. cDNA was amplified with primers for hsp-16.2, hsp-70 (C12C8.1), or cdc-42. 

The resulting data was plotted and analyzed using GraphPad Prism (GraphPad Software, 

www.graphpad.com). All samples were compared to N2 no heat shock. 
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Results 

Modulation of O-GlcNAc cycling transcriptionally regulates the HSR in C. elegans 

To determine if O-GlcNAc cycling has any effect on the HSR we employed the 

transcriptional reporter model TJ375 which carries a integrated GFP reporter driven by 

the promotor for hsp-16.2. We examined two timepoints first at L4 which we refer to as 

day 1 and then two days later during adulthood. Day 1 animals showed that either ogt-1 

or oga-1 knockdown lead to an increase in GFP induction after heat stress (Figure 4.1 

A). In day 3 worms we showed an inverse relationship between ogt-1 and oga-1 RNAi 

which lead to a reduction and increase in reporter activity respectively compared to 

control knockdown (Figure 4.1 B). Thus, modulating the global O-GlcNAc levels in C. 

elegans can transcriptionally modulate the HSR.  

Modulation of O-GlcNAc regulates a model of metastable protein folding 

To determine if the transcriptional regulation we noted can have a functional benefit we 

utilized a C. elegans model of metastable protein folding. This worm carries an unc-52 

mutation which at the permissible temperature of 16°C allows for normal body 

movement, but at the non-permissible temperature of 25°C animals become paralyzed. 

We again employed ogt-1 or oga-1 RNAi from hatching and assessed for paralysis at 

day 1 and day 3 after being shifted to the non-permissible temperature for 24 hours. 

The day 1 data indicates that both RNAis are able to improve movement relative to 

control but but no statistically significant difference was found (Figure 4.2 A). However, 

day 3 data showed that ogt-1 knockdown lead to slightly more paralysis and oga-1 had 

a significant decrease in paralysis (Figure 4.2 B). Taken together, these results may 
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suggest that modulating O-GlcNAc can regulate metastable protein folding in C. 

elegans.  

Modulating O-GlcNAc cycling affects the localization of intestinal HSF-1::GFP 

Because we noted changes to the HSR and protein folding we hypothesized modulating 

O-GlcNAc cycling may affect HSF-1 localization and/or activity. To examine this, we 

utilized our CRISPR/Cas9 based HSF-1::GFP model to assess for changes to its 

localization with ogt-1 or oga-1 RNAi. Interestingly, we note that it appears that intestinal 

HSF-1::GFP undergoes a change in expression to display more foci like structures 

referred to nuclear stress bodies (nSBs) (Figure 4.3 A-D). Previous studies have 

implicated these structures as a hallmark of increased HSF-1 activity such as in 

response to thermal stress. We suggest that this result may indicate an increase the 

HSR previously noted in transcriptional reporter experiments but specific to the intestine 

of the worm. 

oga-1 knockdown suppresses Polyglutamine Aggregates in a Huntington’s 

Disease model 

 To further test if changes to global O-GlcNAc levels can regulate proteostasis in C. 

elegans, we next used ogt-1 and oga-1 RNAi in the Huntington’s Disease model strain 

AM140. This strain carries 35 repeats of Glutamine fused to a YFP reporter which has 

been shown to mimic age-related aggregations similar to human disease samples. We 

found that at day 5 of adulthood lead to a significant decrease in the number of 

aggregates in oga-1 knockdown compared to control RNAi (Figure 4.4). Thus, 
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knockdown of oga-1, which may globally increase O-GlcNAc levels, can improve a 

model of neurodegeneration in C. elegans. 

Modulating O-GlcNAc levels regulates thermotolerance 

Next, we tested whether ogt-1 or oga-1 knockdown can regulate thermotolerance at the 

same timepoints assessed above. N2 wildtype worms were fed the indicated RNAi and 

then exposed to 37°C for 2 hours and then recovered at 20°C for 24 before being 

assessed for survival. We found that both ogt-1 and oga-1 RNAi improve 

thermotolerance at day 1, but no difference was observed at day 3 of adulthood (Figure 

4.5 A/B). We postulated the time and temperature may be too harsh for older worms 

which may mask any differences in survival.  We then turned to utilizing ogt-1 and oga-1 

mutant strains and performed control or hsf-1 RNAi to check for thermotolerance effects 

dependent by hsf-1. Using a milder temperature of 35°C for 4 hrs at day 3 we 

reassessed thermotolerance. Interestingly, ogt-1 mutant worms were much more stress 

resistant compared to oga-1 mutant worms and this increase was dependent on hsf-1 

(Figure 4.5 C). 

ogt-1 mutants induce hsf-1 target genes hsp-70/hsp-16.2 more robustly oga-1 

mutants 

To follow up on our thermotolerance results, we hypothesized that ogt-1 mutant worms 

should induce strong hsf-1 target genes hsp-70 and hsp-16.2 more largely than oga-1 

mutants. To answer this, we exposed day 3 N2 wildtype animals, ogt-1 mutants, and 

oga-1 mutants either fed control or hsf-1 RNAi to 33°C for 1 hr and then performed RT-

PCR after RNA extraction and cDNA synthesis. In support of the thermotolerance 
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results, we found that ogt-1 mutant worms did indeed induce larger changes to hsp-16.2 

(Figure 4.6 A) and hsp-70 (Figure 4.6 B) compared to oga-1 mutants which was 

dependent on hsf-1. 

Discussion 

Previous mammalian studies have shown that manipulations to global O-GlcNAc levels 

can regulate the HSR. Indeed, HSF1 itself has been shown to be O-GlcNAclyated, but 

the identity of which residues remains unknown. Our data in C. elegans also suggests 

that modulating global O-GlcNAc appears to alter the activity of the HSR and 

localization of HSF-1::GFP. This may indicate that the function of O-GlcNAc on the HSR 

is conserved in both systems. Our first studies utilized RNAi and made measurements 

at two timepoints, just prior to adulthood and roughly midway through reproduction. In 

these experiments we find a consistent effect of both ogt-1 and oga-1 in younger worms 

leading to activation of the HSR. We find this to be enigmatic as one may hypothesize 

that these two manipulations should display an inverse effect on the biological 

measurement. Indeed, it is only in the day 3 assessments that we find oga-1 knockdown 

consistently improving the HSR while ogt-1 knockdown displays a more muted effect. 

However, once we transitioned into mutant based studies we find a further 

inconsistency in effects. ogt-1 mutants were vastly outperforming oga-1 mutants in 

survival conflicting with the overall pattern observed in RNAi experiments. We 

hypothesize that perhaps the RNAis may be targeting other genes and confounding the 

data. To address these conflicts, future studies utilizing both ogt-1 and oga-1 mutants 

should be conducted to elucidate a common pattern of effects.   
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Because O-GlcNAc cycling is typically studied in the context of metabolic dysregulation 

we find it interesting that modulating it appears to affect the intestinal HSF-1::GFP more 

than the hypodermis. Localization changes in other tissues such as the neurons and 

body wall muscle should also be addressed, but given that the intestine is major 

metabolic regulator for the worm examining it further in that tissue should be performed. 

Previous studies have indicated that mammalian HSF1 itself can be O-GlcNAclyated 

[35, 36]. Data suggests that O-GlcNAclation of HSF1 leads to increased HSP70 

expression suggesting an upregulation of the HSR. One major question that remains 

however is that our data suggests older mutant hypo-O-GlcNAclated worms are much 

more stress resistant than hyper-O-GlcNAclyated mutants suggesting an opposite 

phenotype than that described in mammalian cells. Furthermore, it is still unknown if 

worm HSF-1 is O-GlcNAclyated, and if so, in which tissues and which residues in the 

protein. 

 

 

 

 

 

 

 

 



73 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Control Control ogt-1 ogt-1 oga-1 oga-1
0

2

4

6

8

N
o
rm

a
liz

e
d
 F

lu
o
ro

e
s
c
e
n
c
e

S
ig

n
a
l

Control Control ogt-1 ogt-1 oga-1 oga-1
0

5

10

15

N
o
rm

a
liz

e
d
 F

lu
o
ro

e
s
c
e
n
c
e

S
ig

n
a
l

Day 1 

Day 3 

RNAi -  

HS -    -            +           -          +           -           + 

*** *** 

*** 

*** 

(A) 

(B) 

RNAi -  

HS -    -            +           -          +           -           + 

Figure 4.1 – Modulation of O-GlcNAc cycling transcriptionally regulates the HSR in C. elegans. (A) 
TJ375 animals were fed the indicated RNAis and then assessed at L4/YA (Day 1) or two days later 
(Day 3) (B). Worms were given no heat shock (-) or were exposed to 1 hour at 33°C and then 
recovered for 6 hours at 20°C (+). Fluorescent images were analyzed using ImageJ and plotted using 
GraphPad Prism. Data was analyzed using a OneWay ANOVA. (***) indicates p<0.0001 
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Figure 4.2 - Modulation of O-GlcNAc regulates a model of metastable protein folding. HE250 animals 
were fed control, ogt-1, or oga-1 RNAis from hatching and then shifted to 25°C at day one (A) two 
days later (Day 3) (B) for 24 hours and then thrashing was assayed. Data was plotted and analyzed 
using GraphPad Prism. (**) indicates p<0.001.  

 



75 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Intestine Hypodermi
s 

C
o
n
tr

o
l 
R

N
A

i 
o

g
t-

1
 R

N
A

i 
o
g
a
-1

 R
N

A
i 

Intestine Hypodermis 

C
o
n
tr

o
l 
R

N
A

i 

(A) (B) 

C
on

tro
l R

N
A
i

og
t-1

 R
N
A
i

og
a-

1 
R
N
Ai

0.00

0.25

0.50

0.75

1.00

-NSBs

+NSBsF
ra

c
ti
o
n
 i
n

 c
a
te

g
o
ry

Hypodermis 

C
on

tro
l R

N
A
i

og
t-1

 R
N
A
i

og
a-

1 
R
N
Ai

0.00

0.25

0.50

0.75

1.00

-NSBs

+NSBs

F
ra

c
ti
o
n
 i
n

 c
a
te

g
o
ry

Intestine 

(C) (D) 

o
g
t-

1
 R

N
A

i 
o
g
a
-1

 R
N

A
i 

Figure 4.3 - Modulating O-GlcNAc cycling affects the localization of intestinal HSF-1::GFP. SDW015 
worms were grown on indicated RNAis from hatching until L4 and then were anesthesized using 10 
mM Levamisole and mounted on agarose pads and imaged. Yellow boxes in (A) represent the 
zoomed in areas in panel (B). The fraction of total hypodermal nuclei (C) or within the intestine (D) 
were scored as either containing no nSBs (-nSBs) or positive for nSBs (+nSBs) of HSF-1::GFP with 
and without HS for n≥8 worms and plotted using GraphPad Prism.  
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Figure 4.4 - oga-1 knockdown suppresses Polyglutamine Aggregates in a Huntington’s Disease 
model. AM140 animals were grown on indicated RNAis from hatching until L4 and then were 
anesthesized using 10 mM Levamisole and mounted on agarose pads and imaged. The number of 
Q35::YFP aggregates was counted and plotted using GraphPad Prism. Data was analyzed using a 
OneWay ANOVA. (***) indicates p<0.0001 
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Figure 4.5 - Modulating O-GlcNAc levels regulates thermotolerance. (A/B) Wildtype, ogt-1 (ok430), 
and oga-1 (ok1207), worms were grown on OP50-1 until L4/YA (Day 1) or two days later (Day 3) and 
then exposed to 37°C for 2 hours and then left to recover at 20°C for 24 hrs before assessed for 
survival. (C) Wildtype, ogt-1 (ok430), and oga-1 (ok1207), worms were grown on indicated RNAis until 
Day 3 and then exposed to 35°C for 4 hours and then left to recover at 20°C for 24 hrs before 
assessed for survival. Survival was then plotted and analyzed using GraphPad Prism. (**) indicates 
p<0.001. (***) indicates p<0.0001. Comparisons made to Wildtype (A/B) or Wildtype (Control RNAi) 
(C) unless indicated otherwise with line. 
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       Wildtype                                ogt-1                                  oga-1 

Control RNAi -   +        +         -          -        +        +         -          -         +        +        -          -   
    hsf-1 RNAi -   -         -         +         +        -         -         +         +         -         -        +         + 
                HS -    -        +         -         +        -         +         -          +         -        +        -         + 

Figure 4.6 - ogt-1 mutants induce hsf-1 target genes hsp-70/hsp-16.2 more robustly oga-1 mutants. 
Wildtype, ogt-1 (ok430), and oga-1 (ok1207), worms were grown on indicated RNAis until Day 3 and 
then exposed to a heat shock (HS) of 33°C for 1 hour and then harvested for RNA extraction, cDNA 
synthesis, and RT-PCR for hsp-16.2 (A) or hsp-70 (B). Data was then plotted and analyzed using 
GraphPad Prism. (***) indicates p<0.0001. Significance indicators are compared to wildtype control 
RNAi (+) HS. 
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Chapter 5 

RNAi of Cuticle and Collagen Genes May Regulate the HSR 

Introduction 

The Heat Shock Response (HSR) is a highly conserved stress responsive pathway that 

serves to stabilize the proteome in response to diverse cytotoxic insults [183]. The 

master regulator of the HSR is heat shock factor 1 (HSF-1) which acts as a transcription 

factor to induce the expression of genes, most notably heat shock proteins (HSPs), to 

regulate global protein folding within the cell [70]. Specifically within C. elegans, data 

from our group has suggested that HSF-1 may regulate diverse families of genes 

including hsps, germline genes, and many cuticle/collagen related genes during non-

stress and stress conditions [111]. Other groups have also identified the cytoskeleton, 

which include collagen genes, as key HSF-1 regulated genes as determinants of animal 

lifespan [58]. Because many of HSF-1 target genes, including HSPs, themselves are 

major regulators of stress and aging, we sought to identify cuticle and collagen genes 

that may regulate the HSR itself. We performed a non-biased RNAi subscreen of all 

available cuticle, collagen, and cuticle/collagen related genes using a transcriptional 

reporter of the HSR. Our results identify some novel HSR regulators which appear to 

enhance or suppress HSF-1 transcriptional activity.  
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Materials and Methods 

C. elegans strains. C. elegans strains were grown and maintained at 20°C unless 

otherwise noted [48]. Strains used in this study: TJ375 [gpIs1 (phsp-16.2::GFP)] 

RNA interference. To perform RNAi animals were fed HT115(DE3) E. coli that are 

engineered to transcribe double-stranded RNA (dsRNA) [50, 163, 178]. Clones were 

obtained from the Ahringer RNAi feeding library (Geneservice, Cambridge, United 

Kingdom) and individual RNAi clones were obtained and sequenced verified prior to 

use. To induce dsRNA production NGM plates were supplemented with 0.2% β-lactose 

[179]. RNAi was initiated at the L1 stage unless otherwise indicated. 

Fluorescence analysis. TJ375 animals were grown to L4 feeding on the indicated RNAis 

and then then exposed to 1 hour at 33°C and then recovered for 6 hours at 20°.  

Approximately 20 worms were then anesthetized by picking individual worms to a drop 

of 10 mM levamisole on 1% agarose pads and then covered with a cover slip. Slides 

were imaged on an EVOS Fluorescence microscope. Fluorescent images analyzed 

using ImageJ (NIH) to quantify fluorescent intensity. Data was analyzed using 

GraphPad Prism with an OneWay ANOVA with Tukey comparisons of all conditions. 

Significance relative to control was noted. 

Results 

Cuticle and Collagen genes may regulate the HSR transcriptionally 

To determine if collagen/cuticle genes and cuticle/collagen related genes regulate the 

HSR we performed the directed subscreen utilizing the transcriptional reporter model 

strain TJ375. This strain has the transgene containing the promotor for hsp-16.2 driving 
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GFP expression and is integrated into the genome. Each candidate regulator was 

tested by RNAi by feeding from hatching until the last larval stage L4 and then changes 

to the GFP signal after thermal stressed was measured. Each portion of screen were 

tested on individual trials which necessitated the use of a biologically matched control 

sample for that round of testing. The results of our screen identified a total of 28 genes 

that can upregulate reporter activity and 28 genes that can suppress reporter activity 

relative to control after heat stress (Figure 5.1/2/3/4). Thus, modulation of cuticle and 

collagen genes may transcriptionally regulate the HSR. 

 Discussion 

The worm cuticle is studied similarly to mammalian stratum corneum as a means of 

maintaining the internal function of the organism which can participate the regulation of 

temperature, block harmful pathogens or small molecules, and interpreting 

mechanosensation and chemosensation signals from the environment [192]. Although 

our data is very incomplete at this stage, it suggests that cuticle and collagen gene 

components may regulate the HSR itself. In contrast to the mammalian external barrier 

which is constantly being synthesized and renewed, the worm cuticle undergoes four 

distinct molts resulting in the adult cuticle for the rest of its lifespan. Previous work 

suggests that particular cuticle/collagen members or cuticle/collagen modifying genes 

are regulated at specific spatiotemporal points corresponding to the appropriate molt of 

the animal [135, 192, 193]. Our data suggests that some of these collagen/cuticle genes 

may also modulate the HSR as measured through a transcriptional reporter.  The 

candidate regulators were broken up into five major classes of genes. 
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Acs genes 

In C. elegans, Fatty acid CoA synthetase genes (acs) are a twenty two member family 

of genes that function to synthesize fatty acyl-CoA. They are not well studied, however 

two members have been shown to play a role in regulating the the cuticle of the worm. 

acs-20/22 have been shown to regulate the cuticle resulting in a hyper-permeable 

barrier when suppressed [194]. Mutation of these genes regulates COL-19::GFP 

expression and appropriate alae formation. Our data suggests that acs-5/11/15 and 

acs-4/19 increased and decreased the GFP signal in response to heat shock 

respectively. Our reporter system is exquisitely sensitive to the transcriptional activity of 

HSF-1, and it remains unclear how these members may regulate HSF-1 activity which 

may act through regulating cuticle permeability. 

Bli genes 

Mutations that lead to changes in the morphology in the worm cuticle may lead to fluid 

filled blisters and those genes responsible are termed bli (BLIstered). The bli family of 

genes consists of six members in C. elegans. The two bli genes that altered our 

transcriptional reporter are bli-3 and bli-5. BLI-3 is an ortholog of human DUOX1 (dual 

oxidase 1) and DUOX2 (dual oxidase 2) which functions as an NADPH oxidase [195]. 

BLI-3 has been reported to regulate oxidative stress, lifespan, and fungal pathogenesis 

acting through SKN-1/WDR-23 dependent mechanism [196]. BLI-5 is an ortholog of the 

human genes AMBP1 (alpha-microglobulin/bikunin precursor; LRP11 (LDL receptor 

protein 11); and SPINT1 (serine peptidase inhibitor, Kunitz type 1) which exhibits serine 

type endopeptidase activity. BLI-5 is not well studied, but  mutations in bli-5 have been 

shown disrupt COL-19::GFP distribution, dorso/ventral and lateral alae formation, and is 
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expressed in both the larval and adult hypodermis [195].  Conversely, overexpression of 

BLI-5 leads to a disruption of molting, and cuticle and vulval defects. Oxidative stress 

has been reported to modulate the HSR, but it remains unclear specifically how 

changes to NAPDH oxidase activity may regulate HSF-1 activity. 

Col genes 

Collagens by far were the largest group identified in our screen. Interestingly, collagens 

were shown to lead to both increased and decreased GFP signals. The cellular role of 

collagens are very diverse in C. elegans. Beyond their structural role they also may 

participate in regulating cell stress pathways. Changes in cytoplasmic osmolarity result 

can result in decreased cell volume, mechanical stress on the cell and cell connections, 

and dysfunction of proteins and DNA. In response to high osmolarity cells can 

accumulate osmolites to encourage water retention to restore cellular function. In C. 

elegans, it has been described that specific collagen genes when disrupted lead to 

similar cellular conditions that mimic osmotic stress [138]. Previous research identified 

dpy-10, when mutated, increase intracellular glycerol similar to being exposed to a high 

osmotic stress environment. Within our data, we identified the knockdown of dpy-10 as 

a candidate regulator of the HSR. It may suggest that increased cytoplasmic osmolites 

regulate HSF-1 transcriptional activity. The suppression of collagen/cuticle genes can 

also lead to the coactivation of oxidative stress mediated by skn-1 [140]. Suppressing 

morphological changes to the alae and furrows in the worm cuticle leads to the 

activation of accumulation of osmolites as previously described, but also activates skn-1 

and cellular detoxification programs. Previous data from our lab implicated hsf-1 as a 

regulator of cuticle and collagens [111]. The current data may also suggest that cuticle 
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and collagen components may act upstream of hsf-1 as well. Further investigation into 

whether or not the collagen genes identified regulate hsf-1 target gene expression will 

be important to confirm true HSR regulation.   

Dpy genes 

Genes that result in shorter worms when mutated lead to the dpy (DumPY) phenotype 

in C. elegans. Our screen identified six dpy genes that regulated transcriptional reporter 

activity. DPY-18 is an ortholog of human P4HA1 (prolyl 4-hydroxylase subunit alpha 1) 

and P4HA2 (prolyl 4-hydroxylase subunit alpha 2) which exhibits procollagen-proline 4-

dioxygenase activity. dpy-18 plays a major role in axon guidance by modifying ECM 

components to guide the ventral nerve cord in the worm [197]. dpy-6 has been reported 

to have calmodulin binding activity, but is not well studied.  dpy-19 is an ortholog of 

human DPY19L1 (dpy-19 like C-mannosyltransferase 1), and is reported to glycosylate 

Thrombospondin type 1 repeats which are involved in cell adhesion and signaling [198]. 

Dpy-28 is an ortholog of human NCAPD2 (non-SMC condensing I complex subunit D2) 

which has chromatin binding activity and histone binding activity. DPY-28 is important 

for regulating X chromosome dosage by controlling transcript levels as well as meiotic 

crossover [199-202]. Because the function of dpy genes is very diverse it remains 

unclear how each particular gene may modify HSF-1 transcriptional activity. 

Sqt genes 

In C. elegans, genes that result in shorter, fatter appearing worms were given the 

phenotypic description of SQuaT. The sqt family of genes consists of three members 

sqt-1/2/3. The majority of literature related to this family revolves around sqt-1. SQT-1 is 
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an ortholog of human METTL24 (methyltransferase like 24) and SCARA3 (scavenger 

receptor class A member 3). At the present moment, data regarding changes to the 

function of these genes describe morphological changes to the worm cuticle. For 

example, sqt-1 is the most well studied with mutations in this locus resulting in a variety 

of changes to the worm cuticle including helical, long or short, and right or left handed 

rollers [133, 203-206]. Both sqt-1 and sqt-2 identified in our screen resulted in 

decreased signal after heat shock. It remains unclear how changes to cuticle patterning 

may regulate the activity of the HSR.   
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Figure 5.1 - RNAi of Cuticle and Collagen Related Genes Identified with Increased or Decreased GFP 
Intensity. (A-D) TJ375 (phsp-16.2::GFP) animals were grown with the indicated RNAis and then 
exposed to 1 hour at 33°C and then recovered for 6 hours at 20°. Approximately 20 worms were then 
anesthetized with 10 mM levamisole, imaged, and analyzed with ImageJ. Data was analyzed using 
GraphPad Prism with a OneWay ANOVA with Tukey comparisons of all conditions. Significance 
relative to control was noted. 
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Figure 5.2 - RNAi of Cuticle and Collagen Related Genes Identified with Increased or Decreased GFP 
Intensity. (A-D) TJ375 (phsp-16.2::GFP) animals were grown with the indicated RNAis and then 
exposed to 1 hour at 33°C and then recovered for 6 hours at 20°. Approximately 20 worms were then 
anesthetized with 10 mM levamisole, imaged, and analyzed with ImageJ. Data was analyzed using 
GraphPad Prism with a OneWay ANOVA with Tukey comparisons of all conditions. Significance 
relative to control was noted. 
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Figure 5.3 - RNAi of Cuticle and Collagen Related Genes Identified with Increased or Decreased GFP 
Intensity. (A-D) TJ375 (phsp-16.2::GFP) animals were grown with the indicated RNAis and then 
exposed to 1 hour at 33°C and then recovered for 6 hours at 20°. Approximately 20 worms were then 
anesthetized with 10 mM levamisole, imaged, and analyzed with ImageJ. Data was analyzed using 
GraphPad Prism with a OneWay ANOVA with Tukey comparisons of all conditions. Significance 
relative to control was noted. 
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Figure 5.4 - RNAi of Cuticle and Collagen Related Genes Identified with Increased or Decreased GFP 
Intensity. (A-D) TJ375 (phsp-16.2::GFP) animals were grown with the indicated RNAis and then 
exposed to 1 hour at 33°C and then recovered for 6 hours at 20°. Approximately 20 worms were then 
anesthetized with 10 mM levamisole, imaged, and analyzed with ImageJ. Data was analyzed using 
GraphPad Prism with a OneWay ANOVA with Tukey comparisons of all conditions. Significance 
relative to control was noted. 
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Chapter 6 

Analysis of Genetic Regulation of HSF-1 Nuclear Stress Bodies 

Introduction 

In the previous studies it was shown that our CRISPR/Cas9 based model reflected 

phenotypes of HSF-1::GFP nuclear stress bodies (nSBs) previously reported in MosSci 

based models and expanded upon changes to HSF-1::GFP localization in stress 

conditions as well as during early aging. Recent evidence suggests that the physical 

state of HSF-1 in the cell ties strongly with its transcriptional activity and thus the overall 

activity of the HSR. Thus, understanding what stress conditions, pathological conditions, 

or genetic backgrounds regulate HSF-1 localization may be essential to discern the 

mechanisms of disease states as well as designing novel therapeutic interventions. 

Using this now validated model we examined how the formation of HSF-1::GFP nuclear 

stress bodies can be genetically regulated in by cell stress responsive pathways.  

One of the most well conserved pathways from worm to human is p38 MAPK signaling. 

In the worm this pathway responds to a diversity of upstream inputs including 

pathogenic infection, oxidative stress, and calcium signaling. In C. elegans this cascade 

is mediated by three genes nsy-1 (MAPKKK), sek-1 (MAPKK), and pmk-1 (MAPK). It 

has been shown that pmk-1 is required for thermotolerance and during heat stress it 
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can relocalize in the nucleus for its kinase activity. In human cells, it has been shown 

that HSF1 is a substrate for p38 MAPK activity, but it remains undescribed how this 

activity may regulate HSF1 localization including HSF-1::GFP nSBs. Here we show 

evidence suggesting that p38 MAPK activity is required for the suppression of HSF-

1::GFP nSBs upon the transition to adulthood in animals with genetic ablation of the 

germline. This suggests that there may be increased p38 MAPK activity in animals 

lacking a germline to promote HSF-1::GFP to remain distributed in the nucleus which 

may increase HSR activity.  

The Sirtuin sir-2.1 has been previously shown to strongly regulate C. elegans lifespan, 

and stress resistance [84, 86]. Previous research on the effect of SIRT1 on HSF-1 in 

mammalian cells shows that HSF-1 is a substrate of SIRT1 and deacetylation of HSF-1 

by SIRT1 can promote more robust HSR [31]. Here we show data suggesting the SIR-

2.1 overexpression is sufficient to suppress the formation of HSF-1::GFP nSBs upon the 

transition to adulthood and that requires jmjd-3.1. This may suggest that SIR-2.1 

overexpression enhances jmjd-3.1 expression or activity which is able to promote 

diffuse HSF-1::GFP nuclear localization and an increased HSR through the transition to 

adulthood. This result suggests a novel mechanism whereby sir-2.1 may support 

increased stress resistance and longevity shown my previous groups by maintaining a 

youthful HSF-1 localization.  

One of the most widely verified mechanisms to extend C. elegans longevity is a 

disruption to the insulin/insulin like (IlS) signaling pathway. When dysregulated, it has 

been reported that worms may have a doubling of lifespan relative to wildtype. The 

major components of this pathway are the receptor daf-2 and a conserved kinase 
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cascade signaling pathway including the genes age-1, pdk-1, and akt-1/2 [207]. The 

lifespan extension conferred by IlS dysregulation has been shown to require multiple 

stress responsive transcription factors including daf-16, hsf-1, and skn-1 [69, 208, 209]. 

However, the role of IlS on regulating the localization of HSF-1 is still unknown. 

Lastly, we investigated how hsb-1 may regulate HSF-1::GFP localization and give more 

insights into the mechanism of hsb-1 mediated lifespan extension and stress resistance. 

It was previously reported in mammalian cells that Heat Shock Factor Binding Protein 1 

(HSBP1) can interact with active trimeric HSF1 to negatively regulate the HSR [66]. 

Next, a study in C. elegans confirmed the worm homolog of HSBP1 also functions to 

negatively regulate the HSR, and this effect may function through the insulin/insulin-like 

signaling pathway [69]. However, it is still unknown in what cells HSB-1 is expressed in 

or how its localization may change during cell stress or aging at the organismal level. 

This is especially concerning given the dynamic nature of HSF-1::GFP localization 

changes during aging across multiple tissue types in the worm. We find that 

manipulating hsb-1 expression regulates HSF-1::GFP nSB formation as well as may 

regulate the HSR via modulating the expression of a lysine demethylase jmjd-3.1. 

Interestingly, the effect of increased HSF-1::GFP nSBs may not be surprising given that 

hsb-1 is already shown to function as a negative regulator of the HSR, but combined 

with recent literature suggesting prolonged HSF1 nSBs are detrimental to cell survival it 

presents an interesting conflict to be further resolved. 
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Materials and Methods 

Worm strains  

C. elegans strains and maintenance. C. elegans strains were grown and maintained at 

20⁰C on NGM plates with Escherichia coli OP50-1, unless otherwise noted. Bristol N2 

was used as the wild-type strain for these studies. Additional strains used were, SDW015 

hsf-1(asd002(hsf-1::GFP + unc-119(+)) (), SDW050 hsf-1(asd002(hsf-1::GFP + unc-

119(+))); glp-1(e2144), SDW122 hsf-1(asd002(hsf-1::GFP + unc-119(+); SIR-2.1 OE)); 

(SDW123 hsf-1(asd002(hsf-1::GFP + unc-119(+))); glp-1(e2144); pmk-1(km25); 

SDW130 hsf-1(asd002(hsf-1::GFP + unc-119(+)); daf-2(e1370), CH116 (hsb-1(cg116)), 

WS2170 (opIs110 [lim-7p::YFP::actin + unc-119(+)] IV. Age synchronization was 

accomplished by standard hypochlorite treatment. 

Heat shock 

Worms were grown on OP50-1 plates to L4 and then subjected to a 35°C HS for 2 hrs 

and then immediately recovered at 20°C. Animals were imaged after 2, 3, and 4 hours of 

recovery at 20°C.  

RNA interference (RNAi). To perform RNAi, animals were fed HT115(DE3) E. 

coli transformed with the indicated RNAi vectors (J. Ahringer, University of Cambridge, 

Cambridge, U.K.) as previously described [163]. Individual RNAi clones were sequence-

verified prior to use. To induce dsRNA production, NGM plates were supplemented with 

1 mM IPTG and inoculated plates were left to mature overnight at room temperature. 

RNAi feeding was initiated at the L1 developmental stage unless otherwise noted. 
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Fluorescence imaging. Animals were picked free of bacteria and anesthetized with 10 

mM levamisole. Nuclear stress body formation was quantified by assessing for the 

presence of nuclear foci containing HSF-1::GFP. After anesthetizing and placing the 

cover slip on top of the worms, they were imaged within 10-15 mins to avoid the 

spontaneous formation of nuclear stress bodies which may be due to hypoxia or other 

cytotoxic stress. Quantification was performed in GraphPad Prism (GraphPad Software, 

www.graphpad.com). A minimum of eight individual animals (n>8) were imaged per 

condition. 

Brood Size Analysis. Animals were grown on OP50-1 plates until L4 and then individual 

worms were transferred to 6-well plates. Parental worms were transferred to fresh plates 

daily for 6 days and total live offspring were counted per worm. Brood assay data reflects 

three biologically independent trials with 4-6 replicate animals per condition. Significance 

was determined by conducting a two-tailed t-test using GraphPad Prism (GraphPad 

Software, www.graphpad.com). 

Embryogenesis defect assay. Animals were synchronized using standard hypochlorite 

treatment and the resulting eggs were deposited into replicate drops on an unseeded 

NGM plate with the outline of each droplet outlined. Eggs were allowed to hatch overnight 

and then each droplet was assessed for the number of unhatched eggs present within 

the droplet outline. 

Germline corpse assay. WS2170 animals were grown on either control L4440 RNAi or 

hsb-1 RNAi for 3 days after hatching. Worms were then anesthetized and imaged on a 

Keyence Fluorescence Microscope and the germlines for 14 biological replicate animals 

were assessed for the number of germline corpses. Data was collected and analyzed 
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using a two-tailed t-test using GraphPad Prism (GraphPad Software, 

www.graphpad.com). 

Growth assay. Wildtype or hsb-1(cg116) mutant animals were grown on OP50-1 plates 

and 50 replicate animals were imaged each day for four days until gravid adulthood was 

reached. Images were analyzed using ImageJ to measure the length of the worms 

measured along the centerline of the body from pharynx to tail tip. Data was collected 

and analyzed using a two-tailed t-test using GraphPad Prism (GraphPad Software, 

www.graphpad.com). 

qPCR analysis. Approximately 250-300 animals were grown on OP50-1 plates until L4 

and then subjected to either a 1 hr HS at 33°C or left at 20°C. Following HS, all plates 

were washed twice with NGM buffer and worms were washed clean of bacteria before 

immediately being snap frozen at -80°C. Trizol was added to the frozen worm pellet prior 

to sonication for 10 cycles of 30 seconds on/off in a Bioruptor sonicator (Diagenode, Inc., 

Denville, NJ). RNA was extracted via Direct-Zol RNA Miniprep kit (Zymo Research, Irvine, 

CA) and reverse transcribed into cDNA via the High Capacity cDNA Reverse 

Transcription Kit (Thermo Fisher Scientific, Waltham, MA) according to manufacturer’s 

instructions. Expression levels for hsp-70 (C12C8.1), hsp-16.2 (Y46H3A.3), jmjd-

3.1(F18E9.5) were analyzed via qPCR using the Step-One Plus Real-time PCR machine 

(Applied Biosystems, Waltham, MA) using the the ΔΔCt method.  The housekeeping gene 

cdc-42 (R07G3.1) was used for normalization. qPCR analysis reflect three biologically 

replicate trials. Significance was determined by conducting a One-Way ANOVA using 

GraphPad Prism (GraphPad Software, www.graphpad.com) followed by a Tukey post-

hoc test comparisons of all columns.  
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Results 

p38 MAPK Signaling 

In our previous studies we show that HSF-1::GFP nSBs may be regulated by the 

presence of the germline. Specifically, animals that had the germline genetically 

removed via the glp-1 (e2144) mutant background displayed HSF-1::GFP diffusely 

throughout hypodermal cells during the transition to adulthood. Whereas in worms with 

the wildtype glp-1 background these cells displayed an increase in nSBs suggesting a 

disruption of proteostasis. To identify genetic interactors that may support the glp-

1(e2144) mediated phenotype, we first examined the role of p38 MAPK signaling. We 

found that when HSF-1::GFP; glp-1(e2144) animals were crossed to mutants for pmk-1 

(km25) this suppressed the effect of glp-1(e2144) on HSF-1::GFP localization (Figure 

6.1). In these double mutants we observed an increase in cells displaying HSF-1::GFP 

nSBs during the transition to adulthood. This suggests that p38 MAPK signaling may 

regulate HSF-1 localization in C. elegans. 

SIR-2.1 Overexpression may support diffuse nuclear HSF-1::GFP during the 

transition to adulthood which requires jmjd-3.1 

Previous literature has suggested that sirtuins may play important roles in regulating cell 

survival, longevity, pathogen resistance, and abiotic stress resistance.  In C. elegans, it 

has been demonstrated that SIR-2.1 overexpression can extend worm lifespan relative 

to wildtype and promote increases stress resistance. In this study we crossed our HSF-

1::GFP CRISPR/Cas9 model animals to an integrated SIR-2.1 overexpression strain 

and monitored for the presence or absence of HSF-1::GFP nSBs in hypodermal cells 
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across the transition to adulthood. We find that SIR-2.1 overexpression is able to 

suppress the formation of HSF-1::GFP nSBs during the this time period and that this 

may require jmjd-3.1 expression (Figure 6.2). 

Insulin Signaling may regulate HSF-1::GFP localization during the transition to 

adulthood 

Disruptions to insulin/insulin-like signaling is one of the most well studied and verified 

mechanisms to extend lifespan and stress resistance in C. elegans. The HSR has 

already been shown to be regulated by IlS, but how this may alter HSF-1 localization is 

still unknown. To modulate IlS, we crossed the daf-2(e1370) mutant into our 

CRISPR/Cas9 HSF-1::GFP model. In this mutant background the key IlS receptor is 

functionally null which is thought to disrupt a downstream kinase cascade. We 

compared this mutant background to wildtype daf-2 and monitored for the presence or 

absence of HSF-1::GFP nSBs in hypodermal cells across the transition to adulthood. 

Interestingly, we find that daf-2 mutants do have a decreased amount of HSF-1::GFP 

nSBs relative to wildtype, but also do not completely retain the more youthful phenotype 

(Figure 6.3). 

HSB-1 negatively regulates HSF-1::GFP nSBs 

hsb-1 has been reported to negatively regulate the HSR by binding to active trimeric 

HSF-1 [66]. We tested how hsb-1 or other genes, all hsps, that may potentially interact 

with HSF-1::GFP and regulate HSF-1::GFP localization and found that only hsb-1 

knockdown lead to an increase in cells with nSBs present (Figure 6.4. Next, we 

examined how HSF-1::GFP localization is altered during the recovery phase of a 
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thermal stress with or without a hsb-1 mutant background. Interestingly, we find that 

hsb-1 mutants show a delay in the speed of recovery as well as displaying an increased 

number of cells exhibiting HSF-1::GFP nSBs relative to wildtype in the non-stressed 

condition (Figure 6.5).  

This presented an interesting result as previous data suggests prolonged HSF-1 nSBs 

reduces HSR induction and as a result is detrimental for cell survival. We were able to 

find negative effects on C. elegans growth and reproduction. Growth in the hsb-1 

mutant background measured along the longitudinal midline was modestly reduced, but 

found to be statistically significant (Figure 6.6). We also observed an increase in the 

number of apoptotic germline cells utilizing an YFP::ACT-5 reporter strain (Figure 6.7A-

D) and a significantly reduced brood size (Figure 6.7E) [210, 211]. Lastly in 

reproduction, in the hsb-1 mutant, we also observed the appearance of dead eggs after 

a standard hypochlorite synchronization and overnight hatch which could not be found 

in the wildtype genetic background (Figure 6.8).  

However, previous analysis of hsb-1 mutants in C. elegans have reported increased 

HSF-1 target hsp induction relative to wildtype in the non-stressed conditions which we 

also confirmed (Figure 6.9 A/B). Given this information, we suspected that there may be 

compensatory gene expression that allows for a more robust HSR despite the presence 

of HSF-1 nSBs. We find that in the hsb-1 mutant background there is a higher 

expression of jmjd-3.1 (Figure 6.9 C) which is conserved lysine demethylase previously 

shown to regulate the HSR in C. elegans [61]. This increase in hsp expression also was 

found to be dependent on jmjd-3.1 (Figure 6.9D) 
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Discussion 

Our data presents multiple genetic pathways converging to regulate HSF-1::GFP nSBs 

during the transition to adulthood. This timepoint in early C. elegans aging is becoming 

a focal point of understanding what gene expression changes may set the determination 

of longevity at the whole-organism level [212]. Given this important time point we sought 

to examine the contribution of different longevity mediating pathways on their ability to 

regulate HSF-1::GFP nSBs during the transition to adulthood. In our previous study, the 

data suggested that during normal aging there is an increase in the presence of HSF-

1::GFP nSBs between the L4 stage to gravid adults. This coincides with a dramatic 

decline in the robustness of induction of the HSR and a collapse in proteostasis 

reported by multiple groups. The genetic mutant glp-1 (e2144) has been shown to 

rescue proteostasis during this timepoint through the use of metastable protein folding 

reporters [90]. Indeed, we show that in the glp-1 mutant background HSF-1::GFP 

animals did not display an increase in nSBs relative to wildtype glp-1 individuals. This 

suggested that genetic loss of the germline may regulate HSF-1::GFP to keep it diffuse 

and hypothetically more active. This posed the next question as to what molecular 

signaling may be supporting this result? We examined the contribution of the conserved 

p38 MAPK pathway by introducing a pmk-1 (MAPK) mutation into the HSF-1::GFP; glp-

1 (e2144) animals and examining if the protection conferred by the glp-1 mutation was 

lost. We found that pmk-1 was required for glp-1 mediated protection as these double 

mutants displayed an increased level of HSF-1::GFP nSBs. The mammalian literature 

suggests that HSF1 is a substrate of p38 MAPK signaling so one interpretation of our 

result may indicate that there may be increase HSF-1 phosphorylation by p38 MAPK 
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signaling in the glp-1 mutant background which enables it to remain diffuse in the 

nucleus and support the HSR and proteostasis [27]. 

Sirtuin signaling is a well conserved pathway to enhance longevity in many metazoan 

species. It has been shown to be required in dietary restriction as a means to enhance 

healthy aging in many species including C. elegans, Drosophila, and S. cerevisiae 

[213]. Sirtuin substrates include histone proteins, but many non-histone proteins 

including centrosome protein Plk2 and DNA methyltransferase DNMT1, and importantly 

HSF-1 [31, 214, 215]. In the worm, SIR-2.1 expression can be upregulated by dietary 

restriction and SIR-2.1 mediated longevity requires stress responsive transcription 

factors including HSF-1 [84]. We hypothesized that this enhancement of longevity may 

be reflected in the localization of HSF-1. When SIR-2.1 overexpression mutants were 

crossed to our HSF-1:GFP model we found that across the transition to adulthood 

hypodermal cells were not significantly changed in the appearance of HSF-1::GFP 

nSBs relative to wildtype. Interestingly, this suppression of nSBs required the lysine 

demethylase jmjd-3.1. It was reported that in a wildtype animals jmjd-3.1 expression 

normally decreases across this period [61]. Our data may suggest that SIR-2.1 

overexpression is able to maintain sufficient jmjd-3.1 expression to support proteostasis 

and lifespan. Further research is required to examine this relationship as a novel 

mechanism of lifespan regulation in C. elegans. 

Disruptions to IlS has been one method to improve C. elegans lifespan and stress 

resistance that has been confirmed by many independent research groups [73, 208]. It 

has been shown that in mutants that have a non-functional IlS receptor or null mutants 

in the downstream signaling cascade stress pathways are enhanced and confer 
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increased stress resistance and longevity to C. elegans. In particular, multiple hsf-1 

dependent hsps are enhanced which led us to hypothesize whether or not there would 

be any observable differences in HSF-1::GFP localization. As stated above, the 

transition to adulthood is a critical point in the worm lifespan so we utilized the daf-2 

mutant to examine if in this genetic background HSF-1::GFP localization can be 

regulated across the transition. We found that daf-2 (e1370) does indeed decrease the 

prevalence of hypodermal cells displaying HSF-1::GFP nSBs, but it was not able to 

completely retain the more youthful phenotype. This result may suggest other parallel 

mechanisms to regulate HSF-1::GFP localization and requires further investigation. 

The literature suggests that HSB-1 or its mammalian homolog HSBP-1 bind to and 

suppress HSF-1 activity only during its active trimeric phase. We found it interesting that 

knockdown of hsb-1 or within a mutant hsb-1 (ch116) background HSF-1::GFP was 

found to have increased nSBs when it may be thought that this is only found in stressed 

cells. This result throws into question the function, if any, that HSF-1 nSBs may have 

when present in the cell. We observed that HSF-1::GFP animals carrying the mutant 

hsb-1 (cg116) also had a delay in restoring HSF-1::GFP back to its diffuse non-stressed 

appearance. Recently, cells displaying prolonged HSF-1 nSBs were suggested to be 

more susceptible to stress, yet it has already been reported that hsb-1 mutant worms 

are more stress resistant and have an increased lifespan [45, 70]. We hypothesized that 

there may be an underlying mechanism(s) to circumvent and deleterious effects of 

prolonged HSF-1::GFP nSBs in C. elegans. We found that the expression of jmjd-3.1 

was significantly upregulated in the hsb-1 mutant background. The literature suggests 

that this gene normally decreases in expression in wildtype animals, and can 
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specifically regulate the expression of hsf-1 dependent hsps [61]. Taken together, this 

may suggest that while there are increased HSF-1::GFP nSBs the increased expression 

of jmjd-3.1 allows for an enhanced HSR that supports the increased stress resistance 

and longevity previously reported. However, one area that remains to be addressed is 

what factors may be regulating jmjd-3.1 expression itself. Elucidating this genetic 

regulation may shed insights into novel mechanisms of the regulation of stress 

resistance and aging in C. elegans 
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Figure 6.1 -  p38 MAPK Signaling May Support the HSR in Germline Lacking C. 
elegans. Hypodermal nuclei from SDW015 (HSF-1:GFP), SDW050 (HSF-1::GFP; 
glp-1(e2144), and SDW123 ((HSF-1::GFP; glp-1(e2144); pmk-1 (km25)) were 
scored for the appearance of nSBs in at day 1 (L4) and gravid adult (day 2) the 
fraction of those containing no nSBs was calculated and plotted in GraphPad 
Prism for n≥8 replicate worms.  
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Figure 6.2 – SIR-2.1 Overexpression May Support Diffuse Nuclear HSF-1::GFP 
During the Transition to Adulthood Which Requires jmjd-3.1. Hypodermal nuclei 
from SDW015 (HSF-1:GFP) and SDW122 (HSF-1::GFP; SIR-2.1 OE) with control 
RNAi or jmjd-3.1 RNAi were scored for the appearance of nSBs in at day 1 (L4) 
and gravid adult (day 2) the fraction of those containing no nSBs was calculated 
and plotted in GraphPad Prism for n≥8 replicate worms.  
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Figure 6.3 – Insulin Signaling May Regulate HSF-1::GFP lLocalization During the 
Transition to Adulthood. Hypodermal nuclei from SDW015 (HSF-1:GFP) and 
SDW130(HSF-1:GFP; daf-2(e1370)) were scored for the appearance of nSBs in at 
day 1 (L4) and gravid adult (day 2) the fraction of those containing no nSBs was 
calculated and plotted in GraphPad Prism for n≥8 replicate worms.  
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Figure 6.4 – hsb-1 Negatively Regulates HSF-1::GFP nSBs. SDW015 (HSF-1:GFP) animals were 
grown with control RNAi (A/E), hsp-70 (F44E5.4/5) RNAi (B/F), hsp-70 (C12C8.1) RNAi (C/G), or hsb-
1 (K08E7.2) RNAi (D/H) from L1 to L4 and then hypodermal nuclei from were scored for the 
appearance of nSBs and the fraction of those containing no nSBs was calculated and plotted in 
GraphPad Prism (I). for n≥8 replicate worms. Scale bar in zoomed images (E-H) represent 5 microns. 
Statisical significance was assessed by comparing all conditions to control RNAi, “***” represents 
p<0.0001 
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Figure 6.5 – hsb-1 delays full recovery of HSF-1::GFP nSBs Following Heat Shock. SDW015 (HSF-
1::GFP) and SDW101 (HSF-1::GFP; hsb-1 (cg116)) animals were subjected to a 35°C HS for 2 hours 
and then immediately recovered at 20°C. Animals were imaged after 2, 3, and 4 hours of recovery at 
20°C. Hypodermal nuclei from were scored for the appearance of nSBs and the fraction of those 
containing no nSBs was calculated and plotted in GraphPad Prism. 
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Figure 6.7 – hsb-1 Regulates Germline Apoptosis and Brood Size. (A/B/C) Brightfield, 
fluorescence, and merged images of WS2170 (opIs110 [lim-7p::YFP::actin + unc-119(+)] IV.) in 
control conditions display the presence of germline cells undergoing apoptosis (white arrow) 
following engulfment by YFP::ACT-5. Scale bar represents 50 microns. (D) WS2170 animals 
were grown for 3 days from L1 in control RNAi or hsb-1 RNAi, the number of germline corpses 
was then counted for n=14 replicate animals per condition. Total number of germline corpses 
were plotted using GraphPad Prism and analyzed with a t-test, “***” indicates p<0.0001. (E) 
Wildtype or hsb-1 (cg116) animals were grown on OP50-1 plates to L4 and then a single worm 
was assessed for the number of hatched offspring produced for the next 5 days of adulthood, 
n=12 per condition. Hatched offspring totals were then plotted in GraphPad Prism and analyzed 
with a t-test, “**” indicates p<0.001.  
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Figure 6.8 – hsb-1 May Regulate Embryogenesis in C.elegans. (A/B) Brightfield images of hsb-
1(cg116) animals following a standard hypochlorite synchronization and overnight hatching 
show the presence of unhatched eggs. Scale bar in A represents 1000 microns, scale bar in B 
represents 400 microns. No unhatched eggs were visible on wildtype plates following 
synchronization to be imaged. (C) Wildtype or hsb-1 (cg116) animals were synchronized by 
standard hypochlorite treatment and washed eggs were deposited on an unseeded NGM plate 
and left to hatch overnight. Three replicate drops of eggs were outlined prior to hatching and the 
number of unhatched eggs the following day were counted and plotted in GraphPad Prism. 
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Figure 6.9 – hsb-1 Negatively Regulates hsf-1 Target hsp Expression Dependent on jmjd-3.1. (A/B/C) 
Wildtype or hsb-1(cg116) mutant animals were grown on OP50-1 plates to the L4/YA stage and then 
subjected to RNA extraction for qRT-PCR analysis of hsp-16.2, hsp-70 (C12C8.1), and jmjd-3.1 
mRNA expression, significance was calculated using a t-test in GraphPad Prism and is indicated 
relative to wildtype,”*” indicates p<0.05. (D) Wildtype or hsb-1(cg116) mutant animals were grown on 
control RNAi or jmjd-3.1 RNAi where indicated and then subjected to RNA extraction for qRT-PCR 
analysis of hsp-70 (C12C8.1) mRNA expression, significance was calculated using a One-Way 
ANOVA followed by a Tukey post-hoc test of all comparisons, significance between hsb-1 (cg116) 
mutants in control RNAi and jmjd-3.1 RNAi is indicated, “***” p<0.0001.  
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Chapter 7 

Implications and Future Directions 

HSF-1 localization in C. elegans 

Our data suggests that HSF-1 in C. elegans undergoes distinct changes in localization 

very early in adulthood. However, there are many unresolved questions that remain. For 

example, the appearance of nSBs may indicate the collapse in proteostasis, but what is 

the physical state of HSF-1 in C. elegans cells at this timepoint? Because recent data 

suggests that HSF-1::GFP in nSBs may represent a liquid-solid phase transition in the 

cell, it would be pertinent to examine what state HSF-1::GFP is in during the transition 

to adulthood [216]. Additionally, we also observe that HSF-1::GFP remains 

predominantly in nSBs during aging. Is HSF-1::GFP in these cells also trapped as solid 

aggregates which do not function in the HSR? Fluorescence microscopy utilizing 

Fluorescent recovery after photobleaching (FRAP) will be key to understand these 

questions. FRAP is a microscopy technique that allows you to examine the physical 

state of fluorophores by first using laser light to eliminate any fluorescence from the 

protein (photobleaching). If the protein is capable of being restored to function, in this 

case still functional in the liquid phase of the cell, it can recovery its fluorescent 
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properties and be imaged again. Using this technique at multiple timepoints in aging or 

stress conditions may be able to confirm what physical state or how functional HSF-

1::GFP may be. 

Understanding what elicits nSBs themselves is also an outstanding question in the 

literature. For example, we have also observed the appearance of HSF-1::GFP nSBs 

within the germline in the mitotic region. Because HSF-1 nSBs are usually associated 

with increases in HSF-1 activity, does mitosis require increased HSF-1 activity? Or is 

the HSR responding to a stress induced by mitosis? Further probing of HSF-1 target 

genes in these cells with standard gene expression approaches including gene 

knockdown via RNAi, mutant analysis, and overexpression coupled to mRNA 

expression analysis may give insight into these questions. 

Beyond these unanswered questions, our CRISPR/Cas9-based model indicates that 

HSF-1::GFP is expressed in all cell types examined, highlighting the importance of 

HSF-1 to cellular function. Because of the various functions of each cell type, it is 

unlikely that HSF-1 regulation is similar in each one. Our work already demonstrates 

that one tissue type appears to react differently than another very early in aging. The 

data suggests that, in C. elegans, neurons do not exhibit any HSF-1::GFP nSBs during 

the transition to adulthood. But they may be induced during this timepoint with a thermal 

stress. This may suggest that neurons are not undergoing age-related changes similar 

to other tissues like the hypodermis, intestine, and germline at this timepoint. This may 

be addressed with tissue-specific analysis to identify the differences in each cell type 

and elucidate novel mechanisms of aging.  
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Previous literature has already confirmed the existence of both cell autonomous and 

non-cell autonomous regulation of HSR activity [55, 217, 218]. For example, neuronal 

activation via heat stress or optogenetic methods is capable of signaling to the germline 

and causing the induction of HSF-1 nSBs in developing germ cells [55]. In the worm, it 

was also found that the thermosensory neurons are required to mount a full induction of 

the HSR [219]. Furthermore, neuroendocrine signals may also regulate the HSR. It was 

shown that, in Wistar rats, higher levels of the stress hormone cortisol show increased 

expression of active trimeric HSF1 and HSP70 expression levels in adrenal glands 

[220]. The worm is well suited for tissue-specific aging studies to address these 

questions. There may be age-related or disease specific changes to these tissues or 

organs which then lead to systemic dysregulation of the HSR at the organismal level. 

Further research to understand how these mechanisms act on HSF-1’s activity or 

localization will yield valuable insights into how the HSR is regulated.  

PYP-1 as a Regulator of the HSR 

The data we have collected suggests that pyp-1 does regulate the HSR, but needs to 

be suppressed prior to the transition to adulthood to manifest its effects. In our first 

experiments, we show that knockdown from L1 leads to the upregulation of HSF-1 

dependent transcriptional reporters assessed during the first day of adulthood. If the 

knockdown is given for the same length of time starting at the first day of adulthood, we 

do not observe a similar negative regulation in the transcriptional reporter. This 

suggests that temporal regulation of the HSR may be critical. This is a unique situation 

among those HSR regulators described in the literature thus far. PYP-1 is a component 

of the NuRF complex which regulates many cellular processes. It may also suggest a 
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larger implication that particular genes may regulate the HSR within a particular 

temporal point in aging. The worm is very amenable to genetic screening approaches 

and has been used to screen for proteostasis regulators in disease models as well as 

other HSR regulator candidates.  

Our results hint at a possibility that some of these genes may be regulating the HSR 

depending on the specifics of how each screen was conducted such as the timing of 

RNAi or developmental stage when scored. Some data already suggests a tissue-

specific network of HSR regulators and it may also be possible to sort genetic regulators 

by developmental stage as well [221]. How might the lack of sufficient PYP-1 

expression lead to the activation of HSF-1? To address these questions some 

preliminary experiments may be insightful to refine the understanding of pyp-1’s effect 

on the HSR. Does pyp-1 expression normally change during the transition to adulthood? 

Because we noted the effect across the transition to adulthood, is there a change in 

expression of pyp-1 during this timepoint that we perturbed in our experiments which led 

to an increase in HSF-1 activity? Measuring pyp-1 expression with standard techniques 

may resolve this question. Additionally, in what tissues is pyp-1 acting to regulate the 

HSR? We may address where is pyp-1 normally expressed using CRISPR/Cas9 

fluorescent tagging. Knocking in a fluorescent tag would provide the insight to its 

expression in vivo as well as give the ability to track its expression across the transition 

to adulthood.  

Another area of interest that arose in this project was the contribution of lipids to 

potentially regulating the HSR. One area that this has already been studied in is the 

composition of membrane lipids in regulating the HSR in plants, cyanobacteria, and 
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yeast. It has been shown that alterations leading to the increase in saturated fatty acids 

enhances regulates mRNA expression changes during heat shock in S. cerevisiae 

[222].  Relatedly, modulating the composition of plant membrane lipid compositions has 

also been shown to regulate hsp expression. In particular, the composition of one 

particular class of lipid, phosphatidylglycerol, is thought to manipulate membrane fluidity 

and affect temperature sensing [223]. These changes to membrane lipid composition 

may also be an adaptive mechanism to tolerate high temperatures as it was shown that 

chronic stress alters membrane lipid composition, but not necessarily from the result of 

an acute thermal shock [224]. In C. elegans, it has been shown that long-lived mutants 

alter the ratio of polyunsaturated fatty acids to monounsaturated fatty acids which is 

thought to lead to less oxidative stress prolonging lifespan [225, 226]. This oxidative 

metric can be quantified and is termed the peroxidizability index (PI) and refers to the 

number of unsaturated bonds in the lipids present [227]. Having a low PI has been 

shown to be present in long-lived animals including natural variants of wildtype rats, 

naked mole rats, and many other mammalian species [228-230]. It remains unknown 

whether or not pyp-1 may regulate these processes as an indirect method to regulate 

the HSR in C. elegans. Furthermore, our data suggests that while pyp-1 knockdown 

was sufficient to induce HSF-1 dependent transcriptional reporter activity, the lack of 

any apparent lifespan extension conferred by this regulation raises the question of 

whether other mechanisms of HSF-1 activation are present in pyp-1 deficient animals. 

O-GlcNAc Cycling as a Regulator of the HSR 

Our data so far indicates that modulating global O-GlcNAc cycling regulates HSF-1 

activity, but how and in which tissues remains incomplete. We have shown that in L4 
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animals intestinal HSF-1 appears to have localization changes compared to the 

hypodermis, but it may also be important to assess other tissues. Examining HSF-

1::GFP expression in the neuronal cells, body wall muscle, and other cells may give 

insight into how O-GlcNAc cycling is regulating the HSR. One important question to 

address is whether or not C. elegans’ HSF-1 is itself O-GlcNAclyated. To address this, 

employing immunoprecipitation followed by western blotting with O-GlcNAc antibodies 

or mass spectrometry could resolve this question. HSF-1 is an extensively 

phosphorylated protein which has been shown to regulate its activity. If O-GlcNAc 

modifications are competing for similar serine or threonine residues it raises important 

questions as to how O-GlcNAc modification at those sites regulate HSF-1 activity [32].  

We also noted a general pattern of young worms showing increases in the HSR with 

both global hyper and hypo-O-GlcNAclyation whereas older worms had reciprocal 

effects. How might young cells generally activate HSF-1 in this manner? One 

interpretation of these results could suggest additional layers of regulation indicating O-

GlcNAc regulating other HSF-1 modifying genes in youth vs adulthood. To examine this 

it may be insightful to examine upstream HSF-1 regulators such as kinase and 

acetylation modifying enzymes for O-GlcNAclyation. 

Collagen and the Cuticle as a Regulator of the HSR 

Our data suggests that similarly to regulating osomotic stress and oxidative stress 

collagen/cuticle gene expression may also regulate the HSR [138, 140]. The exact 

mechanism of each regulator may be very distinct. As described the different effects of 

each gene can range from leading to morphological changes in the cuticle, cuticle 

permeability, chromatin changes, and oxidative changes [194, 196, 199, 231]. For 
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example, within the genes that when disrupted lead to loss of cuticle furrows or changes 

in alae morphology, is this morphological change itself sufficient to regulate hsf-1 

activity? The epidermis and  cuticle of the worm which is composed of over 150 

collagen genes serves as the essential barrier to protect the animal. It has been 

reported that defects to this barrier function may compromise osmotic balance, 

pathogen resistance, and neuronal function [232]. Osmotic stress has been shown to 

lead to changes in intracellular osomolyte concentrations where namely glycerol 

expression is enhanced [233]. Our previous data shows that the HSR may indeed 

respond to osmotic changes as shown by the formation of HSF-1::GFP nSBs during 

osmotic stress. Next, genetic changes to the cuticle composition have been shown to 

alter the worm’s ability to resist pathogens [234]. While we have not used a specific 

human related pathogen, it is thought that even the laboratory strain of E. coli OP50 

worm research commonly uses can act as a pathogen. Our candidate regulators may 

function to compromise the worm cuticle and initiate a mild pathogen response which 

the HSR is known to regulate in C. elegans [146, 156]. Specific worm neurons become 

embedded in the cuticle during development including the mechanosensory neurons 

ALM and PLM [235]. Changes to the structure of the cuticle may then regulate neuronal 

function and this could be transmitted to distal tissues through already established 

mechanisms of non-cell autonomous signaling in the HSR [56, 217]. It is important to 

recognize that this data is still very preliminary. The data from our subscreen indicates 

that these candidate regulator components of the worm cuticle may regulate the HSR 

as measured through a transcriptional reporter system. It will be extremely important to 

verify these candidate regulators act through hsf-1 as some regulators have already 
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been described in the literature to act through alternative cell stress pathways. 

Nevertheless, those candidates can be readily verified with the use of hsf-1 RNAi or 

through an hsf-1 mutant background. For those genes that appeared to enhance hsf-1 

activity it would be interesting to determine if HSP expression is also upregulated. If so, 

it would suggest that modulation of cuticle/collagens may by an untapped avenue to 

enhance proteostasis and longevity.  

HSB-1 as a Regulator of the HSR 

Our data suggests that hsb-1 may regulate the expression of a known chromatin 

regulator of the HSR jmjd-3.1. Other studies have indicates that enhanced jmjd-3.1 

expression through exogenous transgenic models is able to suppress the decline in 

proteostasis during early aging in C. elegans. This increase in expression may 

represent a novel mechanism of action in hsb-1 mediated lifespan regulation and 

potential therapeutic avenues to enhance longevity through hsb-1 suppression. The 

worm is an excellent genetic model to identify candidate regulators of the increased 

jmjd-3.1 expression. This may shed novel insights into other genetic regulators of aging. 

However, hsb-1 and its mammalian counterpart HSBP-1 are still understudied genes in 

the literature. The relationship between HSB-1 and HSF-1 during stress and aging still 

warrants further investigation. For example, during conditions in which HSF-1 is 

activated such as thermal stress or other disruptions to proteostasis HSF-1 may form 

nSBs that in some species represent fully active trimeric HSF-1. Given that the 

constituents of these nSBs are not well defined, and previous research suggests that 

HSBP-1 interacts with active trimeric HSF-1 it would be pertinent to examine if HSBP-

1/HSB-1 are part of these structures to further understand the regulation of HSF-1 
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localization. Furthermore, our data suggests that cells deficient of HSB-1 contain HSF-

1::GFP nSBs in the absence of stress, and experience a delay in recovery of HSF-

1::GFP nSBs after thermal stress. This increased presence of HSF-1::GFP nSBs may 

suggest an overall less active HSR given the data involving HSF-1 solid/liquid phase 

transitions, but it has been reported that hsb-1 mutant worms have increased stress 

resistance and longevity dependent on hsf-1 [45, 69]. This conflict suggests that further 

research be performed to identify the components of the HSF-1 nSBs in these genetic 

mutant backgrounds to further understand the regulation of the HSR. Lastly, we show 

that hypodermal cells deficient of hsb-1 exhibit increased HSF-1::GFP nSBs. Our 

previous data with aging HSF-1::GFP animals in an otherwise wildtype genetic 

background suggest that different tissues display a tissue-specific pattern of HSF-

1::GFP nSBs upon the transition to adulthood. Many other studies have indicated that 

this early aging timepoint is associated with a diverse array of gene expression 

changes. It may be informative to investigate hsb-1 expression across the worm’s 

tissues to potentially reveal a novel mechanism of age-related HSF-1 nSBs regulation.  
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Appendix A: Supporting Figures for Chapter 2 CRISPR-Cas9 Tagging and 
Characterization of HSF-1 C. elegans model 
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Appendix A1 - CRISPR/Cas9-mediated transgenesis of the endogenous hsf-1 locus in C. elegans to 
include a C-terminal GFP tag. (A) Cas9 was programmed with a guiding RNA (gRNA) to create a 
double-strand break upstream of the translational stop site in exon eight of HSF-1. This break was 
then repaired via homologous recombination utilizing unc-119 (+) as a non-fluorescent marker of 
repair. Green fluorescent protein (GFP) was cloned in a direct fusion to exon eight and 286 bp of the 
hsf-1 3’ UTR was retained following the translational stop site of GFP. Upstream and downstream 
homology arms (U.S. and D.S. homology) of 2.0 kb flank the targeted double strand break location. 
(B) PCR verification of insertion of Homologous Repair Template (HRT) into endogenous HSF-1 
genomic locus. Whole worm lysate was used to genotype for the appropriate CRISPR/Cas9 mediated 
knock-in compared to N2 (wildtype) and CRISPR strain SDW015 (HSF-1::GFP). (C) Approximate 
schematic cartoon model of modified HSF-1 locus with location of genotyping primers. 
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Appendix A2 HSF-1::GFP Nuclear Stress Bodies Can Form throughout the C. elegans Germline. 
Digitally stitched brightfield and fluorescence images of the germline of L4 CRISPR HSF-1::GFP 
(SDW015) are shown.  Magnified inserts in three regions the loop, distal, and proximal end of the 
germline display germ cells displaying the presence of HSF-1::GFP nSBs in the absence of any 
exogenous stressors. Yellow arrows indicate HSF-1::GFP nSBs. Scale bar in (A-C) represents 45 
microns in (D-F) scale represents 5 microns. 
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Appendix A3 HSF-1::GFP forms nuclear stress bodies upon heat shock after exposure to acrylamide. 
(A-D) Confocal brightfield images of SDW015 shows expression of HSF-1::GFP during control 
conditions or upon exposure to acrylamide (7 mM) with or without heat shock (HS). (E) Nuclear stress 
body formation was quantified and graphed in GraphPad Prism with n>8 (n = number of animals 
assessed). All conditions were compared to Control –HS. (F) CL2166 (pgst-4:GFP) animals before 
and after a 5 hour exposure to 7 mM acrylamide shows that acrylamide induces the expected 
oxidative stress response. Scale bar in A-D presents 5 microns, scale bar in F represents 1000 
microns. 
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Appendix A4 SDW015 displays numbers of HSF-1::GFP nSBs throughout aging. (A) SDW015 

animals were grown without heat shock and assessed for the number of nSBs within individual 

hypodermal nuclei beginning at the last larvincreasedal stage (L4), in young adult (YA), fully gravid 

adults (GA) and then for the indicated number of days (+n) post GA. The number of nSBs per cell 

assessed was plotted in (A) with the mean number of nSBs per cell plotted using GraphPad Prism in 

(B). The red bar in (A) represents the mean number of nSBs present per cell. Approximately 300 

individual cells were assessed across n=8 individual animals per condition. Significance was 

determined with a One-way ANOVA followed by a Tukey Post-Hoc test of all comparisons. *** 

indicates p<0.0001. All conditions were compared to L4. 

 

(B) 

(A) 

L4 Y
A

G
A

G
A
+1

G
A
+3

G
A
+5

G
A
+7

G
A
+9

0

5

10

15

20

***

***

***

******

***

ns

N
u
m

b
e
r 

o
f 

n
S

B
s

 p
e
r 

c
e
ll

L4 Y
A

G
A

G
A
+1

G
A
+3

G
A
+5

G
A
+7

G
A
+9

0

1

2

3

4

*** ***

***

***

***

***

ns

M
e
a
n
 n

u
m

b
e
r 

o
f

 n
S

B
s
 p

e
r 

c
e
lls



153 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GFP RFP Overlay 

N
o
 H

e
a

t 
S

h
o

c
k
 

H
e
a

t 
S

h
o

c
k
 

(A) (B) (C) 

(D) (E) (F) -H
S

+H
S

0.00

0.25

0.50

0.75

1.00

***F
ra

c
ti
o
n
 o

f

-n
S

B
 n

u
c
le

i

(G) 

Appendix A5 PLM neurons form HSF-1 nuclear stress bodies in response to heat shock. Confocal 
fluorescence images of HSF-1::GFP CRISPR; pmec-17::RFP worms (SDW077) are shown without 
heat shock (A-C) and with heat shock (D-F). PLM neurons are marked by RFP. (G) The fraction of 
PLM nuclei scored as negative for nSBs or positive for nSBs for n≥8 worms with or without heat shock 
was quantified and graphed in GraphPad Prism for images (A-F). Significance indicated compares –
HS to +HS, *** indicates p<0.0001. Scale bar represents 5 microns 
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Nerve Ring 

Nerve Ring 

GFP GFP + RFP + DIC GFP GFP + RFP + DIC 

Appendix A6 Adult nerve ring neurons do not spontaneously form HSF-1 nuclear stress bodies. 
Confocal fluorescence images of gravid adult HSF-1::GFP CRISPR; pmec-17::RFP worms (SDW077) 
are shown.  Nerve ring neurons are identified by the pharyngeal bulbs in DIC and the ALM branch in 
the red TRN marker.  Yellow dotted "nerve ring" box placement is around the location of the terminal 
pharyngeal bulb. Two examples are shown. Scale bar represents 10 microns. 
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Appendix B: Supporting Figures for Chapter 3 Regulation of the Heat Shock Response 
by NuRF subunit pyp-1 
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Appendix B1 pyp-1 negatively regulates the HSR. (A) TJ375 animals were fed the indicated 
RNAis and then assessed at L4/YA (Day 1) or two days later (Day 3). Worms were given no 
heat shock (-) or were exposed to 1 hour at 33°C and then recovered for 6 hours at 20°C (+) 
. Worms were assessed qualitatively as low, medium, or high GFP expression.  
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Appendix B2 Other NuRF complex members do not regulate the HSR. TJ375 were fed the 
indicated RNAis from hatching. Two days post L4/YA worms were anesthesized using 10 
mM Levamisole and mounted on agarose pads and imaged. 
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Appendix B3 arp-6, vab-15, set-2, ham-3 modulate the HSR. (A) TJ375 animals were fed the 
indicated RNAis and then assessed at L4/YA (Day 1) or two days later (Day 3). Worms were 
given no heat shock (-) or were exposed to 1 hour at 33°C and then recovered for 6 hours at 
20°C (+) . Worms were assessed qualitatively as low, medium, or high GFP expression.  
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Appendix C: Extended Protocols 

NGM Buffer (1L) 

In a 2L bottle 

1. Mix 3 g NaCl + 1000 ml H20. Autoclave 

2. Cool to RT then aseptically add 1000 µl each of MgSO4 (1M) and CaCl2 (1M) 

3. Add 25 ml KH2PO4 (1M pH:6.0) 

4. Cap tightly and mix well.  

NGM plates (1L) 

In a 2L bottle 

1. 3 g NaCl + 2.5 g Peptone + 17 g Agar + + 1L H20 + stir bar, then autoclave. 

2. Allow to cool to ~55-60C, if you can hold bottle for 10 sec without it being too hot 

this is around the right temperature, for 1L batch takes ~30-45 mins out of the 

autoclave. 

3. Once cooled aseptically add 1000 µl each of MgSO4 (1M) and CaCl2 (1M), 

Cholesterol (5 mg/ml). 

4. Aseptically add 25 ml KH2PO4 (1M pH:6.0) 

5. Stir to combine all ingredients then pour plates. 

6. For 10 cm plates ~25 ml, for 6 cm plates ~10 ml. 
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RNAi plates (1L)  

In a 2L bottle 

1. 3 g NaCl + 2.5 g Peptone + 17 g Agar + Stir bar, then autoclave. 

2. Allow to cool to ~55-60C, if you can hold bottle for 10 sec without it being too hot 

this is around the right temperature, for 1L batch takes ~30-45 mins out of the 

autoclave. 

3. Once cooled aseptically add 1000 µl each of MgSO4 (1M) and CaCl2 (1M), 

Cholesterol (5 mg/ml). 

4. Aseptically add 25 ml KH2PO4 (1M pH:6.0) 

5. Aseptically add 10 ml of sterile 20% Lactose OR 1000 µl of IPTG (1M), and 1000 

µl of Carbenicillin (50 mg/ml) 

6. Stir to combine all ingredients then pour plates. 

7. For 10 cm plates ~25 ml, for 6 cm plates ~10 ml. 

 

 

 

 

 

 

 

 



160 
 

Bleaching 

1. Examine plate for high percentage of gravid adults.  

2. Take out Clean NGM plate to warm to room temperature. 

3. Wash plate NGM buffer, use a transfer pipet to place worms into a 15 ml tube, 

repeat plate wash one more time. 

4. Cap tightly, invert 3-4 times, and allow to sit undisturbed in rack for ~5-7 mins to 

gravity settle out the adults. 

5. Discard supernatant which contains excess bacteria + larval worms. 

6. Wash adults with H20 and allow them to gravity settle again for ~5-7 mins, you 

should have a clear supernatant now. If not rewash with H20 until clean. 

7. Remove supernatant to 3.5 ml. Discard transfer pipet. 

The rest of the procedure must be done to completion without stopping. 

Quickly add 1000 µl of bleach then 250 µl of NaOH to worms. Cap tube tightly, and 

shake for a maximum of 5 mins. Worms will typically be lysed around 3-4 mins. 

8. Examine tube for unlyzed worm bodies, if you observe no bodies prior to 5 mins 

move on to the next step, but no matter what do not lyse for longer than 5 mins 

or eggs will begin to be destroyed. 

9. Wash eggs with H20, centrifuge tube 1600 rpm for 30 sec, pour off supernatant 

carefully, and repeat egg washes 3 more times to give a total of 4 washes. 

10. Use a fine tip transfer pipet to break up egg clumps (blow bubbles and gently 

pipet up and down a few times), then transfer eggs to clean NGM plate. 

11. Observe plate for clean vs messy bleach (only eggs vs eggs + dead bodies). 
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12. Dry plate in sterile hood, wrap with parafilm, and place in incubator to hatch 

overnight. 

CRISPR Transgenesis 

Selection of guiding RNA. Enter 100-200 bp of target sequence on the CRISPR/Cas9 

gRNA MIT website indicating the species and genome file were appropriate. The 

program will return hits ranked in order of computationally determined specificity and 

efficiency. Choose a gRNA with total score greater than 90. Take note of the entire 

gRNA sequence and PAM motif Mutate the plasmid pDD162 with site directed 

mutagenesis using forward primer 5’- N20GTTTTAGAGCTAGAAATAGCAAGT-3’ and 

reverse primer 5’-CAAGACATCTCGCAATAGG-3’.  N20 is your 20 bp targeting 

sequence from the CRISPR gRNA design tool. Sequence verify the insertional change. 

Creation of HSF-1 Homologous Repair Template Plasmid 

Each target region was amplified from the template source indicated in table appendix 

using Phusion Polymerase (NEB) After amplification, all fragments were ligated using 

Gibson Assembly (NEB) following the manufacturer’s instructions for a 5 fragment 

assembly. After assembly, the resulting DNA was cloned into pDONR221 using 

Gateway technology BP cloning and transformed into ccdB sensitive Top10 cells 

according to manufacturer’s instructions (Invitrogen). Candidate clones were screened 

using M13 F/R for insertions and subsequently sequence verified prior to injection into 

worms.  
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Gibson Assembly 4-6 fragments 

1. On ice, mix 0.2-1 pmole of each fragment in a PCR tube 

2. Add 10 ul Gibson assembly master mix 

3. Bring final volume to 20 ul, do not exceed 20 ul. 

4. Incubate samples in a thermocycler at 50°C for 60 minutes. 

5. Store sample in -20°C or proceed to transformation. 

Gateway Cloning 

BP reaction 

1. Add 20-50 fmoles of attB PCR product and 150 ng of pDONR vector in a PCR 

tube 

2. Bring to 8 ul final volume with TE buffer. 

3. Briefly vortex the BP Clonase enzyme mix and add 2 ul to the BP reaction. 

4. Incubate reaction at RT overnight. 

5. Add 1 ul proteinase K 

6. Inucbate at 37°C for 10 mins. 

7. Proceed to transformation with Top10 cells. 

Convert fmole to ng using 

ng = (X fmole)*(length in BP)*(660/10^6) 
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Transformation 

1. Thaw a vial of Top10 cells on ice for ~10 mins 

2. Add 1 ul of the completed BP reaction to the tube of Top10 cells. 

3. Flick gently to mix and incubate on ice for ~15 mins. 

4. Heat shock cells at 42°C for 30 seconds. 

5. Add 250 ul of SOC and shake horizontally for 1 hr at 37°C.  

6. Spread 50-100 ul of the transformation reaction on pre-warmed LB-Kan plates. 
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Creation of isoform specific pyp-1 RNAi plasmids 

Each isoform specific section was amplified using Phusion Polymerase (NEB) with the 

indicated primers in table. After amplification, each product was cloned into L4440 Gtwy 

using BP cloning and transformed into ccdB sensitive Top10 cells according 

manufacturer’s instructions (Invitrogen). Candidate clones were sequence verified and 

then utilized in RNAi experiments.  
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Single Worm PCR (for crossing) 

Procedure: 

1. Add proteinase K to lysis buffer (90µL lysis buffer + 10µL 10mg/mL proteinase K).  

2. Place 3-10µL of lysis buffer in top of 1.5mL Eppendorf tube.  

3. Pick single worm into lysis buffer.  

4. Spin worm to the bottom of tube by spinning in centrifuge for 15 seconds at 14,000 

rpm.  

5. Flash freeze the tube in dry ice and ethanol or in liquid nitrogen (poke a hole in the 

tube’s lid if freezing in liquid nitrogen so the tube does not explode).  

6. Freeze tube at -80°C for at least 1 hour.  

7. Lyse the worm and release the genomic DNA by heating tube to 65°C for 60-90 

minutes.  

8. Inactivate the proteinase K by heating to 95°C for 15 minutes.  

9. Perform PCR - Run reaction for 30-35 cycles.  
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Recipes:  

Worm PCR Lysis Buffer 

50mM KCl  

10mM Tris (pH 8.3)  

2.5mM MgCl2  

0.45% NP-40 (IGEPAL)  

0.45% Tween-20  

0.01% Gelatin 

Add 0.1mg/mL of proteinase K before use. 
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Gautam Kao Co-IP protocol 

Co-immunoprecipitation protocol 

(last change 12 Aug 2016) 

 

Low salt wash buffer: 

 1M T-HCl (7.4) = 0.4mL 

 5M NaCl = 1.2mL 

 0.5M EDTA = 40uL 

 H2O = 38.4mL 

High salt wash buffer 

 1M T-HCl (7.4) = 0.4mL 

 5M NaCl = 4mL 

 0.5M EDTA = 40uL 

 H2O = 35.4mL 

Lysis buffer 

 1M T-HCl (7.4) = 0.4mL 

 5M NaCl = 1.2mL 

 0.5M EDTA = 40uL 

 H2O = 36.4mL 

 10% NP-40 = 2mL 
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Prior work: Add the 100X HALT protease/phosphatase cocktail (Thermo #78440)- to the lysis 

buffer. Keep on ice. 

 

Start the experiment at 8:30am. 

Switch on the refrigerated microfuge and set temp to 4C. We find that the Eppendorf 5424R 

centrifuge works better than the Beckman Coulter 22R machine. 

 

Wash worms from 10-12 plates with M9 into a 15mL tube. Let them settle by gravity for 5-7 min 

till there is a pellet. Discard supernatant and add 5mL of M9, let it settle by gravity again. 

 

Discard supernatant and add 5mL M9. Mix and centrifuge in the Hettich at 2.2K rpm for 2 min.  

Repeat 1more time at least or until the supernatant looks free of bacteria. 

 

After the last centrifugation, leave 0.5mL of the M9 in the tube with the worms 

 and transfer this to the screwcapped 2mL Axygen Eppendorf tubes with rubber gasket that is to 

be used with the bullet blender.  

 



169 
 

Centrifuge in the eppendorf at 2.2K rpm for 2 min and discard as much of the supernatant as 

possible. 

 

Add 250uL lysis buffer supplemented with the protease inhibitor cocktail (LyP) to the worm pellet 

and mix well. Centrifuge as before. Remove the supernatant. 

 

Add 400uL of LyP to the worm pellet. Then add 2 scoops of the 0.2mm stainless steel beads 

(SSB02/Next Advance) using a Corning 3013 microspatula. Use each microspatula only once.  

Can add the beads to the tubes before pipetting the worms into the tubes. 

 

Lyse the worms with the Next Advance bead beater that is in the cold room. Setting of 8 for 3 min. 

 

Centrifuge in refrigerated centrifuge for 20 min and 14K rpm at 4C.  

 

Transfer the supernatant to a new labeled eppendorf. Do not pipette up the cloudy white layer 

just above the beads. Not always visible. There is also often white cloudy stuff that does not settle 

after the centrifugation. Cannot avoid taking this.  The volume of the supernatant should be about 

350-415uL.  Keep on ice. 

 

Thaw out the protein standards from the -20C after starting the centrifuge run. 
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Now need to make two 40uL dilutions of the lysate in MQ.  These are 1:5 and 1:10 dilutions. 

These will be used for the protein concentration determinations. 

 

Do protein estimation (separate protocol).  We use the Pierce BCA protein assay kit. This takes 

about 40 minutes. 

 

After protein estimation: From each lysate, pipette out the amount corresponding to between 800-

1000ug protein (Can go up to 1200 ug of total protein). This is usually in approx. 100-350uL. Use 

the same total amount of protein for each lysate. Dilute this to 600-900uL (more if needed) with 

Chromotek low salt wash buffer (since it does not contain NP-40). It is important to dilute the NP-

40 concentration to below 0.2% when doing pull-downs with GFP-trap beads from Chromotek. 

NOTE: Supplement the dilution buffer with the sigma protease inhibitor cocktail! This 

dilution of the NP40 is important for when using Chromotek anti-GFP magnetic beads. Not 

necessary to do this when using  anti-Flag (Sigma) beads. 

 

The rest of the lysate is stored at -20C. 0.5ug will be needed for the “input” lanes in the western. 

 

Preparation of beads and immunoprecipitation 

 

Use 25uL of the GFP trap beads (or 40uL of anti-flag beads). Cut the pipette tip dispense the 

beads easily. Wash the antibody conjugated beads 3X with 600uL of cold Chromotek low salt 
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wash buffer using the magnetic separator. This is done in Axygen eppendorf tubes. It is important 

never to let the antibody conjugated beads dry up. 

 

While washing the beads, dilute 1000 ug of protein lysates in a total of 900 uL. using protease 

inhibitor supplemented low salt wash buffer. (Can use less total protein if the protein concentration 

is lower) 

After 3 washes, add the lysate mix to the washed beads. 

 

If you are working alone you can wash the beads first and then make the lysate mix.  

 

Incubate for 1 hour 15 min at 4C rotating in the end-over-end invertor. Make sure that the liquid 

is rolling properly in the tube. 

 

TIME FOR A BREAK. The time should be around 12pm. 

 

Separate the beads from the lysate using the magnet. Discard the supernatant. Wash with 600uL 

of low salt wash buffer (containing 150mM NaCl) for 10 min using the end-over end rotator  at RT. 

Separate, discard the wash buffer. Repeat with high salt wash buffer containing 500mM NaCl.   

Repeat again with low salt wash buffer containing 150mM NaCl. 

 

(Have done variations in which all 3 washes are in 150mM salt or all in 500mM salt.) 
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After the last wash, remove all possible wash buffer by doing a quick, low speed centrifugation to 

bring down all the liquis.  Add twice 17.5uL of 2X SDS sample buffer + BME directly to the beads. 

(we elute in 35uL because our SDS_PAGE gels  take a max of 50uL). Be careful not to tap the 

tubes too much, because the beads may not come down. Heat for 10 min at 95C. Quickly spin 

the tubes to bring down the droplets. Separate by the magnet and transfer the eluate to a new 

tube.  

 

Preparing inputs samples. 

Take 10ug of total protein in a total of 10uL. Add MQ water to get the final volume.  

Add 5uL of 4X SDS sample buffer + BME to the inputs and boil them for 10 min at 95C. 

Can freeze the samples at -20C  now or run on a gel. 

PROCEED FOR WESTERN BLOTTING. 

 

SDS-PAGE GELS 

 

MW standards used are Bio-Rad Precision Plus Protein Dual Extra (161-0377). Load 8uL in a 

Mini-Proean TGX Stain-free Gel (456-8124). [Robakowska thought that non-stain free gels give 

a high background). 

The entire volume of the eluate is loaded (use the soft pipette P20). Because of the concerns of 

spill-over due to the large volume, an empty lane is kept between eluate lanes.  
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“Input” lanes (i.e. lysate before the IP): Use from 0.5 to 10ug (depending from strain) for each in 

a final volume of 10uL + 5uL of 4X SDS-sample buffer+BME. No need for empty lanes between 

input lanes since the volume is only 15uL.  

Load 15uL of 1X SDS sample buffer to each empty lane.  

Run the gel for 1 hour at 120V. 

 

 

When the gel is done running, cut the gel to the minimum size possible.  

Put the bottom part of the transfer pack (Trans-Blot Turbo Transfer Pack 170-4156) on the transfer 

box, roll out the bubbles.  

Put the gel on the membrane, roll again to remove bubbles. 

  

Put the top part of the transfer pack and rollout with the roller to remove bubbles.  

Clamp on the top lid of the transfer block, then put the membrane with the gel into a Trans-blot 

machine. Start the machine, click on “turbo” then “minigel” and run the transfer. This should take 

7 min. 

 

When the transfer is done, turn off the machine and take out the membrane. Cut the membrane 

around the gel and put the membrane into 15mL of 5% Milk or 5% BSA in TBS-T (blocking 

solution). Make sure that the membrane does not dry. Then shake it at RT for 60-120 min (slow 

speed). 
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Discard the blocking solution and add 10mL primary antibody, anti-FLAG 1:1000 and shake 

overnight (at least 16h) at 4C. Or add 10mL primary antibody, anti-GFP 1:2000 and shake it for 

60 min and RT.  

 

Next day around 1pm (can be earlier also), put the primary Ab back into a Falcon tube and start 

washing the membrane with PBS-T 3 times 5 min each in RT with faster shaking. 

Add 15mL secondary antibody, anti-Mouse 1:5000 or anti-Rat 1:5000, shake for 1h at RT with 

slow shaking. 

Discard the secondary Ab and wash the membrane 3 times 5 min with PBS-T. 

 

Discard the last wash and add 1mL Enhancer solution and 1mL Peroxide buffer to the membrane 

and pipette the solutions on the membrane to cover it equally. 

Drain out excess liquid by touching the edge of the membrane to a paper towel. 

Cut out a transparent plastic film and put the membrane in it. Streak out to avoid having bubbles. 

Detect bands in the western blot detecting machine (LAS1000). 

Take a picture of the gel in the LAS1000 using the light setting and 1/8 sec exposure. 
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Ptn estimation using 96 well plate and Pierce BCA reagent. 

 

1) Mix 50 vols reagent A with 1 vol reagent B (3 mL or so should be enough).  For making 

“3mL”, add 3mL of reagent A and 60uL of reagent B. 

2) In Column 1 of the plate add the 20uL of standard BSA dilutions in this manner: 

1H: 25ug/ml 

1G 125ug/ml 

1F: 250 

1E:500 

1D:750 

1C: 1000 

1B 1500ug/ml 

1A: 2000ug/ml 

 

These are made from a BSA solution supplied by Pierce. RG keeps premixed dilutions at 

-20C 

 

3) In Column 2: add 20ul of MQ to 2H. This is the blank. (see pic). 

4) Then add the samples to other wells as you wish. Can start from 2A onwards. The total 

volume here should also be 20uL QS with RIPA or MQ 
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5) To every well in use add 200uL of the A+B mix.  

6) Incubate for 37C for 30 mins. 

R 

 

Red: Standards; yellow: blank; Green:Samples. 

 

Using the Viktor 300 machine 

 

1) Switch on the machine. Switch is on the small box next to the reader. 

2) Switch on computer. 

3) Click on “wallac 1420 workstation” After it finishes initializing, minimize its window. 

4) Click on “workout 2.0” on the desktop. Open “existing protocols” 

5) Click on “Rahul BCA” 

6) Click on start reading. When all is done you will get the results screen. Here click on 

“plate” or “results table” etc. Remember to multiply by the dilution factor 

7) For N2 and COP264 lysates a dilution of 1:5 and 1:10 was used. 
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