
Aging Cell. 2024;00:e14246.	 		 	 | 1 of 18
https://doi.org/10.1111/acel.14246

wileyonlinelibrary.com/journal/acel

Received:	1	August	2023  | Revised:	31	May	2024  | Accepted:	4	June	2024
DOI: 10.1111/acel.14246  

R E S E A R C H  A R T I C L E

Age- dependent heat shock hormesis to HSF- 1 deficiency 
suggests a compensatory mechanism mediated by the unfolded 
protein response and innate immunity in young Caenorhabditis 
elegans

Dániel Kovács1  |   János Barnabás Biró1 |   Saqib Ahmed1 |   Márton Kovács1 |   
Tímea Sigmond1 |   Bernadette Hotzi1 |   Máté Varga1 |   Viktor Vázsony Vincze1 |   
Umar Mohammad1 |   Tibor Vellai1,2 |   János Barna1,2

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2024 The Author(s). Aging Cell	published	by	Anatomical	Society	and	John	Wiley	&	Sons	Ltd.

Dániel	Kovács	and	János	Barnabás	Biró	contributed	equally	to	this	work.		

Abbreviations: C. elegans, Caenorhabditis elegans; DEGs, differentially regulated genes; E. coli, Escherichia coli; ER, endoplasmic reticulum; EV, empty vector; FUdR, 5- fluoro- 2′- 
deoxyuridine; GFP, green fluorescent protein; GSEA, Gene Set Enrichment Analysis; HSF1, heat shock factor 1; HSF- 1ΔTAD, C- terminally truncated HSF1; HSP, heat shock protein; HSR, 
heat shock response; IlS, insulin- like signaling; IPR, intracellular pathogen response; N. paresis, Nematocida parisii;	qPCR,	quantitative	polymerase	chain	reaction;	RNAi,	RNA	interference;	
RNAseq,	RNA	sequencing;	UPRER, unfolded protein response of the endoplasmic reticulum.

1Department of Genetics, ELTE Eötvös 
Loránd	University,	Budapest,	Hungary
2HUN-	REN-	ELTE	Genetics	Research	
Group, Eötvös Loránd University, 
Budapest,	Hungary

Correspondence
Tibor	Vellai	and	János	Barna,	Department	
of	Genetics,	Institute	of	Biology,	Eötvös	
Loránd	University,	Budapest,	Hungary.
Email: vellai.tibor@ttk.elte.hu and 
barna.janos@ttk.elte.hu

Funding information
New	National	Excellence	Program	of	
the	Ministry	for	Culture	and	Innovation,	
Grant/Award	Number:	DKOP-	23,	
ÚNKP-	23-	3	and	ÚNKP-	23-	5;	National	
Research, Development and Innovation 
Office,	Grant/Award	Number:	FK	131944	
and	K132439;	Eötvös	Loránd	Research	
Network,	Grant/Award	Number:	01062

Abstract
The transcription factor HSF- 1 (heat shock factor 1) acts as a master regulator of heat 
shock response in eukaryotic cells to maintain cellular proteostasis. The protein has 
a protective role in preventing cells from undergoing ageing, and neurodegeneration, 
and also mediates tumorigenesis. Thus, modulating HSF- 1 activity in humans has a 
promising therapeutic potential for treating these pathologies. Loss of HSF- 1 func-
tion is usually associated with impaired stress tolerance. Contrary to this conventional 
knowledge, we show here that inactivation of HSF- 1 in the nematode Caenorhabditis 
elegans results in increased thermotolerance at young adult stages, whereas HSF- 1 
deficiency in animals passing early adult stages indeed leads to decreased thermo-
tolerance, as compared to wild- type. Furthermore, a gene expression analysis sup-
ports that in young adults, distinct cellular stress response and immunity- related 
signaling	 pathways	 become	 induced	 upon	HSF-	1	 deficiency.	We	 also	 demonstrate	
that increased tolerance to proteotoxic stress in HSF- 1- depleted young worms re-
quires	 the	 activity	 of	 the	 unfolded	 protein	 response	 of	 the	 endoplasmic	 reticulum	
and	the	SKN-	1/Nrf2-	mediated	oxidative	stress	response	pathway,	as	well	as	an	innate	
immunity- related pathway, suggesting a mutual compensatory interaction between 
HSF- 1 and these conserved stress response systems. A similar compensatory molecu-
lar network is likely to also operate in higher animal taxa, raising the possibility of an 
unexpected outcome when HSF- 1 activity is manipulated in humans.
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1  |  INTRODUC TION

Proteins of living organisms are optimized to function within a nar-
row temperature range; therefore, a slight increase in temperature 
can lead to the disruption of protein homeostasis (proteostasis). 
Upon heat stress, conserved cell protective mechanisms are induced 
to	 preserve	 proteostasis	 (Kourtis	 &	 Tavernarakis,	 2011; Higuchi- 
Sanabria, Frankino, et al., 2018). These mechanisms include the un-
folded protein response of the endoplasmic reticulum (UPRER), the 
insulin/IGF- 1 (insulin- like growth factor 1) signaling (IlS) pathway, 
autophagy (cellular self- eating), and the heat shock response (HSR). 
The HSR leads to a robust activation of genes encoding heat shock 
proteins (HSPs). HSPs function as molecular chaperones that help 
refold or degrade damaged proteins, thereby contributing to the 
protection of cells from protein- damaging stress (Hipp et al., 2019; 
Somogyvári et al., 2022).

The evolutionarily conserved heat shock transcription factor 
HSF-	1	acts	as	a	master	regulator	of	HSR	(Joutsen	&	Sistonen,	2019; 
Kovács et al., 2022). Upon proteotoxic stress, HSF- 1 becomes ac-
tivated via trimerization and phosphorylation, then translocates 
into the nucleus to promote the transcription of genes encod-
ing HSPs (Akerfelt et al., 2010). Hence, HSF- 1 has a crucial role in 
maintaining proteostasis, specifically in the cytoplasm during nor-
mal development as well as under conditions of stress and aging 
(Barna	et	al.,	2012, 2018; Hsu et al., 2003; Kovács et al., 2022; Li 
et al., 2017;	Morimoto,	2020). The cell protective role of HSF- 1 was 
also described in malignant tumors, designating the protein as a 
promising	 target	 for	 cancer	 therapy	 (Dai	&	 Sampson,	2016; Dong 
et al., 2019;	Whitesell	&	Lindquist,	2009). The therapeutic potential 
of HSF- 1 is also significant in preventing ageing and in age- related 
neurodegenerative	diseases	 (Roos-	Mattjus	&	Sistonen,	2021). This 
raises the importance of determining the effects of HSF- 1 depletion 
at the organismal level.

Despite extensive research on HSF- 1, there is a discrepancy re-
garding the effect of HSF- 1 deficiency on the thermotolerance of 
C. elegans (Kyriakou et al., 2022). To date, only two mutant alleles 
of hsf- 1 are available. ok600 is a deletion (possibly null) allele, and 
animals homozygous for this allele arrest development at the L2- L3 
larval	 stages	 (Morton	 &	 Lamitina,	 2013). sy441 is a reduction- of- 
function allele predicted to encode an HSF- 1 protein that lacks the 
transactivation domain, thereby being considered to be defective 
in heat shock- induced transcriptional activation (Figure 1a) (Hajdu- 
Cronin et al., 2004). Several groups have shown that hsf- 1(sy441) 
hypomorph mutants and hsf- 1(RNAi)	 (RNA	 interference)	 animals	
are more sensitive to heat shock than wild- type (Finger et al., 2021; 
Prahlad et al., 2008; Steinkraus et al., 2008). Controversially, it has 
also been reported that there is no significant difference between 

the thermotolerance of wild- type and hsf- 1(sy441) mutant animals 
(Kourtis et al., 2012;	McColl	et	al.,	2010). Intriguingly, in some cases, 
hsf- 1(sy441) mutant and hsf- 1(RNAi) animals were shown to have in-
creased thermotolerance as compared to wild- type animals (Golden 
et al., 2020;	Morton,	2013).

In this work, we clarified this discrepancy by showing that the 
thermotolerance of animals defective for HSF- 1 activity changes at 
the early adult ages. 1- day- old adult worms displayed increased tol-
erance to heat stress, whereas the thermotolerance of adults at later 
stages was reduced, as compared to the wild- type. Furthermore, in 
1- day- old adults deficient in HSF- 1 function, the activity of genes 
involved in the innate immune system and UPRER was elevated rela-
tive to control, while induction of these genes was abolished in older 
animals.	We	also	show	that	the	UPRER and innate immunity- related 
signaling	pathway	are	required	for	enhanced	heat	stress	resistance	
in young HSF- 1- deficient animals. Finally, a C- terminally truncated 
form of HSF- 1, encoded by hsf- 1(sy441), retains its activity to up-
regulate heat shock protein- encoding genes, preferentially in the 
intestine.

2  |  RESULTS

2.1  |  HSF- 1 deficiency results in increased 
thermotolerance at the first day of adulthood

We	determined	 thermotolerance	 in	hsf- 1(sy441) mutant and hsf- 
1(RNAi) animals at the stage of 1- day- old adulthood, using a modi-
fied protocol based on the work of Zevian and Yanovitz Zevian 
and Yanowitz (2014). Surprisingly, we found that both hsf- 1(sy441) 
mutant animals and hsf- 1(RNAi) nematodes tolerate heat stress 
significantly better than control (wild- type worms and animals 
fed	with	bacteria	expressing	the	empty	RNAi	vector	only,	respec-
tively) (Figure 1b,c). To exclude the possibility that the increased 
thermotolerance observed was caused by a background mutation 
or the off- target effect of HSF- 1 depletion, we repeated this set 
of experiments using a strain that was outcrossed six times with 
the wild- type [TTV450 {hsf- 1(sy441)x6}]	 and	 another	 RNAi	 con-
struct against hsf- 1 and obtained similar results (Figure S1a,b). 
We	 also	 observed	 that	 worms	 grown	 on	 HT115	 bacteria	 (this	
bacterial	 strain	 is	 commonly	 used	 in	 feeding	 RNAi	 experiments)	
have a higher thermotolerance, a phenomenon that has been 
described previously (Revtovich et al., 2019). Therefore, we ap-
plied a 6- h- longer heat shock protocol in all survival assays cou-
pled	withRNAi	treatment,	since	after	5 h	at	35°C,	the	survival	of	
control	 and	hsf-	1(RNAi)	worms	was	almost	100%	and	no	 signifi-
cant difference in survival was found between the two groups 

K E Y W O R D S
autophagy, C. Elegans, cellular stress response, heat shock factor 1, heat shock proteins, 
heat shock response, hormesis, innate immunity, insulin- like signaling pathway, intracellular 
pathogen response, proteostasis, skn- 1, thermotolerance, unfolded protein response
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F I G U R E  1 Inactivation	of	HSF-	1	results	in	increased	thermotolerance	in	young	adult	C. elegans. (a) Domain organization of full length 
(FL) and C- terminally truncated (ΔTAD)	CeHSF-	1	proteins.	DBD:	DNA	binding	domain,	binds	the	consensus	HSE	sequence;	HR-	A/B	
oligomerization	domain:	heptad	repeat	A	(HR-	A)	and	heptad	repeat	B	(HR-	B)	leucine-	zipper	domains	mediate	the	trimerization	of	HSF1.	
HR-	C	heptad	repeat	domain	keeps	HSF1	in	a	monomeric	form,	due	to	its	interaction	with	the	HR-	A/B	domain.	TAD:	transactivation	domain,	
responsible for transcriptional activation. (b) hsf- 1(sy441) [PS3551] mutant animals have an increased thermotolerance compared to wild- 
type	at	the	1 day	old	adult	stage	(animals	were	shifted	from	20°C	to	35°C	for	5 h).	(c)	The	increase	in	thermotolerance	can	be	observed	in	
animals treated with a type of hsf- 1	RNAi	and	shifted	from	20°C	to	35°C	for	5 h.	(EV = empty	vector,	control	for	the	RNAi	treatment)	(d)	At	
the 1st day of adulthood hsf- 1(sy441)	mutant	animals	tolerate	heat	stress	better	than	wild-	type	(animals	were	shifted	from	20°C	to	35°C	for	
5 h).	(e)	2 days	old	adult	hsf- 1(sy441) mutants still had an increased thermotolerance compared to wild- type. Preconditioning (heat shock for 
30 min.	at	35°C,	18 h	before	the	thermotolerance	assay)	increased	the	thermotolerance	of	wild-	type	but	had	no	effect	on	the	hsf- 1(sy441) 
mutants.	(f)	By	the	4th	day	of	adulthood,	the	increased	thermotolerance	of	hsf- 1(sy441) animals disappeared. At this stage the pre- shock 
did not increase the survival of either wild- type or hsf- 1(sy441) mutant animals. (g) Downregulating hsf- 1	by	using	RNA	interference	also	
increased the survival rate of 1- day old C. elegans	adults	under	heat-	shock	conditions	(animals	were	shifted	from	20°C	to	35°C	for	6 h).	(h)	
2 day	old	adult	animals	treated	with	hsf- 1	RNAi	had	lower	thermotolerance	compared	to	control.	In	this	case	preconditioning	has	no	effect	
on	either	pre-	shocked	or	naive	animals.	(i)	At	the	4 day	old	adult	stage	the	control	group	is	clearly	more	tolerant	to	heat	stress	than	hsf- 
1(RNAi) animals. Pre- shock has no effect on the animals treated with hsf- 1	dsRNA,	while	it	slightly	lowers	the	survival	rate	of	untreated	C. 
elegans.	(b–i)	Thermotolerance	following	a	5 h-	long	(6 h	long	in	case	of	RNAi	treatment)	heat	shock	at	35°C.	n > 3	replicates	of	50	animals	
per strain. Individual data points represent independent trials (the different biological replicates are indicated by different shapes), lines 
represent	means.	Significance	compared	to	wild	type	control	was	determined	using	Cochran–Mantel–Haenszel	test;	* = p < 0.05	** = p < 0.01	
*** = p < 0.001;	error	bars	represent	±	SEM.	Source	data	underlying	Figure 1b–i are provided in Table S1.	EV = empty	vector;	hsf- 1 = heat	
shock	factor	1;	RNAi = RNA	interference;	SEM = standard	error	of	the	mean.
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(Figure S1c).	However,	when	 animals	were	 heat-	shocked	 for	 6 h,	
there was a significant difference in thermotolerance between 
the	survival	of	control	and	hsf-	1(RNAi)	nematodes.	To	exclude	the	
possibility that these results were due to some peculiarity of the 
protocol, we applied another thermotolerance protocol, which 
monitors the survival of animals exposed to stress at every hour 
(Bar-	Ziv	et	al.,	2020).	Nevertheless,	at	the	first	day	of	adulthood,	
HSF- 1- depleted nematodes proved to be more resistant to heat 
stress than the control at the same stage (Figure S1d,e). It was 
shown recently that there is a significant decrease in stress tol-
erance at an early adult stage, the onset of egg-  (embryo) laying 
(Labbadia	&	Morimoto,	2015). This raises the possibility that the 
increased stress tolerance of worms defective for HSF- 1 function 
is	a	consequence	of	a	slower	developmental	rate	as	compared	to	
wild- type. At the time when the thermotolerance assay was per-
formed, wild- type nematodes had already passed this stage while 
animals deficient in HSF- 1 function were still at the stress resist-
ant developmental stage. To test this possibility, we determined 
the thermotolerance of hsf- 1(sy441) mutant and hsf- 1(RNAi) adults 
at	the	time	of	62,	64,	and	71 h	after	the	eggs	were	laid.	According	
to our results the thermotolerance of hsf- 1(sy441) mutant and hsf- 
1(RNAi) worms was elevated at each time point compared to the 
corresponding controls (Figure S1f,g).	We	conclude	that	1-	day-	old	
nematodes with HSF- 1 deficiency exhibit an elevated resistance 
to heat stress as compared with control.

2.2  |  The effect of HSF- 1 deficiency 
on thermotolerance depends on age

It has been demonstrated that 2- day- old hsf- 1(sy441) mutant adult 
animals are as tolerant to heat stress as wild- type at the same 
stage	 (McColl	 et	 al.,	 2010). Other groups have shown that hsf- 
1(sy441) mutant nematodes at mid adult stages are more sensitive 
to heat stress than wild- type animals (Finger et al., 2021; Prahlad 

et al., 2008; Steinkraus et al., 2008). These data suggest that 
the effect of HSF- 1 deficiency on the thermotolerance of nema-
todes changes at the early adult stages. To test this possibility, 
we determined the thermotolerance of 1- , 2-  and 4- day- old adult 
worms. Due to the severe egg- laying defective (Egl) phenotype 
of HSF- 1- deficient animals, we sterilized worms by growing them 
on plates supplemented with 5- fluoro- 2′- deoxyuridine (FUdR), a 
potent	inhibitor	of	cell	proliferation	(Sutphin	&	Kaeberlein,	2009). 
Application of the compound repressed premature death in Egl 
adult hermaphrodites, which was due to young larvae hatched 
inside their uterus. Figure 1 shows that at the first day of adult-
hood, the survival of both hsf- 1(sy441) mutant and hsf- 1(RNAi) 
animals exposed to heat stress is significantly higher than the cor-
responding controls (Figure 1d,g). At the second day of adulthood, 
hsf- 1(sy441) mutants still tolerated heat stress better than wild- 
type nematodes, but the heat tolerance of hsf- 1(RNAi) animals 
was lower than that of control fed with bacteria expressing the 
empty	RNAi	vector	only	 (Figure 1e,h). This discrepancy was also 
reflected by the hormetic effect of pre- stressed worms raised on 
E. coli	OP50	 versus	HT115	 (RNAi	 feeding)	 bacteria;	while	 a	mild	
stress	 (35°C,	 30 min)	 18 h	 before	 the	 assay	 enhanced	 the	 stress	
tolerance of 2- day- old adults fed on OP50 bacteria, the same pre-
conditioning had no effect on the heat tolerance of worms grown 
on HT115 bacteria (Figure 1e,h). Impact of diet on the survival of 
C. elegans after exposure to heat stress has also been described 
earlier (Revtovich et al., 2019).

In the case of 4- day- old adults, the wild- type strain was more 
tolerant to heat stress than hsf- 1(sy441) mutants (Figure 1f).	 We	
observed the same effect when repeating the experiment with hsf- 
1(RNAi) animals at the same adult stage (Figure 1i). As a control test, 
we investigated whether FUdR influences these results. To this end, 
we determined the thermotolerance of control and hsf- 1(RNAi) ani-
mals grown on agar plates supplemented with no FUdR by carefully 
selecting	animals	that	did	not	show	the	Egl	phenotype.	We	obtained	
results that were highly similar to those observed under conditions 

F I G U R E  2 Genes	involved	in	distinct	stress	and	immunity	related	pathways	are	upregulated	in	hsf- 1(sy441)	mutant	animals.	(a)	RNA-	
Seq	volcano	plot	showing	log2-	fold	change	in	expression	levels	of	genes	(FDR <0.05) differentially regulated (1116 up- regulated; 72 
down-	regulated)	in	1 day	old	hsf- 1(sy441)	mutant	adults	compared	to	wild-	type	(N2)	at	20°C.	(b)	GO	enrichment	analysis	shows	that	genes	
involved in PERK- mediated UPR and related to innate immune response are enriched among differentially expressed genes. Horizontal axis 
shows the fold enrichment. (c) Genes transcriptionally upregulated in hsf- 1(sy441) mutant and hsf- 1(RNAi) genetic backgrounds correlate 
with genes that are up-  or downregulated in response to pathogens, abiotic stresses or conserved regulators of cellular stress response 
pathways.	Analysis	was	performed	using	the	GSEA	4.3.2	software	package	(see	the	Materials	and	Methods).	Correlation	was	quantified	as	
a	Normalized	Enrichment	Score	(NES).	NES	is	positive	(red)	when	a	gene	set	show	correlation	with	upregulated	genes,	while	NES	is	negative	
(green)	when	a	gene	set	show	correlation	with	downregulated	genes.	Cells	are	white	if	no	significant	correlation	was	detected	(FDR >0.25, or 
nominal p- value >0.05)	or	NES	values	are	not	available	(N/D).	Gene	sets	used	are	available	in	Table S5. For more details, see Table S6. (d–f) 
Venn diagrams showing that genes upregulated in hsf- 1(sy441) mutants compared to wild- type animals have a significant overlap with genes 
upregulated in pals- 22( jy3)	mutants	compared	to	wild-	type	(RF = 3.7;	p < 5.218e-	202)	(d),	with	genes	upregulated	in	skn- 1(RNAi) compared 
to	EV	control	(RF = 4.2;	p < 4.418e-	06)	(E)	or	with	genes	induced	upon	ER	stress	that	are	dependent	on	IRE-	1,	PEK-	1	or	ATF-	6	signaling	
(RF = 2.5;	p < 1.638e-	04)	(f).	(g)	Diagram	showing	the	relative	levels	of	genes	significantly	upregulated	in	both,	hsf- 1(sy441) mutant and skn- 
1(RNAi)	backgrounds.	FC	and	FDR	were	calculated	by	edgeR	(see	Materials	and	Methods	and	Table S4). (h) Diagram showing the relative 
levels of genes significantly upregulated in both, hsf- 1(sy441)	mutant	and	upon	ER	stress.	FC	and	FDR	was	calculated	by	edgeR	(see	Materials	
and	Methods	and	Table S5). Source data underlying Figure 2a,b are provided in Table S4. Source data underlying Figure 2c are provided 
in Table S7. Source data underlying Figure 2d–f are provided in Tables S5 and S8;	FDR = false	discovery	rate;	hsf- 1 = heat	shock	factor	1;	
RNAi = RNA	interference;	GO = Gene	Ontology.
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of applying FUdR. Therefore, we concluded that FUdR does not in-
terfere with the effect of HSF- 1 deficiency on the thermotolerance 
of animals at the stages assayed (Figure S2b). Taken together, these 
results indicate that HSF- 1 deficiency inversly influences thermotol-
erance	at	early	(1 day)	and	mid	(2–4 days)	adult	stages.

2.3  |  Genes involved in stress response-  and 
innate immunity- related pathways are upregulated in 
hsf- 1(sy441) mutant animals

To explore how HSF- 1 deficiency can lead to increased thermotoler-
ance	at	the	first	day	of	adulthood,	we	performed	an	RNAseq	analysis	
in wild type versus hsf- 1(sy441) mutant genetic backgrounds under 
normal	 (20°C)	 and	heat-	shocked	 conditions.	We	 found	 that	 under	
physiological conditions the expression of several genes becomes 
elevated in hsf- 1(sy441) mutants as compared to wild type (Figure 2a, 
Tables S4 and S5).

An	 overrepresentation	 test	 using	 Panther	 (Mi	 et	 al.,	 2021) 
showed that genes involved in male meiosis chromosome segrega-
tion, the regulation of axon regeneration, PERK- mediated unfolded 
protein response, innate immunity, muscle cell development, and ac-
tomyosin structure organization are overrepresented among those 
activated in the hsf- 1(sy441) mutant genetic background (Figure 2b). 
Interestingly, several stress- response pathways were also upregu-
lated in hsf- 1(sy441) mutant animals. These include, for example, the 
UPRER (e.g., calu- 1, lips- 11, and warf- 1), autophagy (e.g., sqst- 1/p62), 
ubiquitin-	dependent	proteolysis	(skr- 4 and 5) and IIS (e.g., sod- 3 and 
gst- 10) (Table S5). Another group of differentially regulated genes is 
related to immune response, including lysozymes (lys- 1, lys- 2, lys- 7, 
and lys- 8), cnc- 2 encoding for a bacteriocin, components of activa-
tor protein 1 (AP1), such as jun- 1 and fos- 1, infection response irg- 2, 
fungus- induced fipr- 22 and fipr- 23,	CUB	domain-	containing	protein-	
encoding dod- 22 and dct- 17, and F- box domain- containing protein- 
encoding fbxa- 58 and fbxa- 59 (Table S5).

Next,	we	compared	differentially	regulated	genes	(DEGs)	in	both	
hsf- 1(sy441) mutant and hsf- 1(RNAi)	animals	(Brunquell	et	al.,	2016) 
to	 a	 gene	 set	 collection	 containing	DEGs	 from	published	RNAseq	
data, using Gene Set Enrichment Analysis (GSEA) (Subramanian 
et al., 2005). These sets involve genes regulated in response to in-
fection by a variety of pathogens, abiotic stresses, and conserved 
regulators of cellular stress response pathways (Table S5). The anal-
ysis revealed that in both hsf- 1(sy441) mutant and hsf- 1(RNAi) ani-
mals those genes are activated, which are either turned on during 
infection by various pathogens (e.g., Orsay virus, N. parisii), regulated 
by an innate immunity- related proteins (e.g., SEK- 1, PALS- 22 and 
PALS-	25),	or	inhibited	by	Skn1/Nrf2	signaling	(SKN-	1	mediates	the	
response of nematodes to oxidative stress) (Figure 2c and Tables S6 
and S7).	We	also	found	that	genes	upregulated	in	hsf- 1(RNAi) animals 
are enriched in the gene set upregulated by the ER stress inducer 
tunicamycin (Shen et al., 2005). This suggests that genes involved 
in the UPRER are induced in HSF- 1- depleted animals (Figure 2c and 
Table S7).

Using	available	RNAseq	data	from	the	literature	(see	Table S8), 
we performed a Venn analysis and found that there is a signif-
icant overlap between genes upregulated in hsf- 1(sy441) and pals- 
22( jy3) mutants (Figure 2d and Table S8). Similarly, several genes 
were commonly activated in the hsf- 1(RNAi) and pals- 22( jy3) mu-
tant backgrounds (Table S8). PALS- 22 is a negative regulator of the 
intracellular pathogen response (IPR), a recently identified tran-
scriptional response to several natural intracellular pathogens of 
C. elegans (Reddy et al., 2017, 2019). This finding implies that HSF- 1, 
either directly or indirectly, inhibits a significant number of genes in-
volved in the IPR. Comparing gene sets downregulated by HSF- 1 and 
SKN-	1	led	to	the	identification	of	genetic	factors	that	are	activated	
in both hsf- 1(sy441) mutant and skn- 1(RNAi) genetic backgrounds 
(Figure 2e,g and Table S8). Of note, genes involved in the UPRER and 
genes upregulated in the hsf- 1(sy441) mutant background exhibit a 
significant overlap (Figure 2f,h and Table S8). Together, HSF- 1 and 
SKN-	1	inhibit	an	overlapping	set	of	genes,	and	several	UPR-	related	
genes are activated in animals defective for HSF- 1 function.

2.4  |  Genes encoding for HSPs are upregulated in 
hsf- 1(sy441) mutant animals

Upon heat shock, genes involved in stress response and innate im-
mune response are upregulated by HSF- 1 (Figure 3a,b). Interestingly, 
some of the genes coding for heat shock proteins were also upreg-
ulated in response to heat stress in the hsf- 1(sy441) mutant back-
ground (Figure 3a,c and Table S9). These genes include hsp- 16.2, 
hsp- 70A, and hsp- 16.11. A similar induction of hsp genes was previ-
ously observed in a hsf- 1(sy441) mutant background overexpressing 
HSF- 1ΔTAD transgene (Figure 3c)	(Baird	et	al.,	2014). The HSF- 1 al-
lele sy441 is considered to lack the transcription activation domain 
of the protein (Figure 1a) (Hajdu- Cronin et al., 2004). This prompted 
us	to	confirm	the	results	above	by	performing	a	qPCR	(quantitative	
polymerase chain reaction) analysis using independently isolated 
mRNA	samples	from	untreated	control	and	heat-	shocked,	wild-	type	
versus hsf- 1(sy441)	mutant	adults	at	the	stage	of	1 day	of	adulthood	
(Figure 3d–g).	We	 also	 tested	 the	 expression	 of	 an	 hsp- 16.2p::gfp 
reporter in wild- type versus hsf- 1(sy441) mutant animals exposed 
to heat shock. The results showed that expression of the reporter 
is decreased in hsf- 1(sy441) mutants as compared to wild- type, but 
clearly	elevated	5 h	after	the	heat	shock	(Figure 3h,i). The induction 
was however suppressed when hsf- 1(sy441) mutant animals were 
treated	 with	 double-	stranded	 RNA	 specific	 to	 hsf- 1 (Figure 3h,i), 
suggesting that heat shock- induced hsp- 16.2p::gfp upregulation in 
the hsf- 1(sy441) mutant background is fully dependent on the ac-
tivity of the C- terminally truncated HSF- 1ΔTAD and not mediated 
by an alternative, heat stress- sensitive pathway. Interestingly, the 
expression of the reporter was induced in the intestinal cells only 
(Figure 3h). These results indicate that truncated HSF- 1, lacking the 
transactivation domain, is still capable of activating the transcription 
of heat shock genes under conditions of robust heat shock, at least 
in the intestine.
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F I G U R E  3 Heat	shock	genes	are	upregulated	in	hsf- 1(sy441) young adults upon robust heat shock. (a) Heat map showing the relative 
gene expression levels of differently regulated genes in wild type (N2) and hsf- 1(sy441) mutant 1- day- old adult nematodes following heat 
shock	at	35°C	for	30 min	compared	to	the	untreated	control	(b)	GO	enrichment	analysis	shows	that	upon	heat-	shock	genes	related	to	stress	
responses	are	up-	regulated	in	1 day	old	hsf- 1(sy441) mutant adults. Horizontal axis shows the fold enrichment. (c) Table showing heat shock 
protein coding genes upregulated in both, wild- type, and hsf- 1(sy441)	mutant	animals.	(d–g)	Results	of	qPCR	experiment	showing	that	mRNA	
levels of heat shock protein coding genes hsp- 70a, hsp- 70b, hsp- 16.2 and hsp- 16.11 are induced in hsf- 1(sy441) mutants upon heat shock. 
The diagrams show the result of four replicates. p	values	were	determined	using	Welch's	t-	test	* = p < 0.05	** = p < 0.01	*** = p < 0.001;	error	
bars represent +	SEM	(h)	Representative	fluorescent	images	showing	expression	of	hsp- 16.2p::GFP	reporter	quantified	in	(i).	Note	that	
hsp- 16.2p::GFP is expressed exclusively in the intestinal cells in hsf- 1(sy441) mutants upon heat shock. (i) Plot showing that induction of hsp- 
16.2p::GFP upon heat shock in hsf- 1(sy441)	requires	HSF-	1	activity.	Three	replicates	of	at	least	55	animals	per	strain	/	trial	were	analyzed.	
Date points represent mean of independent trials, lines represent mean of means, p	values	were	determined	using	Welch's	t-	test	* = p < 0.05	
** = p < 0.01	*** = p < 0.001;	error	bars	represent	±	SEM.	Source	data	underlying	Figure 4a–c are provided in Table S8. Source data underlying 
Figure 3d–i are provided in Table S9.	EV = empty	vector;	FDR = false	discovery	rate;	hsf- 1 = heat	shock	factor	1;	RNAi = RNA	interference;	
GO = Gene	Ontology;	SEM = standard	error	of	the	mean.
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2.5  |  Induction of stress response-  and innate 
immunity- related genes in hsf- 1(sy441) mutant 
nematodes depends on the stage of adulthood

We	found	that	several	stress	response-		and	innate	immunity-	related	
genes become induced in hsf- 1(sy441) mutants under physiological 
conditions (Figure 2b and Table S5) as well as following heat shock 
(Figure 4a and Table S9). A set of these genes overlaps with genes 
induced in pals- 22( jy3) mutants (PALS- 22 is a negative regulator of 
the IPR) (Figure 4b and Table S8). These genes include lys- 7, osg- 1, 
kin- 5, skr- 5, and dod- 19 (Figure 4c). Hence, HSF- 1 may inhibit their 
expression.

To determine the reason why HSF- 1 deficiency differentially af-
fects thermotolerance in 1-  versus 4- day- old adults, we examined 
the	expression	of	several	genes	by	qPCR	in	both	wild-	type	and	hsf- 
1(sy441) mutant animals under physiological vs. heat shock- induced 
conditions. Genes were selected that showed increased expression 
in 1- day- old adults and were related to stress-  or innate immune 
response. The analysis uncovered that UPRER- related genes, includ-
ing lips- 11, calu- 1, and warf- 1, are expressed at higher levels in the 
hsf- 1(sy441) mutant background than in control (Figure 4d–f). The 
expression of genes involved in innate immunity, such as pals- 6, lys- 7, 
and skr- 5, was also enhanced in 1- day- old hsf- 1(sy441) mutant adults, 
but	this	difference	was	abolished	at	the	stage	of	4 days	of	adulthood	
(Figure 4g–i). Genes related to various stress response pathways 
such as IlS (sod- 3 and asp- 8)	 and	SKN-	1-	mediated	oxidative	 stress	
response (osg- 1) displayed similar expression patterns during aging in 
hsf- 1(sy441) mutant and wild- type nematodes (Figure 4j–l). All these 
data indicate that the induction of stress-  and innate immunity- 
related genes in the hsf- 1(sy441) mutant background depends on the 
age of animals.

2.6  |  The UPRER pathway and SKN- 1 are required 
for the increased thermotolerance of HSF- 1 
depleted animals

To understand why thermotolerance in hsf- 1(RNAi) nematodes at the 
stage of early (1- day- old) adulthood becomes increased relative to 
wild type, we hypothesized that HSF- 1 deficiency causes a modest 
cellular stress, thereby inducing the activity of distinct cellular stress 

response pathways. This change eventually leads to increased heat 
resistance in nematodes with reduced HSF- 1 activity. To test this 
idea, we first checked whether the expression of stress response 
reporters is induced in the hsf- 1(sy441) mutant background.

IlS is a conserved cellular stress response pathway that can 
be activated by high temperatures (Lithgow et al., 1995;	 McColl	
et al., 2010). Decreased activity of the pathway results in elevated 
thermotolerance.	We	tested	the	activity	of	IlS	using	a	sod- 3p::gfp re-
porter, muls84. sod- 3 encodes a superoxide dismutase that is a well- 
described target of DAF- 16/FOXO, the terminal transcription factor 
of	the	IlS	pathway	(Honda	&	Honda,	1999).	We	observed	a	significant	
increase in sod- 3::gfp expression in animals with reduced HSF- 1 ac-
tivity [hsf- 1(sy441) mutants and hsf- 1(RNAi) animals] as compared to 
the wild- type, suggesting that IlS activity is decreased when HSF- 1 
becomes compromised (Figure S3a,b). Inactivation of DAF- 16/FOXO 
is known to suppress the elevated thermotolerance of mutant ani-
mals	with	lowered	IlS	activity	(McColl	et	al.,	2010).	We	observed	that	
the increased thermotolerance of hsf- 1(sy441) mutants was not sup-
pressed by silencing daf- 16 (Figure S3c).Similarly, downregulation of 
HSF- 1 increases the thermotolerance of daf- 16(m26) mutant animals 
to the same extent found in the wild- type background (Figure S3d). 
Thus, the thermal resistance of 1- day- old adults depleted for HSF- 1 
is independent of DAF- 16/FOXO activity.

Autophagy, a highly conserved, lysosome- mediated degradation 
process	of	eukaryotic	cells,	 is	also	required	for	the	maintenance	of	
proteostasis (Aman et al., 2021; Sigmond et al., 2008;	 Sigmond	&	
Vellai, 2023; Vellai, 2021; Vellai et al., 2009).	We	 tested	whether	
expression of the autophagy marker mCherry::gfp::lgg- 1 (Chang 
et al., 2017) is altered in the hsf- 1(RNAi) background, but found no 
significant change (Figure S4a–c). In line with this observation, si-
lencing three autophagy- related (atg) genes, atg- 7, atg- 18 and lgg- 1, 
did not suppress increased thermotolerance in hsf- 1(sy441) mutant 
animals at the early adult stages (Figure S4d). Similar results were 
obtained when analysing the thermotolerance of atg- 18(gk378); 
hsf- 1(sy441) and epg- 7(tm2508); hsf- 1(sy441) double mutant animals 
(Figure S4e,f). These results suggest that the elevated thermotoler-
ance of 1- day- old animals with decreased HSF- 1 activity is not medi-
ated by autophagy either.

Besides	the	HSR,	the	UPRER	 is	also	required	for	proteostasis	in	
the	ER	(Taylor	&	Hetz,	2020). So, it is possible that increased activ-
ity of the UPRER contributes to thermoresistance in HSF- 1- depleted 

F I G U R E  4 Induction	of	stress	and	immunity	related	genes	in	hsf- 1(sy441) mutant nematodes is age dependent. (a) Expression of several 
genes that are involved in innate immunity is overactivated in hsf- 1(sy441) mutants compared to the wild type following heat shock. (b) A 
set of these genes is overlaps with genes induced in pals- 22( jy3) mutants a negative regulator of intracellular pathogen response suggesting 
that HSF- 1 inhibits IPR related gene expression. (c) Genes that are upregulated in hsf- 1(sy441) mutants following heat shock include genes 
involved in innate immunity, UPRER and genes that are downregulated in a skn- 1(−)	mutant	background.	(d–f)	mRNA	levels	of	the	UPRER	
related genes lips- 11, calu- 1 and warf- 1 are higher in hsf- 1(sy441) mutants compared to the wild type. (g–h) The expression levels of genes 
involved in immunity (pals- 6 and lys- 7) are also increased in 1- day old hsf- 1(sy441) mutants, but this difference is diminished by 4th day of 
adulthood. (i–l) Genes related to various stress responses such as proteasomal degradation (skr- 5), the IlS pathway sod- 3, asp- 8, and oxidative 
stress (osg- 1) showed a similar expression pattern during ageing in hsf- 1(sy441) mutants compared to the wild type. (d–l) All these data 
indicate that the induction of stress and immunity related genes in hsf- 1(sy441)	mutant	nematodes	is	age-	dependent.	Bars	represent	mean	
of	at	least	three	trials.	Significance	was	determined	using	Mann–Whitney	test;	* = p < 0.05	** = p < 0.01	*** = p < 0.001;	error	bars	represent	+ 
SEM.	Source	data	underlying	Figure 2g–o are provided in Table S10.
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animals. To address this issue, we analyzed the expression of a 
marker protein of UPR, HSP- 4, the ortholog of the Hsp70 family pro-
tein	BiP/HSPA5,	which	is	a	key	chaperone	of	the	ER.	We	measured	
the expression of an hsp- 4p::gfp reporter (zcIs4) in wild- type and hsf- 
1(RNAi) genetic backgrounds and found that the expression is sig-
nificantly elevated when HSF- 1 activity is depleted (Figure 5a,b). It is 
intriguing	that	at	the	adult	stage	of	2	and	4 days,	such	an	increase	in	
hsp- 4p::gfp expression was not detectable (Figure S5d,e).

The UPRER can be activated by three parallel intracellular sig-
naling pathways; the first is mediated by IRE- 1α/XBP-	1 s	 (inositol-	
requiring	protein	1α/spliced X box- binding protein 1) proteins, the 
second	involves	PERK/ATF-	4	(protein	kinase	RNA-	like	endoplasmic	
reticulum kinase/activating transcription factor 4) proteins, while the 

third relies on ATF- 6/ATF- 6f (activating transcription factor 6/cyto-
solic domain fragment of ATF- 6) proteins (Hetz, 2012).	We	showed	
that the thermotolerance of hsf- 1(sy441); pek- 1(ok275) double mu-
tants is increased compared to pek- 1(ok275) single mutant animals 
(Figure 5c). This suggests that inactivation of a single (e.g., IRE- 1α/
XBP-	1 s)	branch	of	 the	UPRER cannot suppress the increased ther-
motolerance caused by decreased HSF- 1 activity. In contrast, we de-
tected a significant suppression of thermotolerance in hsf- 1(sy441) 
mutant animals when two branches of the UPRER were simulta-
neously depleted in the pek- 1(ok275); ire- 1(RNAi) double defective 
genetic background (Figure 5c).	Moreover,	similar	effects	were	ob-
served in ire- 1(ok799); atf- 6(RNAi) and ire- 1(ok799); pek- 1(RNAi) ge-
netic backgrounds as well (Figure S5a,b), indicating that the UPRER 

F I G U R E  5 Inactivation	of	the	UPRER 
and	SKN-	1	suppresses	the	increased	
thermotolerance of hsf- 1 mutant animals. 
(a) The expression of the hsp- 4p::gfp 
marker is increased when hsf- 1 is silenced 
in	1 day	old	adult	C. elegans (representative 
figure). (b) Quantified expression of 
hsp- 4p::gfp reporter in wild- type and 
hsf- 1(RNAi) genetic backgrounds. 
Paired t-	test,	* = p < 0.05	** = p < 0.01	
*** = p < 0.001;	error	bars	represent	± 
SEM.	(c)	Inactivating	two	(IRE-	1-		and	PEK-	
1- mediated) of the three signaling arms 
of the UPRER suppressed the increased 
thermotolerance	of	the	1 day	old	adult	hsf- 
1(sy441) C. elegans (animals were shifted 
from	20°C	to	35°C	for	6 h).	(d)	Increased	
XBP-	1	activity	significantly	elevated	heat	
stress tolerance of both wild- type and 
hsf- 1(sy441) mutant animals (animals were 
shifted	from	20°C	to	35°C	for	6 h).	(e)	The	
increased thermotolerance of the hsf- 
1(sy441) animals is suppressed in the skn- 
1(RNAi) background (animals were shifted 
from	20°C	to	35°C	for	6 h).	Cochran–
Mantel–Haenszel	test;	* = p < 0.05	
** = p < 0.01	*** = p < 0.001;	Data	points	
represent mean of independent trials 
(the different biological replicates are 
indicated by different shapes), lines 
represent mean of means, error bars 
represent ±	SEM.	Source	data	underlying	
Figure 5b–e are provided in Table S13.
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is	 required	 for	 the	hormesis	 induced	by	 the	hsf- 1(sy441) mutation. 
Of note, we observed a minor difference in the thermotolerance of 
ire- 1(ok799) single mutants as compared to ire- 1(ok799); hsf- 1(sy441) 
double mutant animals (Figure S5a,b). These data suggest that the 
absence of IRE- 1 activity per se slightly suppresses the increased 
thermotolerance of hsf- 1(sy441)	mutants.	We	also	analyzed	whether	
xbp- 1 alone influences the thermotolerance of hsf- 1(sy441) mutant 
animals. According to our results, xbp- 1 downregulation alone is 
not sufficient to suppress elevated thermotolerance in hsf- 1(sy441) 
mutants (Figure S5c). To support the fact that increased activity of 
the UPRER pathway enhances thermotolerance in 1- day- old adult 
nematodes, we analyzed the stress tolerance of animals express-
ing xbp- 1 s,	which	encodes	for	a	constitutively	active	form	of	XBP-	1	
(Imanikia et al., 2019).	These	results	showed	that	 increased	XBP-	1	
activity significantly enhances heat stress tolerance in both wild- 
type and hsf- 1(sy441)	mutant	animals.	However,	XBP-	1	hyperactivity	
in hsf- 1(sy441) mutant background causes only a slight increase in 
thermotolerance,	 suggesting	 that	 XBP-	1	 hyperactivity	 and	 HSF-	1	
deficiency may act in the same pathway (Figure 5d).

It was shown recently that the proteasome subunit gene rpt- 2 is 
upregulated	by	SKN-	1A	in	hypomorphic	hsf- 1(sy441) mutant animals 
(Lehrbach	 &	 Ruvkun,	 2019).	 SKN-	1A	 is	 an	 ER-	associated	 isoform	
that translocates from the ER lumen to the cytoplasm by the ER- 
associated degradation (ERAD) machinery, and enters the nucleus 
where it can upregulate target genes upon impaired proteosome 
function	(Lehrbach	&	Ruvkun,	2016).	We	found	that	a	common	set	of	
genes is upregulated in hsf- 1(sy441) mutant and skn- 1(RNAi) genetic 
backgrounds (Figure 2c,e).	This	raises	the	possibility	that	SKN-	1	ac-
tivity contributes to the increased thermotolerance of hsf- 1(sy441) 
mutant	 animals	 at	 the	 early	 adult	 stages.	 We	 thus	 determined	
whether downregulation of skn- 1 may influence thermotolerance 
in hsf- 1(sy441) mutant worms (Figure 5e). In line with recent obser-
vations (Deng et al., 2020; Frankino et al., 2022), skn- 1(RNAi) ani-
mals were found to tolerate high temperatures significantly better 
than control, but this effect was suppressed in the hsf- 1(sy441); 
skn- 1(RNAi) genetic background, suggesting a mutual compensatory 
interaction between the conserved stress response pathways medi-
ated	by	SKN-	1/Nrf2	and	HSF-	1.

2.7  |  The innate immunity- related signalling system 
contributes to increased thermotolerance at the first 
day of adulthood

Since genes functioning in the innate immune response were signifi-
cantly enriched in gene sets upregulated in both hsf- 1(sy441) mutant 
and hsf- 1(RNAi) animals, we tested whether the response contrib-
utes to enhanced heat stress tolerance in hsf- 1(RNAi) nematodes 
at the first day of adulthood. Recently, it was shown that PALS- 22 
deficiency leads to increased thermotolerance mediated by a cullin- 
RING	 ubiquitin	 ligase,	 a	 component	 of	 the	 intracellular	 pathogen	
response in C. elegans (Panek et al., 2020).	We	found	that	silencing	
pals- 22 increased thermotolerance in wild- type animals but not in 

hsf- 1(sy441) mutant background, suggesting that the IPR and HSF- 1 
deficiency act in the same pathway to enhance thermotolerance 
(Figure 6a).

ELT- 2, a GATA transcription factor, has been reported to be es-
sential	for	the	development	of	the	intestine	(McGhee	et	al.,	2009). 
The protein also regulates the expression of host defense genes 
(Kerry et al., 2006).	We	performed	a	thermotolerance	assay	to	test	
whether elt- 2 and hsf- 1 interact in regulating thermotolerance. The 
results indicate that the elevated heat stress tolerance of 1- day- old 
hsf- 1(sy441) mutant adults is suppressed by silencing elt- 2 (Figure 6b). 
We	further	found	that	a	conserved	ELT-	2	binding	site-	related	motif	
is enriched in the promoter of genes commonly upregulated in hsf- 
1(sy441) mutant and hsf- 1(RNAi) genetic backgrounds (Figure 6c and 
Table S16). Together, the innate immunity- related signaling system 
is	required	for	the	enhanced	stress	tolerance	of	hsf- 1(sy441) mutant 
animals.

3  |  DISCUSSION

In this work, we showed that decreased activity of HSF- 1, the master 
regulator of the HSR, results in increased thermotolerance in C. ele-
gans at the first day of adulthood (Figure 1b,c).	We	also	found	that	the	
effect of reduced HSF- 1 activity on thermotolerance changes with 
age. The enhanced stress tolerance triggered by reduced HSF- 1 ac-
tivity is obvious at the first day of adulthood but is rapidly abolished 
as	 the	 animal	 grows	 older.	 Comparing	 RNAseq	 data	 we	 obtained	
with published gene expression datasets showed that the UPRER and 
innate immunity- associated genes, as well as genes downregulated 
by	SKN-	1/Nrf2,	are	induced	in	1-	day-	old	hsf- 1(sy441) mutant adults 
(Figure 2b, Table S5).	A	qPCR	analysis	supported	that	 induction	of	
these stress response-  and innate immunity- related genes is abol-
ished in older nematodes deficient in HSF- 1 function (Figure 4d–l). 
Based	on	these	data	we	constructed	a	model	according	to	which	the	
elevated heat tolerance of 1- day- old adults is due to the elevated ac-
tivity of genes involved in innate immunity and the UPRER. However, 
inducibility of stress response in C. elegans markedly decreases with 
age (De- Souza et al., 2022; Dues et al., 2016;	Taylor	&	Dillin,	2013). 
This result offers an explanation for an age- dependent hormesis 
in animals with reduced HSF- 1 activity; in young adults, induction 
of the UPRER and innate immunity- related genes may compensate 
the decreased activity of the HSR pathway, but in older animals, the 
pathway becomes less active (Figure 6d).

The age- dependent role of HSF- 1 in thermotolerance may also 
explain why so many contradictory data are available in the litera-
ture on heat stress tolerance in hsf- 1(sy441) mutant animals. Several 
publications showed that 2- day- old hsf- 1(sy441) mutant adults tol-
erate high temperatures with the same extent than wild type (Dues 
et al., 2016; Kourtis et al., 2012;	McColl	et	al.,	2010).	Moreover,	oth-
ers	reported	results	(Morton,	2013) that are highly similar to those 
being reported in our present study. Another research group found 
that downregulating hsf- 1 also increases the heat stress tolerance 
(Golden et al., 2020). These results seemingly contradict with the 
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paradigm that HSF- 1 is a master regulator of the heat stress toler-
ance by activating the expression of HSPs. However, it has been 
shown that overexpressing the C- terminally truncated form of 
HSF- 1 (HSF- 1ΔTAD) increases heat stress tolerance in transgenic 
animals, but the expression of hsp genes remains unchanged under 
physiological	conditions	(Baird	et	al.,	2014). This suggests that HSF- 
1- mediated activation of genes encoding non- HSPs also plays a key 
role in heat stress tolerance. This study also shows that overexpres-
sion of HSF- 1ΔTAD enhances thermotolerance and inhibits aging by 
upregulating pat- 10, which in turn helps to maintain the integrity of 
the	actin	cytoskeleton	(Baird	et	al.,	2014). Another study supported 
this finding showing that HSF- 1 is essential for regulating cyto-
skeletal integrity during aging (Higuchi- Sanabria, Paul, et al., 2018). 
Although our present analysis shows that genes involved in mus-
cle cell development and actomyosin structure organization are 

overrepresented among the genes upregulated in hsf- 1(sy441) mu-
tant animals (Figure 2b), we did not identify pat- 10 as a differentially 
expressed gene in hsf- 1(sy441) mutants (Table S4).	We	 also	 found	
that hsf- 1 transcript levels are not altered in hsf- 1(sy441) mutants as 
compared to wild type (Table S4). These results indicate that over-
expression of truncated HSF- 1 and hsf- 1 deficiency enhance heat 
stress tolerance through different pathways.

Our present work shows that the expression of several genes 
encoding HSPs is increased in the hsf- 1(sy441) hypomorphic mutant 
background after heat shock (Figure 3). sy441 allele determines a 
truncated protein that lacks a significant part of the predicted tran-
scriptional activation domain (Hajdu- Cronin et al., 2004). However, 
as our results above suggest, the truncated protein is still able to 
activate genes encoding HSPs upon heat stress. Consistent with 
this finding, it has been shown that increased expression of hsp- 70b 

F I G U R E  6 Immunity	related	
signaling contributes to the increased 
thermotolerance of hsf- 1 mutant animals. 
(a) Silencing pals- 22 increases heat 
tolerance to the same extent in wild type 
and hsf- 1(sy441) genetic backgrounds 
(animals	were	shifted	from	20°C	to	35°C	
for	6 h).	(b)	Silencing	elt- 2 suppresses the 
increased thermotolerance of hsf- 1(sy441) 
mutants (animals were shifted from 
20°C	to	35°C	for	6 h).	Cochran–Mantel–
Haenszel	test;	* = p < 0.05	** = p < 0.01	
*** = p < 0.001;	Data	points	represent	
mean of independent trials (the different 
biological replicates are indicated by 
different shapes), lines represent mean of 
means, error bars represent ±	SEM.	(c)	An	
ELT- 2 binding site related motif is common 
in genes upregulated in hsf- 1(sy441) 
mutant and hsf- 1(RNAi) background. 
Enrichment	ratio:	2.94	compared	to	motif	
found	in	randomly	generated	sequences;	
FRD:3.17E- 08 (d) Our current model: HSF- 
1 deficiency induces a mild proteotoxic 
stress, as a result, activity of other cellular 
stress response pathways – mainly the 
unfolded protein response (UPRER)and 
immunity related signaling – is elevated in 
young animals; paradoxically this hormetic 
effect contributes to a heat resistant 
phenotype	of	1 day	old	HSF1	deficient	
C. elegans. Source data underlying 
Figure 6a,b are provided in Table S15.
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(F44E5.4) gene upon heat shock was not affected by the hsf- 1(sy441) 
mutation (Chisnell et al., 2018).	According	to	our	RNAseq	and	qPCR	
analyses, induction of hsp- 70b was even enhanced in the hsf- (sy441) 
mutant background (Figure 3e).	 Moreover,	 an	 RNAseq	 analysis	
demonstrates that, although at reduced levels compared to the wild- 
type, several HSPs are induced when only truncated HSF- 1 (HSF- 1 
ΔTAD)	is	expressed	(Baird	et	al.,	2014).

It	 is	an	 intriguing	question	how	a	 truncated	protein	with	a	de-
fective transactivation domain can activate gene transcription. It 
may be speculated that the induction of HSPs in hsf- 1(sy441) mu-
tant animals is not due to the activity of the truncated protein. 
However, our result showing that heat shock- induced activation of 
hsp- 16.2p::gfp reporter is suppressed in the hsf- 1(sy441); hsf- 1(RNAi) 
double defective genetic background indicating that transcription of 
HSP- encoding genes is mediated by HSF- 1ΔTAD (Figure 3h,i). Thus, 
the C- terminally truncated transcription factor can retain some of 
its activity. Of particular importance, we highlight our finding that 
the expression of a hsp- 16p::gfp reporter is increased exclusively in 
the intestine of hsf- 1(sy441) mutant animals exposed to heat shock 
(Figure 3h). Such a tissue- specific activity of HSF- 1 needs further 
investigation, but it is conceivable that truncated HSF- 1 preserves 
its activity by interacting with other proteins expressed exclusively 
in the gut. The further identification of such interactors would be of 
major interest for the field.

Our GSEA analysis showed that genes upregulated in both hsf- 
1(sy441) mutant and hsf- 1(RNAi) backgrounds showed a significant 
overlap with genes implicated in innate immunity (Figure 2c). A 
significant set of these genes functions in the intracellular patho-
gen response regulated by pals- 22 and pals- 25 (Reddy et al., 2019). 
Interestingly, it has been reported that inactivating pal- 22 induces 
the IPR, and this leads to enhanced thermotolerance through the 
upregulation	 of	 a	 cullin-	RING	 ubiquitin	 ligase	 complex	 (Panek	
et al., 2020). Several components of the complex, such as skr- 4 and 
skr- 5 (Skps), and several F- box proteins (fbxa- 163 and fbxa- 58), are 
upregulated in pals- 22( jy3) and hsf- 1(sy441) mutants and in the hsf- 
1(RNAi) genetic background. These data, along with present our 
result showing that increased thermotolerance caused by depleting 
either pals- 22 or hsf- 1 is not additive (Figure 6a), indicate that these 
two pathways may act together in regulating heat stress tolerance. 
A close interaction between pals- 22 and hsf- 1 is also supported by 
the fact that pals- 22( jy3); hsf- 1(sy441) double mutants have been re-
ported to exhibit larval lethality (Reddy et al., 2017).

ELT- 2 is thought to activate innate immune response against gut 
pathogens (Yang et al., 2016). Our present results show that ELT- 2 
activity	is	required	for	enhanced	thermotolerance	of	1-	day-	old	hsf- 
1(sy441) mutant animals (Figure 6b). This finding, together with the 
presence of conserved GATA transcription factor binding sites in 
the promoter of genes activated upon HSF- 1 depletion, suggest that 
innate immunity- related genes are activated by ELT- 2, and this con-
tributes to increased thermotolerance.

Our data presented in this work also indicate that the UPRER is 
required	 for	 enhanced	 thermotolerance	 in	 young	hsf- 1(sy441) mu-
tant animals (Figure 5 and Figure S5). However, it is intriguing how 

reduced HSF- 1 activity can lead to the activation of the UPRER. 
Recently, it has been shown in mice that the HSF- 1- β- catenin sig-
naling	 axis	 inhibits	 XBP-	1	 and	 activates	 innate	 immune	 response	
in IR- stressed liver inflammation in macrophages (Yue et al., 2016). 
Crosstalk between HSF- 1 and the UPR has been described earlier. 
For example, inhibiting overall translation through eIF4G/IFG- 1 
has been shown to enhance the ER and cytoplasmic proteostasis 
through a mechanism that is dependent of HSF- 1 activity (Howard 
et al., 2016). It has been reported that impairing SIRT- 1 and HSF- 1 
leads	to	a	B12-	dependent	ER	stress	 in	oleosin-	transcobalamin	chi-
mera (OT) cells, suggesting an interaction between cytoplasmic and 
ER- specific UPR (Ghemrawi et al., 2013). Finally, it is conceivable 
that interaction between HSF- 1 and the UPRER is mediated by the 
induction of innate immunity genes upon hsf- 1 deficiency. Several 
proteins playing a role in host defense are synthesized in the ER and 
secreted into the extracellular space, thereby overloading the ER 
and causing ER stress (Richardson et al., 2010). This offers an alter-
native explanation why inactivation of the UPRER also suppresses 
the enhanced thermotolerance of HSF- 1- deficient worms. The role 
of the UPRER in this process was further supported by showing that 
hyperactivation of the UPRER using a constitutively active form of 
XBP-	1	 (Imanikia	 et	 al.,	 2019) results in increased thermotolerance 
as compared to control in both wild- type and hsf- 1(sy441) mutant 
backgrounds (Figure 5d).

Interaction between cellular stress responses, innate immune re-
sponse, and the extracellular proteostasis machinery has been eluci-
dated (Gallotta et al., 2020;	Jung	et	al.,	2023). It has been shown that 
the IPR functions in maintaining extracellular proteostasis and that 
inactivation of hsf- 1 ameliorates the age- dependent decline in ex-
tracellular proteostasis, possibly by inducing the expression of IPR- 
related	genes	(Jung	et	al.,	2023). Of note, we have found that some 
genes that are upregulated in the hsf- 1(sy441) mutant background 
as compared to wild- type code for proteins that have been re-
ported to function as extracellular chaperones (Gallotta et al., 2020) 
(Table S16).

According to our present model, 1- day- old adult nematodes 
with lowered HSF- 1 activity tolerate high temperatures better 
than wild- type, most likely as a result of a compensatory effect 
mediated by other stress response pathways (Figure 6d). Indeed, 
cellular stress response systems including, for example, the HSR, 
UPR, and autophagy do not operate separately but are intercon-
nected. There are many examples where knocking out one stress 
response pathway leads to the overactivation of another one. In 
mammalian cells, for example, proteasome inhibitors can signifi-
cantly increase the expression of cytosolic and ER- resident chap-
erones	 and	 confer	 increased	 heat	 tolerance	 (Bush	 et	 al.,	 1997; 
Khan et al., 2012; Pirkkala et al., 2000;	Young	&	Heikkila,	2010). 
In Drosophila, disruption of proteasomal degradation has been 
shown	to	result	in	increased	autophagic	activity	(Lőw	et	al.,	2013). 
Moreover,	 in	 yeast,	 inactivation	 of	 key	 chaperones	 of	 different	
compartments induces a uniform cell- wide stress response that 
increases replicative and chronological life span through activa-
tion	of	both	metabolic	and	proteostatic	genes	(Perić	et	al.,	2016). 
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It	has	also	been	shown	that	constitutive	SKN-	1	activation	impairs	
thermotolerance, while silencing skn- 1 results in increased heat 
resistance (Deng et al., 2020; Frankino et al., 2022). These data 
together support that mild stress resulting from the reduced func-
tion of the HSR may increase the activity of other stress response 
pathways, leading to enhanced thermotolerance.

Cellular	 stress	 response	 pathways,	 such	 as	 the	Nrf2-	mediated	
oxidative stress response pathway, UPRER are critical for maintaining 
proteostasis, and loss of proteostasis is a feature that characterizes 
essentially	all	aging	cells	(López-	Otín	et	al.,	2023; Zhang et al., 2022). 
Imbalances in these molecular machineries promote senescence and 
lead to accelerated aging. In this study, we presented that deple-
tion	of	HSF-	1	activity	induces	the	SKN-	1/Nrf2-	mediated	and	innate	
immunity- related systems, together with the UPRER, controlling tol-
erance to heat stress in C. elegans. Furthermore, this effect of HSF- 1 
deficiency manifests in an age- dependent manner. Hence, results 
demonstrated in this work may lead to a deeper insight into the 
mechanisms by which these conserved molecular pathways contrib-
ute to life span determination.

4  |  CONCLUDING REMARKS

In this work, we showed that decreased activity of HSF- 1, the mas-
ter regulator of the HSR in C. elegans, leads to increased heat stress 
tolerance at early adult stages. This seemingly illogical phenomenon 
is not so surprising when one considers that under natural condi-
tions animals are constantly confronted with changing environmen-
tal factors where different stressors occur at different times and to 
different degrees. In response to stress, a rapid and then a rapidly 
decaying response has been evolved to enhance survival of the 
animal. However, when the activity of a master regulator of stress 
responses is genetically altered (hyperactivated or inhibited), the 
outcome	may	be	difficult	 to	predict	 (Lamech	&	Haynes,	2015). As 
HSF- 1 is a promising therapeutical target in cancer treatment, it is 
also particularly worth considering that a similarly artificial situation 
may exist during medical treatments.

5  |  E XPERIMENTAL PROCEDURES

5.1  |  C. elegans strains and maintenance

Unless otherwise indicated, nematodes were maintained and prop-
agated	 at	 20°C	 on	 nematode	 growth	 medium	 (NGM)-	containing	
plates and fed with Escherichia coli OP50 bacteria. The C. elegans 
strains used in this study can be found in Table S18.

5.2  |  RNA sequencing

Wild-	type	and	hsf- 1(sy441) mutant nematodes were synchronized 
and	stored	at	20°C	until	they	have	reached	the	young	adult	stage.	

Worms	were	 then	 heat-	shocked	 at	 35°C	 for	 30 min,	 and	 after	 a	
1-	h	 long	 recovery	 at	 20°C,	 RNA	was	 isolated	 from	 heat-	treated	
versus	untreated	worms.	Total	RNA	was	prepared	using	RNAzol®	
RT	 (MRC,	 RN	 190)	 standard	 protocols	 and	 then	 cleaned	 up	 on	
Rneasy columns (QIAgen, cat# 74104). Gel electrophoresis using a 
1%	agarose	gel	were	performed	for	a	visual	determination	of	sam-
ple	quality.	RNA	integrity	analysis,	sample	preparation,	and	RNA	
sequencing	was	performed	by	Novogene	on	an	Illumina	NovaSeq	
PE150	platform.	A	quality-	control	analysis	of	raw	RNA-	seq	reads	
was performed by using the FastQC program. Calculation of 
log2(fold change), p values and FDR (corrected p values) was per-
formed by EdgeR using Galaxy (Afgan et al., 2018).	WBCel235	was	
used as the reference genome for annotation. Venny 2.1 was used 
to construct Venn diagrams for determining HSF- 1- regulated tran-
scripts (Oliveros, 2015). Statistical over- representation tests of 
gene	sets	were	performed	using	the	PANTHER	database	(http:// 
PANTH	ERdb.	org,	Accessed	on	15	January	2024)	(Mi	et	al.,	2021). 
To	 analyze	 statistical	 significance,	 Fisher's	 exact	 test	 with	
Benjamini–Hochberg	False	Discovery	Rate	 correction	 (FDR)	was	
applied.	RNA-	seq	reads	were	uploaded	to	the	NCBI	GEO	database	
with Accession number GSE241011.

5.3  |  Quantitative real- time PCR

RNA	was	isolated	using	RNAzol®	RT	(RN	190)	(Molecular	Research	
Center,	INC.;	5645	Montgomery	Road,	Cincinnati,	OH	45212,	USA)	
and	 purified	 from	 the	 aqueous	 phase	 after	 extraction	 using	 RNA	
Clean	&	ConcentratorTM-	5	kit	(R1013)	(Zymo	Research	Co.;	17,062	
Murphy	Ave.,	Irvine,	CA	92614,	USA).	cDNA	was	synthesized	using	
the	 RevertAid	 First	 Strand	 cDNA	 Synthesis	 Kit	 (K1622)	 (Thermo	
Fisher	Scientific	Inc.;	81	Wyman	St.,	Waltham,	MA	02451,	USA).

Quantitative real- time PCR was performed using the 
Roche	 LightCycler®	 96	 System	 (F.	 Hoffmann-	La	 Roche	 AG,	
Grenzacherstrasse	 124,	 4070	 Basel,	 Switzerland),	 with	 Maxima	
SYBR	Green/ROX	qPCR	Master	Mix	 (2X)	 (K0222)	 (Thermo	Fisher	
Scientific	Inc.;	81	Wyman	St,	Waltham,	MA	02451,	USA).

For the primers that were used, see Table S18.

5.4  |  Gene set enrichment and Venn 
diagram analysis

For GSEA analyses, the list of upregulated genes in the hsf- 1(sy441) 
mutants (this study) and in hsf- 1(RNAi)	 background	 (Brunquell	
et al., 2016) was used. GSEA was performed using GSEA v3.0 soft-
ware applying the Preranked module (Subramanian et al., 2005). 
DEGs were ranked from highest to lowest based on Log2 fold 
changes, and converted into a GSEA- compatible file. The gene sets 
used for comparison are based on a published gene set collection 
(Reddy et al., 2019), modified by adding additional gene sets, and 
converted into a GSEA- compatible file. GSEA was performed using 
a signal- to- noise metric of 1000 permutations with ‘no collapse’. 
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Results	were	graphed	according	to	their	NES	value	using	GraphPad	
Prism 7.

The gene lists described above were used for the Venn dia-
gram analysis. Venny 2.1 was used to construct Venn diagrams. 
Representation factors and significance of overlaps were deter-
mined using nemat es. org: for ‘total number of genes’ we used 
20,570,	which	is	the	size	of	our	RNA-	seq	dataset	after	filtering	out	
low- count and undetected genes.

5.5  |  Motif analysis

Promoter region motif enrichment analysis was done on the pro-
moter	 regions	 1000 bp	 upstream	 to	 translation	 start	 sites	 of	 the	
genes upregulated in hsf- 1(sy441) mutant and hsf- 1(RNAi) back-
ground	using	MEME	 suite	 (Bailey	 et	 al.,	2015). The consensus se-
quence	was	visualized	using	WebLogo	(Crooks	et	al.,	2004).

5.6  |  RNA interference

RNA	was	 isolated	from	a	mixed-	age	population	of	wild-	type	C. ele-
gans	strain,	using	RNAzol®	RT	(RN	190)	(Molecular	Research	Center,	
Inc.;	 5645	Montgomery	Road,	Cincinnati,	OH	45212,	USA).	Using	
isolated	RNA	as	template,	cDNA	was	synthesized	by	the	RevertAid	
First	Strand	cDNA	Synthesis	Kit	 (K1622)	 (Thermo	Fisher	Scientific	
Inc.;	81	Wyman	St.,	Waltham,	MA	02451,	USA).	To	generate	C. el-
egans	RNAi	clones,	600–1000	base	pair-	long	cDNA	fragments	were	
amplified	by	PCR,	using	cDNA	as	template	and	cloned	into	the	vector	
L4440 (Addgene; plasmid #1654). In case of pals- 22, TEDA cloning 
was applied (Xia et al., 2019).	RNAi	constructs	were	transformed	into	
E. coli HT115(DE3) used as food source. For primers, see Table S10. 
The	RNAi	construct	against	skn- 1	was	a	gift	from	T.	Keith	Blackwell	
(Harvard	Medical	 School,	 Boston	MA,	 USA).	 The	 RNAi	 construct	
against daf- 16 was the same as the one used in (Hotzi et al., 2018). 
In case of hsf- 1	RNAi	constructs,	a	cDNA	clone	of	hsf- 1 (yk610c7, gift 
of Yuji Kohara) was subcloned into L4440, using restriction enzymes 
HindIII and KpnI (for hsf- 1	RNAi	A).	In	case	of	hsf- 1	RNAi,	a	BamHI	
and PstI fragment of yk610c7 was cloned into T444T, an improved 
RNAi	 vector	 that	 contains	 two	 T7	 transcription	 termination	 se-
quences	to	ensure	the	production	of	specific	double-	stranded	RNA	
(Sturm et al., 2018, 2023). hsf- 1 silencing was validated by testing 
the induction of hsp- 16.2p::gfp (gpIs1) upon heat shock in control and 
hsf- 1(RNAi)	animals.	Worms	were	fed	from	hatch	with	E. coli HT115 
strain containing an empty vector (control) or expressing double- 
stranded	RNA.

5.7  |  Thermotolerance assay

Five	to	10	gravid	adults	were	allowed	to	lay	eggs	for	4–6 h	at	20°C	to	
obtain a synchronous population. In case of ire- 1(ok799), ire- 1(ok799); 
hsf- 1(sy441), atg- 18(gk378) and atg- 18(gk378); hsf- 1(sy441) mutants, 

due	 to	 delayed	 growth,	 worms	 were	 synchronized	 12–24 h	 prior	
to the other strains in order to obtain 1- day- old adults at the day 
of thermotolerance measurement. Synchronized, 1- day- old adult 
worms	 were	 placed	 at	 35°C	 for	 5 h	 on	 NGM	 plates	 seeded	 with	
OP50 E. coli.	 In	 case	 of	 RNAi	 experiments,	 nematodes	were	 heat-	
shocked	for	6 h	as	after	5 h	at	35°C,	the	survival	of	the	worms	raised	
on HT115 bacteria transformed with empty vector L4440 or the 
appropriate	RNAi	construct	was	almost	100%	(Figure S1c).	Worms	
were	then	placed	at	20°C,	and	after	16 h,	they	were	scored	for	vi-
ability.	At	least	90	worms	were	used	per	category	on	three	technical	
parallel plates, and experiments were repeated at least three times.

For	 pre-	heat	 shock,	 18 h	 prior	 to	 the	 thermotolerance	 assay,	
worms	were	placed	at	35°C	for	30 min,	and	then	placed	at	20°C	until	
the assay.

To perform thermotolerance assays, at the onset of egg laying, 
the	synchronization	of	worms	was	carried	out	62,	64,	and	71 h	be-
fore	the	assay:	10	gravid	adults	were	allowed	to	lay	eggs	for	1 h	at	
20°C.

In case of determining the thermotolerance of 2-  and 4- day- old 
worms, to bypass the egg- laying defect of hsf- 1- depleted worms, 
FUdR	was	used	in	0.025 mg/mL	concentration	to	make	worms	sterile.

In case of thermotolerance assays for aged, 2-  and 4- day- old an-
imals, when FUdR was not supplemented, we reared the worms on 
normal	NGM	plates	and	carefully	selected	those	animals	that	did	not	
show an egg- laying phenotype for the assay.

To perform ‘online’ thermotolerance assays, synchronized 
worms	were	maintained	at	20°C	until	 the	young	adult	 stage,	 then	
transferred	 at	 35°C	 to	NGM	 seeded	with	E. coli OP50 bacteria or 
HT115 containing either empty L4440 feeding vector (EV) or a frag-
ment of hsf- 1	cDNA	hsf- 1(RNAi). Approximately 20–30 young (non- 
gravid) adults were transferred to the assay plates. Animals were 
scored hourly and considered dead when they stopped pharyngeal 
pumping and responding to touching. SPSS 17 software was used to 
calculate mean lifespan and perform statistical analysis. The p values 
for	 comparing	Kaplan–Meier	 survival	 curves	 between	 two	 groups	
were	determined	using	log-	rank	(Mantel-	Cox)	tests.

5.8  |  Quantification of fluorophore 
expression intensity

For fluorescence microscopy, worms were immobilized using 
100 mM	Sodium-	azide,	and	images	were	captured	with	Zeiss	AXIO	
Imager.M2	epifluorescence	microscopes	with	a	given	exposure	time.	
Measurements	were	performed	with	the	Image	J	software.	The	fluo-
rescent intensity of selected areas was calculated by subtracting the 
mean grey value of the background from the mean grey value of the 
object	of	 interest	(the	same	size	of	areas	was	selected).	We	evalu-
ated reporter intensity in at least three independent experiments. 
In one experiment, we analyzed at least 10 animals and estimated 
the fluorophore intensity based on the average of the intensities ob-
served	in	these	animals.	The	final	value	and	SEM	were	then	calcu-
lated as the average of the means of the independent experiments.
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5.9  |  Statistical analysis

Statistical significance for all assays was determined using RStudio 
(Version 3.4.3), GraphPad Prism (GraphPad Software Inc., San Diego, 
CA,	USA),	and	IBM	SPSS	Statistics	(International	Business	Machines	
Corporation,	 Armonk,	 NY,	 USA)	 statistical	 softwares.	 Statistical	
significance	 is	 demarcated	 in	 figures	 as	 *p < 0.05,	 **p < 0.01,	 and	
***p < 0.001.
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