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Abstract 

 

Eukaryotic organisms have evolved complex and robust cellular stress response pathways to 

ensure maintenance of proteostasis and survival during fluctuating environmental conditions. 

Highly conserved stress response pathways can be triggered and coordinated at the cell 

autonomous and cell-non-autonomous level by proteostasis transcription factors, including HSF1, 

SKN-1/Nrf2, HIF1 and DAF-16/FOXO that combat proteotoxic stress caused by environmental 

challenges. While these transcription factors are often associated with a specific stress condition, 

they also direct “non-canonical” transcriptional programmes that serve to integrate a multitude of 

physiological responses required for development, metabolism and defence responses to pathogen 

infections. In this review we outline the established function of these key proteostasis transcription 

factors at the cell-autonomous and cell-non-autonomous level and discuss a newly emerging stress 

responsive transcription factor, PQM-1, within the proteostasis network. We look beyond the 

canonical stress response roles of proteostasis transcription factors and highlight their function in 

integrating different physiological stimuli to maintain cytosolic organismal proteostasis.   

 

Keywords: Proteostasis, stress responses, transcription factors, cell-non-autonomous, C. elegans, 

metabolism  
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How to maintain organismal balance: The role of the proteostasis network and 

its transcriptional regulators 

 

Maintaining the integrity of the proteome in the face of proteotoxic challenges is crucial for cellular 

and organismal survival. This is achieved by a highly fine-tuned network of components 

comprising the proteostasis network (PN), which includes molecular chaperones, components of 

the degradation machinery, including the ubiquitin proteasome system (UPS) and autophagy, as 

well as stress-responsive transcriptional regulators (Hipp et al., 2019; Labbadia and Morimoto, 

2015a). In eukaryotic cells, stress signalling pathways have evolved to detect protein folding 

stresses within different subcellular compartments. These are mediated by specific stress-

responsive transcription factors that promote the expression of chaperones, detoxifying enzymes 

or components of the degradation machinery. Canonical cellular stress responses include the 

cytosolic heat shock response (HSR) mediated by heat shock transcription factor 1 (HSF1) 

(Lindquist, 1986), the oxidative stress response mediated via SKN-1/Nrf2 (An and Blackwell, 

2003), the response to hypoxia, which is regulated by HIF1 (Semenza, 1998), and organelle-

specific stress responses such as the unfolded protein response (UPR) of the endoplasmic reticulum 

(UPRER)(Gardner et al., 2013) and mitochondria (UPRmt) (Pellegrino et al., 2013). For the purpose 

of this review, we will focus on the stress transcription factors regulating cytosolic proteostasis.  

 

At the organismal level, maintenance of proteostasis is required for stress resilience and relies on 

inter-tissue stress signalling pathways to integrate physiological signals dependent on 

developmental stage, aging, reproduction and perturbations caused by invading pathogens. This is 

often mediated by endocrine signals released from neurons or signals from the reproductive system 
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or intestine (Labbadia and Morimoto, 2015b; Prahlad et al., 2008; Shemesh et al., 2013; van 

Oosten-Hawle et al., 2013), that then converge on proteostasis transcription factors to regulate 

protein quality control processes within the organism. Thus, proteostasis transcription factors are 

needed to integrate multiple demands on the organism and hence their activation is required in 

distinct “non-canonical” manners tailored to specific tissues and different metabolic or 

developmental states (see Figure 1 and Table 1 for a summary). 

 

Canonical and “non-canonical” functions of proteostasis transcription factors 

in response to cellular stress and physiological stimuli 

 

HSF1 coordinates the cell-autonomous and cell-non-autonomous HSR 

 

Heat shock factor 1 (HSF1) is the master regulator of the heat shock response (HSR) and promotes 

the expression of heat shock proteins (HSPs), that ensure the folding,  refolding or degradation of 

damaged intracellular proteins (Anckar and Sistonen, 2011; Lindquist, 1986; Wu, 1995). HSF1 is 

widely conserved in eukaryotes and while its function has been extensively studied in the HSR, it 

also plays a pivotal role in development and longevity (Hsu et al., 2003; Li et al., 2016; Morley 

and Morimoto, 2004). Upon heat stress HSF1 dissociates from a multi-chaperone complex 

containing HSP70/ HSP90, trimerises and translocates to the nucleus (Zou et al., 1998). There, it 

binds to cis-acting heat shock elements (HSEs) that are composed of inverted nGAAn pentamers 

that reside within the promoter regions of heat shock proteins and molecular chaperones 

(Fernandes et al., 1994). HSF1 activity is regulated by an Hsp70-dependent chaperone titration 

mechanism (Masser et al., 2019) and by posttranslational modifications, including 
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phosphorylation, acetylation and sumoylation (Akerfelt et al., 2010; Li et al., 2017; Westerheide 

et al., 2009; Zou et al., 1998). For example, HSF1 can be activated by phosphorylation on Ser326 

via MEK, a kinase of the RAS MAPK signalling pathway (Tang et al., 2015), whereas its activity 

can be attenuated by acetylation via p300/CBP in the absence of the lysine deacetylase SIRT1, 

resulting in the release of HSF1 from heat shock promoters (Raychaudhuri et al., 2014; 

Westerheide et al., 2009). 

 

In metazoans, HSF1 activity has to be coordinated among different cell types and tissues to 

ascertain organismal proteostasis and protection against stress conditions. For example, in rats 

exposed to restraint stress, adrenocorticotropin is released from the hypothalamus to activate HSF1 

in the adrenal gland and upregulate HSP70 expression (Fawcett et al., 1994). This early 

observation was however initially not recognised to be connected with organismal proteostasis. 

Later on, the roundworm C. elegans has been instrumental for the realisation that organismal stress 

responses such as the HSF-1 mediated HSR can be coordinated via neural networks: AFD 

thermosensory neurons and their postsynaptic AIY interneurons coordinate HSF-1 activity and 

chaperone expression in distant tissues in a serotonergic neurotransmitter signalling dependent 

manner (Prahlad et al., 2008; Tatum et al., 2015). Such cell nonautonomous regulation of the HSR 

via the nervous system can override the cell-autonomous response in an organism, in order to 

achieve a highly orchestrated response to heat stress in the many heterogenous cell-types of an 

entire animal (Prahlad et al., 2008). The associated cell nonautonomous upregulation of 

chaperones protects against acute stress conditions as well as protein aggregation of e.g. human 

disease proteins expressed in the worm (Tatum et al, 2015). At the same this coordination of HSF-

1 activity across tissues needs to be tightly regulated, because HSF1 plays important roles in 
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developmental programmes, as shown in both invertebrates (Li et al., 2017) and mammals (Le 

Masson et al., 2011). Moreover, constitutive high expression of chaperones can be detrimental for 

organismal proteostasis, as this disrupts processes of cell division and growth (Feder et al., 1996). 

Another evidence for the tight regulation of HSF-1 activity, is its diminished ability to induce 

stress responses after the onset of reproductive maturity which continues throughout aging. This 

is regulated via germ cell signalling that results in the deposition of repressive chromatin marks at 

the promoters of heat shock genes, thereby reducing HSF-1 accessibility at these promoters 

(Labbadia and Morimoto, 2015b).   Cell-non-autonomous HSF1 activity is also regulated by the 

mTOR pathway (Chou et al., 2012),  insulin/IGF-1 signalling (Barna et al., 2012; Chiang et al., 

2012) and cyclic guanosine monophosphate-mediated cGMP pathways (Barna et al., 2012), 

linking HSF1 with the metabolic state of the organism and development. Moreover, HSF1 can be 

activated by food availability and sensory perception of threats such as pathogens or temperature 

(Prahlad et al., 2008, Ooi et al., 2017, Sugi et al., 2011), which provides a direct link between the 

activation of stress responses with sensory input and behavioural output, that in turn has 

organismal consequences for development, metabolism and aging.    

 

Non-canonical roles of HSF1 beyond the HSR 

 

Although the master regulator of the cell’s response to heat stress, several studies have revealed 

numerous non-canonical transcriptional responses regulated by HSF1 (see also Figure 1). For 

example, a genome-wide analysis in C. elegans has revealed that HSF-1 controls 74 % temperature 

sensitive genes, which not only include heat shock proteins but also genes involved in cuticle 

structure, translation, regulation of growth and amine catabolic processes as well as genes lacking 
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a HSE in their promoter and are involved in development, metabolism, and aging (Brunquell et 

al., 2016; Li et al., 2016).  HSF1 function is also required to repress transcription of several gene 

classes following heat stress including those involved in protein kinase activity, ion binding, 

transcription, ATP binding and reproductive development (Brunquell et al., 2016). In this way, 

HSF1 may ensure that stress responses are correctly balanced with growth and developmental 

processes. Moreover, HSF1 promotes a transcriptional programme in cancer cells that is distinct 

from the classical heat shock response and involves genes regulating proliferation, invasion and 

migration as well as inflammatory responses (Mendillo et al., 2012; Scherz-Shouval et al., 2014) 

corroborating an evolutionary conserved role for “non-canonical” functions. 

 

The role of HSF1 in longevity and stress resistance 

 

In C. elegans HSF-1 is required for normal lifespan (Walker, 2003;Morley, 2004; Hsu, 2003) and 

stress resistance (Morley, 2004). HSF-1 is required for the enhanced longevity of the daf-2(-) 

mutant, which has reduced insulin/ IGF-1 signalling. In the daf-2(-) mutant HSF-1 regulates the 

transcription of several genes together with DAF-16, including sHSP genes (Hsu, 2003), sip-1, 

which encode the stress-induced protein and cyp-35B1 (dod-13), which encodes a cytochrome 

P450 enzyme involved in lipid storage (Iser, 2011). HSF-1 also affects the expression of certain 

TGFβ pathway components including DAF-7/TGFβ and DAF-9/p450, which inhibit dauer larval 

development (Barna, 2012). This indicates that HSF-1 functions downstream of insulin/ IGF-1 

signalling to regulate the aging process. 
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The role of HSF1 in the oxidative stress response 

 

HSF1 also regulates the expression of HSP genes in response to oxidative stress in C. elegans 

(Park et al., 2009) and in yeast (Yamamoto, 2007), as well as mammalian cells. HSF1 can directly 

sense the cellular redox state through two cysteine residues (cys35 and cys105) in its DNA binding 

domain, and it was shown that the strong oxidizing agent hydrogen peroxide (H2O2) induces 

trimerization of HSF1 and transcriptional activity (Ahn and Thiele, 2003). HSF1 also shares 

several target genes with Nf E2-related factor 2 (NRF2), a key regulator of cellular response to 

oxidative stress (Park et al., 2009). This suggests that HSF1 and NRF2 cooperate with each other 

under certain conditions (Naidu et al., 2015).  

 

The role of HSF1 in protein degradation pathways 

 

Defects in the UPS can lead to HSF1 over-activation and increased HSP expression in mammalian 

cells (Barna et al., 2018). A ChIPseq analysis on human cell lines has also revealed that both HSF1 

and its related isoform HSF2 are able to bind the regulatory region of the ubiquitin genes UBB and 

UBC, resulting in an upregulation of these transcripts (Vihervaara et al., 2013). Autophagy is also 

induced following heat shock in several mammalian cell lines and model organisms (Barna et al., 

2018). HSF1 overexpression induces autophagic structures and expression of autophagy (ATG) 

genes, that is required for longevity and thermotolerance (Kumsta et al., 2017). Many of these ATG 

genes contain putative HSEs in their upstream regulatory sequence and HSF1 binding has been 

confirmed in the regulatory region of ATG7 (Samarasinghe et al., 2014).  
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The role of HSF1 in the innate immune response 

 

The production of large amounts of secreted innate immune peptides as part of the pathogen 

defence response exerts considerable protein folding stress and it is therefore unsurprising that 

HSF1 is required for normal immune function in both invertebrate and vertebrate systems (Barna 

et al., 2018). For example, in C. elegans  HSF-1, HSP-90 and small heat shock proteins are required 

for tolerance against several bacterial pathogens, including Pseudomonas aeruginosa (Singh and 

Aballay, 2006). An increase in HSF1 activity and HSP expression has also been observed during 

acute viral infection in mammalian cells (Kumar and Mitra, 2005; Rawat and Mitra, 2011). The 

expression of certain cytokine or cytokine receptor-encoding genes, which promote fever and 

inflammation, can be repressed by HSF1 (Takii, 2010 #93). Reciprocally, cytokines including IL-

1 may activate HSF1 during inflammation (Sasaki et al., 2002) and HSF1 can induce key regulators 

of inflammatory processes such as COX-2 (cyclooxygenase) (Rossi, 2012).  

Furthermore, HSF-1 regulates the hypothalamic-specific expression of the heat-inducible ion 

channel transient receptor potential vanilloid gene, TRPV-1 (Meng et al., 2012). Since this protein 

plays a crucial role in regulation of body temperature, HSF1 has a protective response during fever: 

By inhibiting certain cytokines to reduce fever and to protect against chronic inflammation it can 

lower the rate of death caused by sepsis (Hotchkiss et al., 1993).  

These observations suggest that HSF1 represents a major key node linking stress signalling with 

the innate immune and inflammatory response, as it either controls expression of certain cytokines 

or can be activated by some. Such paracrine signalling through cytokines may represent an 

important mechanism controlling organismal proteostasis (O’Brien et al., 2018), which has indeed 
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been shown to be an important aspect of HSF1 activation from cell to cell in the tumor 

microenvironment (Scherz-Shouval et al., 2014).  

 

FOXO/ DAF-16: a transcription factor integrating diverse signals to maintain organismal 

proteostasis 

 

The Forkhead family transcription factor, FOXO/DAF-16 is a central regulator for 

multiple signalling pathways and is required for normal life span and stress resistance in mice, 

flies and worms (Tatar, 2003; Alic, 2014). In addition to its function in metazoan stress resistance 

and longevity, FOXO/DAF-16 is known to respond to and to regulate several biological 

processes including metabolism, development, cell cycle, apoptosis and  reproduction (Accili and 

Arden, 2004; Link and Fernandez-Marcos, 2017). FOXO/DAF-16 transcription factors recognise 

a core consensus sequence known as the DBE (DAF-16 Binding Element), that allows regulation 

of numerous downstream class 1 targets genes (Murphy et al., 2003). Prominent examples are hsp-

16. 1, hsp-16.49 and hsp-12.6  (Schuster et al., 2010; Zhang et al., 2013) that are required for 

thermotolerance in C. elegans (Furuhashi and Sakamoto, 2014), and antioxidant genes sod-3 and 

ctl-1, which are required for enhanced resistance of daf-2 mutants to oxidative stress (Honda and 

Honda, 1999). Class 2 target genes contain DAE (Daf-16 associated element) in their promoters 

and are thought to be recognised by DAF-16 in conjunction with a multitude of co-transcription 

factors, including PQM-1 (Tepper et al., 2013) and HLH-30 (Lin et al., 2018). In vertebrates, 

FOXO upregulates genes that promote DNA repair and oxidative protection, whilst 

downregulating genes that promote cell-cycle progression (Tatar, 2003). 
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One of the most extensively studied functions of FOXO transcription factors is their role in aging 

and longevity. FOXO transcription factor activity mediates the lifespan extending effects of 

diminished insulin/IGF-1 signalling, a function that is conserved in yeast, worms, flies and mice 

(Tatar, 2003). Other signalling pathways regulating FOXO/DAF-16 activity and correlated with a 

specific role in longevity  and metabolism are the TOR pathway that responds to nutrients and 

hormone-dependent mitogenic signals (Fontana et al., 2010; Vellai et al., 2003), the AMP-

activated protein kinase (AMPK) pathway that responds to high AMP/ATP ratios (Apfeld et al., 

2004; Greer et al., 2007). Moreover, the reproductive system communicates with other tissues 

through the germline to regulate aging (Kenyon, 2010), and in C. elegans was found to be 

dependent on the intestinal ankyrin repeat protein KRI-1 and microRNAs such as mir-71 (Boulias 

and Horvitz, 2012). Thus, the FOXO/DAF-16 transcription factor integrates stimuli from 

signalling pathways that sense nutrients, cell proliferation and developmental status and so is 

involved in a multi-stress response that primes the stress response machinery to increase 

proteostasis and hence lifespan and stress resistance.  

 

 

Roles of DAF-16/ FOXO beyond aging and longevity 

 

DAF-16 in cancer and innate immunity 

 

In addition to its canonical function in stress resistance and longevity, DAF-16/ FOXO is known 

to respond to and to regulate several biological processes including metabolism and cell cycle 

(Figure 1) (Link and Fernandez-Marcos, 2017). Several epidemiology studies have also recently 
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linked impaired insulin signalling and diabetes to several forms of cancer, although the underlying 

molecular mechanisms remain undefined (Link and Fernandez-Marcos, 2017).  

In C. elegans, DAF-16 is also required for the innate immune response and survival against a range 

of bacterial pathogens (Figure 1), including the gram-negative bacterial pathogen P. aeruginosa 

and the gram-positive pathogens Enterococcus faecalis and Staphylococcus aureus (Garsin et al., 

2003), through upregulating the expression of antimicrobial peptides lys-7 and clec-52 (Zhang et 

al., 2013). It is also  required for resistance to infection with E. faecalis through direct induction 

of the antioxidant genes sod-3 and ctl-2, in addition to indirect induction of SKN-1-regulated 

genes, which protect the tissues from the ensuing oxidative stress (Chavez et al., 2007).  

 

FOXO-to-FOXO signalling 

 

DAF-16 is able to regulate gene expression in a cell non-autonomous fashion (Murphy et al., 

2007). For example, increasing daf-16 gene dosage in the neurons or intestine upregulates DAF-

16 activity in other tissues, a process called FOXO-to-FOXO signalling (Murphy et al., 2007). A 

related form of this signalling can also occur without DAF-16 expression in the receiving tissue 

and is termed FOXO-to-FOXO(-) signalling (Alic et al., 2014; Libina et al., 2003), demonstrated 

in both flies {Hwangbo, 2004 #255} and worms (Kaplan et al., 2019; Murphy et al., 2007; Zhang 

et al., 2013). In C. elegans, this signalling phenomena depends on the transcriptional co-regulator 

MDT-15 in the sending tissue (Zhang et al., 2013), which is also required for resistance to 

oxidative stress (Goh et al., 2014), normal lifespan (Schleit et al., 2011) and survival against P. 

aeruginosa (Pukkila-Worley et al., 2014).  
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Thus like HSF-1, DAF-16/FOXO appears to function as a transcription factor hub that receives 

input via developmental growth signals, nutrient availability as well as neuro-endocrine signalling 

to maintain organismal proteostasis.  

 

PQM-1 in cellular stress responses:  a novel proteostasis transcription factor  

 

PQM-1 (Paraquat Mediator 1) is a zinc finger transcription factor in C. elegans that received its 

name from the observation that its transcripts are upregulated under oxidative stress as induced by 

paraquat exposure (Tawe et al., 1998). More recently it was demonstrated that PQM-1 is required 

for the enhanced thermotolerance, independent of HSF1, and maintenance of proteostasis during 

aging (O'Brien et al., 2018; Shpigel et al., 2019). A close but antagonistic relationship has been 

reported between PQM-1 and DAF-16, where they do not localize to the nucleus simultaneously 

and appear to be oppositely regulated by insulin-like signalling (Tepper et al., 2013). From analysis 

of global gene expression (RNAseq) and epigenomic (ChIPseq) data it has been suggested that 

PQM-1 binds the DAF-16 Associated Element (DAE) to promote regulation of genes that are 

usually downregulated by DAF-16 (Tepper et al., 2013). However, the requirement for pqm-1 in 

the enhanced longevity and thermotolerance of daf-2 mutants makes this relationship with daf-16 

unclear (Tepper et al., 2013). The importance for PQM-1 in organismal health and lifespan was 

highlighted in a recent report showing how DAF-16 and PQM-1 could contribute to organismal 

proteostasis during aging via gonadal longevity- and dietary restriction signalling pathways 

(Shpigel et al., 2019). The enhanced resistance to chronic stresses, such as prolonged thermal stress 

or increased age-associated protein aggregation, following dietary restriction requires  PQM-1 in 

an eat-2 signalling pathway dependent manner. Conversely, input from the gonadal longevity 
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signalling pathway via DAF-16/FOXO maintains proteostasis in response to acute stress (Shpigel 

et al., 2019). This implies that even though proteostasis collapses at the onset of reproductive 

adulthood, dietary signals and signals from the gonad can enhance and sustain the cellular and 

organismal ability to effectively respond to acute and chronic stresses, via DAF-16  or PQM-1. 

 

Regulation of cell-non-autonomous proteostasis by PQM-1 – Transcellular Chaperone Signalling 

 

As a transcription factor required for multiple stress stimuli in C. elegans, PQM-1 is also required 

for an organismal stress response mechanism called transcellular chaperone signalling (TCS), that 

is distinct from the heat shock response and other canonical cell stress responses (van Oosten-

Hawle et al., 2013). It is activated upon direct tissue-specific perturbation of proteostasis, such as 

tissue-specific overexpression of the major molecular chaperone HSP-90, and activates the 

transcription factor PQM-1 in neurons and intestinal cells to mediate the cell-non-autonomous 

upregulation of HSP-90 in different tissues in C. elegans (O'Brien et al., 2018; van Oosten-Hawle 

et al., 2013). While PQM-1 is involved in regulating the cell-non-autonomous expression of 

Hsp90, it is not clear whether Hsp90 is a direct target of PQM-1 or indirectly regulated via a PQM-

1-dependent signalling pathway (O'Brien et al., 2018). The current model suggests that 

transcellular upregulation of Hsp90 expression in the muscle is achieved via the innate immunity 

associated c-type lectin, CLEC-41, and aspartic protease ASP-12, that are both directly regulated 

by PQM-1 in response to TCS and predicted to be secreted from the gut (O’Brien et al., 2018). 

The pqm-1 dependent upregulation of Hsp90 expression in the muscle was shown to reduce 

amyloid beta aggregation and associated toxicity in the muscle (O’Brien et al., 2018). Thus he 

enhanced ability of C. elegans to withstand chronic proteotoxic stress when PQM-1 is activated as 
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is the case during TCS, is in line with the finding that PQM-1 plays a more prevalent role in cellular 

maintenance and responses to chronic stress (Shpigel et al., 2019).  

The role of PQM-1 as a mediator of TCS was uncovered by genetically inducing mild tissue-

specific stress via tissue-specific overexpression of Hsp90. Although this is an “artificially” 

induced condition, it unveiled an important aspect of cell nonautonomous proteostasis: namely 

that the orchestration of stress responses within the heterogenous cell types of an organism can be 

disrupted by such tissue-specific stress. This may be a mechanism utilised by cancer cells, where 

Hsp90  is often overexpressed in a subset of cells (Ciocca et al., 2007). The increased expression 

of Hsp90 in cancer cells may induce TCS, which then “overrides” the cell nonautonomously 

orchestrated expression of Hsp90 itself and other components to promote pro-tumorigenic 

transcriptional programmes within a tumor microenvironment. Although this will require further 

investigation, a comparable transcellular activation of HSF-1 from one cell to another has been 

shown in cancer associated fibroblasts in the tumor microenvironment, where HSF-1 promotes 

transcriptional programmes that induce growth and malignancy in neighbouring cancer cells 

(Scherz-Shouval et al., 2014). 

 

PQM-1 roles beyond stress responses 

 

Development and vitellogenin-dependent fat mobilisation 

 

Although the downstream transcriptional program of PQM-1 has not yet been fully characterised, 

accumulating evidence points to an important role in intestinal fat metabolism and the production 

of vitellogenin in C. elegans (Dowen et al., 2016).  Vitellogenesis is modulated by a miRNA-
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driven hypodermal timing pathway, the insulin and mTORC2 pathways that converge on the 

transcription factor PQM-1 (Dowen et al., 2016). Moreover, it has recently been suggested that 

PQM-1 acts as a transcriptional repressor in association with the homeobox transcription factor 

CEH-60 to balance stress responses and longevity against reproduction during developmental 

transitions (Dowen, 2019). In this role, PQM-1 together with CEH-60 represses defence response 

and innate immunity associated genes, and positively regulates gene networks involved in 

longevity and proteasome assembly (Dowen, 2019). Thus this places PQM-1  at a key node of 

signalling inputs that control development, metabolism, longevity, reproduction and proteostasis 

(Figure 1) (Dowen, 2019).   

 

The role of PQM-1 in the immune response 

 

In addition to its role in longevity and proteostasis, PQM-1 has also been implicated in the innate 

immune response since its transcript expression is upregulated under P. aeruginosa infection and 

it is required for survival under the same gram negative pathogen (Shapira et al., 2006). Increased 

transcript expression in C. elegans has also been found under exposure to other gram negative 

bacterial pathogens including S. marcescens and the gram positive E. faecalis (Engelmann et al., 

2011). The antagonistic relationship between DAF-16 and PQM-1 is highlighted by the 

observation that genes negatively regulated by DAF-16 are downregulated during yeast infection 

(Pukkila-Worley et al., 2011) potentially pointing towards PQM-1 being functionally active as a 

repressor during this time. Furthermore, PQM-1 plays a role in the signalling of the immune 

response across tissues, as it is required for transcellular signalling of the heat shock chaperone 

protein HSP-90, which has been associated with innate immunity (O'Brien et al., 2018). Although 
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PQM-1 seems to act as a repressor for clec-41 and other immune-related genes during development 

(Dowen, 2019), it is required for the upregulation of clec-41 and asp-12 during TCS as discussed 

above (O'Brien et al., 2018). It is likely that activation of PQM-1 in the intestine promotes PQM-

1 dependent expression of HSP-90 and other immune effectors in distal tissues to orchestrate a 

tightly regulated response that balances proteostatic responses with growth, developmental and 

reproductive processes. 

 

 

NRF2 in the oxidative stress response  

 

The nuclear factor-erythroid 2 p45 (NRF2) is an evolutionarily conserved transcription factor, 

which confers protection against a wide spectrum of stressors, including oxidative and xenobiotic 

stress. Its major role is to protect against oxidative stress and promote longevity has been 

demonstrated in mice, flies and worms (An and Blackwell, 2003; Itoh et al., 1997; Sykiotis and 

Bohmann, 2008). Upon activation, NRF2 translocates into the nucleus and directly binds to 

antioxidant responsive elements (ARE) (Friling et al., 1990) upstream of genes encoding 

glutathione transferase enzymes (Rushmore and Pickett, 1990), which constitute the primary 

cellular defence against oxidative stress.  

 

The C. elegans NRF2 orthologue, SKN-1 was originally identified in a screen for genes required 

for mesendodermal tissue differentiation and pharyngeal formation (Bowerman et al., 1992). It has 

since been found to regulate the expression of several antioxidants including glutathione 

transferases, superoxide dismutase and glutathione peroxidase (Park et al., 2009), required to 
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sequester ROS and to detoxify reactive intermediates that are generated when xenobiotics are 

metabolized by the cytochrome p450 (Phase I) enzymes (An and Blackwell, 2003). Since the 

generation of reactive oxygen species (ROS) is the mode of action of many toxic chemical 

stressors, NRF2 plays an important role in the defence against various chemical-derived stresses, 

and electrophilic compounds and regulates a range of responses involved in the cellular redox 

statues, including redox perturbation, inflammation and nutrient/energy fluxes (Fuse and 

Kobayashi, 2017; Hayes and Dinkova-Kostova, 2014). Furthermore, NRF2/ SKN-1 is able to 

regulate gene expression in a cell non-autonomous manner (Kim and Sieburth, 2018; Staab et al., 

2014; Staab et al., 2013; VanDuyn et al., 2010). For example, the oxidative stress response can be 

induced in the intestine via neuropeptide signalling from the neurons (Kim and Sieburth, 2018), 

providing evidence that SKN-1, like HSF-1, is controlled by the nervous system for activation in 

distal cells. Further research will need to show whether the neuronally controlled cell 

nonautonomous oxidative stress response is also capable to override the autonomous SKN-1-

mediated response and what the consequences are for development and aging of the organism. 

 

Roles of SKN-1/NRF2 beyond regulating the “canonical” oxidative stress response  

 

The role of SKN-1/NRF2 in longevity and cancer 

 

SKN-1 is regulated by the ILS pathway,  a major mechanism that promotes longevity and increased 

stress resistance in C. elegans  (Blackwell et al., 2015) (Figure 1). Reduced insulin-like signalling 

promotes nuclear localisation of SKN-1/NRF2 and leads to the increased expression of stress 

response genes (Table 1) (Tullet et al., 2008). More recently the canonical role of SKN-1/NRF2 
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in oxidative stress has been dissociated from its role in longevity in C. elegans  (Tullet et al., 2017): 

SKN-1 can be transcriptionally regulated via DAF-16 and while SKN-1 is required for the 

enhanced oxidative stress resistance resulting from DAF-16 over-expression, it is not required for 

enhanced longevity (Tullet et al., 2017). 

 

In cancer cells, NRF2 is constitutively activated (Fuse and Kobayashi, 2017). The associated 

enhanced cellular proteostasis in cancer cells may be partly due to the NRF2-dependent induction 

of proteasome subunits (Kwak et al., 2003a; Kwak et al., 2003b), which destroy unfolded proteins 

accumulated in the cell. Another NRF2-activating signal is the disruption of autophagy (Komatsu 

et al., 2010), suggesting that the NRF2 system can be activated by disorders of protein turnover to 

protect against age-associated toxic protein misfolding. Because NRF2 increases the resistance of 

cancer cells to chemotherapy, possibly through their enhanced proteostasis capacity, it has recently 

attracted attention as a potential therapeutic target (Fuse and Kobayashi, 2017). 

 

SKN-1/NRF2 in innate immunity 

 

Production of ROS is also an important defence mechanism against invading pathogens in C. 

elegans, including P. aeruginosa and E. faecalis (King et al., 2018; Liu et al., 2019) and SKN-1 is 

highly active in the intestine upon exposure to the these pathogens (Naji et al., 2018).  

In addition to regulating genes encoding phase II detoxifying enzymes, later studies have revealed 

that the NRF2 system also regulates phase III xenobiotic transporters  (Hayashi et al., 2003; 

Vollrath et al., 2006) as well as phase I-related genes (Miao et al., 2005; Shin et al., 2007). This 
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shows that NRF2 is involved in the entire process of xenobiotic metabolism and may play an 

important role in metabolizing bacterial toxins.  

Thus similar to the stress transcription factors mentioned above, SKN-1/NRF2 sits at an important 

hub that  not only regulates canonical responses to oxidative stress, but also pathogen infection 

and conditions associated with increased oxidative challenge, to maintain cellular and organismal 

proteostasis. 

 

 

HIF1 in the regulation of hypoxia 

 

The ability to respond to changes in oxygen availability is essential. During low oxygen levels, 

hypoxia inducible factor, HIF1a binds to hypoxia response elements (HRE) in hypoxia regulated 

genes (Semenza and Wang, 1992) that are required for cell survival during culture in oxygen 

depleted media (Semenza, 1998). The mechanism of HIF1 activation is regulated directly via 

oxygen levels, whereby the presence of oxygen leads to the addition of hydroxyl groups to 

HIF1a via prolyl hydroxylases (Bruick and McKnight, 2001).  This then leads to degradation of 

the transcription factor by the proteasome (Huang et al., 1998).  Under low oxygen conditions, 

HIF1a is protected from degradation and accumulates in the nucleus to induce genes involved in 

metabolism, cell signalling, transcription and translation (Shen et al., 2005).  

Physiologically, oxygen levels often vary spatially and temporally within the different tissues and 

organs of multicellular organisms and HIF1 is required to respond to these alterations in oxygen 

levels to maintain proteostasis. Since damaged or diseased cells and tissue are often associated 

with hypoxic conditions, HIF1 is emerging as an important transcription factor in immunity and 
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human pathologies including cancer (Gonzalez et al., 2018; Nizet and Johnson, 2009). The fact 

that HIF needs to regulate spatially separated and heterogenous cell types within multicellular 

organisms raises the questions of how and whether it could regulate hypoxia in a cell 

nonautonomous manner, similar to HSF1 or FOXO, via e.g. neuroendocrine signalling.  Whether 

this is  the case may need further investigation. However a recent report using C. elegans showed 

that HIF-1 activity can be induced by dietary restriction, and depends on the serotonin biosynthetic 

enzyme TPH-1 in the neurons and the serotonin receptor SER-7 in the intestine (Leiser et al., 

2015).  

 

HIF1 role in innate immunity and cancer   

 

It is not clear whether HIF1 has “non-canonical” functions that deviate from its role during hypoxic 

conditions. At least in C. elegans HIF-1 is also required for longevity, thermotolerance and 

resistance to oxidative stress, in addition to its role in response to hypoxic conditions (Figure 1) 

(Zhang et al., 2009). The transcriptional program for HIF-1 during heat and oxidative stress has 

not yet been characterised, but alterations in cellular metabolism, transcription and translation 

benefit recovery from cellular stress (Jones and Candido, 1999).  

 

Since inflamed, infected or damaged tissue is typically hypoxic, specialized immune cells such as 

neutrophils and macrophages need to be able to operate in this demanding environment (Nizet and 

Johnson, 2009). Increased levels of HIF are observed in macrophages or neutrophils that are 

stimulated by the gram-positive bacteria, S. aureus and gram-negative bacteria S. typhimurium 

and P. aeruginosa. Furthermore, macrophages from mice deficient in HIF1α are impaired in their 
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ability to kill bacteria (Nizet and Johnson, 2009). A close synergistic relationship between HIF 

and the transcription factor nuclear factor-κB (NF-κB), a central regulator of innate immunity in 

flies and vertebrates, has also been found (Nizet and Johnson, 2009). For example, HIF was shown 

to mediate NF-κB activation in anoxic neutrophils {Walmsley, 2005 #339} and promote cytokine 

expression in macrophages (Jeong, 2003. 

 

Importantly, sustained expression of HIF1 is linked to pathophysiological aspects of many human 

diseases, including solid tumours from various tissues (Gonzalez et al., 2018). As a result of 

imbalance between oxygen demand and its supply to the tissue, tumour cells are typically hypoxic 

and the transcriptional program activated by hypoxia-inducible factor 1 (HIF1) is a major adaptive 

mechanism (Qiu et al., 2015; Zhou et al., 2006). For example, HIF1α critically regulates the switch 

to glycolysis by activating the transcription of genes encoding for glycolytic enzymes (Semenza, 

2010). Because the ability to respond to changing oxygen levels is vital for the survival of cells, 

tissues and entire organisms throughout life, HIF is centrally placed at one of the most important 

physiological adaptation processes that are tightly linked with metabolic rate, immune response 

and many diseases. This uniquely places HIF in conjunction with HSF1, FOXO and NRF2 as a 

“stress-responsive” signalling hub to regulate development, metabolism and immunity at the cell 

autonomous as well as organismal level. 

 

Conclusions and future directions 

 

Appropriate regulation of proteostasis is fundamental for stress resistance, longevity and innate 

immunity of eukaryotic organisms. The role of the master transcriptional regulator HSF1, along 
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with SKN-1/NRF2, HIF1, DAF-16/FOXO and PQM-1 have been intensively characterised over 

the past years. As highlighted in this review, all of the proteostasis transcription factors are 

regulated by signalling cues distinct from the traditional stress response pathways. The challenge 

for future research will be to provide a comprehensive network of how input from a variety of 

physiological stimuli that is present in metazoans, can tailor the activity of these transcription 

factors to shape organismal proteostasis.  
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Figure legend 

 

Figure 1.  Signalling pathways controlling metabolism, development and aging are 

implicated in organismal proteostasis. HSF-1 can be triggered by heat stress, oxidative stress 

(from e.g. Reactive Oxygen Species (ROS)) and pathogen stress stress via the accumulation of 

misfolded proteins, and is also regulated by ILS, TOR and cGMP signalling pathways. DAF-

16/FOXO integrates responses to a variety of physiological stimuli, including oxidative and heat 

stress, pathogens and JNK, ILS, TOR and AMPK signalling pathways. Oxidative stress can be 

triggered directly by ROS released from the mitochondria and during pathogen stress and is 

responded to by HIF-1, SKN-1, DAF-16, HSF-1 and PQM-1; with DAF-16 and SKN-1 directly 

involved in the synthesis of ROS scavenging enzymes. PQM-1 also integrates signals received as 

a response to heat stress, TOR and ILS pathways and developmental cues.  
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Table 1.  Summary of transcriptional regulators involved in cellular stress response 

pathways Stress responses regulated by proteostasis transcription factors and transcriptional 

targets which have been confirmed by RT-PCR, qPCR, western blot, EMSA, ChIP or GFP 

reporter studies. 

 Target Genes related to proteostasis Reference 

HSF-1/ HSF1 

Heat shock response 
  
hsp40, hsp70, hsp90 (yeast) Samarasinghe et al. (2014) 

hsp-70, -16.1,-16.49, -12.6, sip-1, 

F44E5.4; F44E5.5, hsp-90 (C. elegans) 

Hsu et al. (2003) 

Oxidative Stress ero1, cup1, btn2, sis1, hsp10, sgt2, ssa3 

(yeast) 

Yamamoto et al. (2007) 

p62/SQSTM1 (yeast) Samarasinghe et al. (2014) 

Cellular Protein 
Recycling 

ubb, ubc (human cells) Vihervaara et al. (2013) 

atg7 (human cells) Luo et al. (2016) 

Longevity cyp-35b1 (C. elegans) Iser et al. (2011) 

daf-7, daf-9 (C. elegans) Barna et al. (2012) 

Innate Immunity hsp-90, hsp-16 (C. elegans) Singh and Aballay (2006) 

cox2 (human cells) Rossi et al. (2012) 

trpv1 (rat) Meng et al. (2012) 

atf3 (mouse) Takii et al. (2010) 

SKN-1/ NRF2 

Oxidative Stress 

Response  

keap1 (D. melanogaster) Sykiotis and Bohmann (2008) 

gcs-1 (C. elegans) An and Blackwell (2003) 

ctl-2, sod-1, gpx-7, gst-4, -10, -12, -13, 14, 

-32,-38, -39 (C. elegans) 

Park et al. (2009) 

  
Xenobiotic stress Mrp3 (Mrp4) (mouse) Hayashi et al. (2003) 

Mrp2 (mouse) Vollrath et al. (2006) 

cyp-13a2 (C. elegans) Park et al. (2009) 

Ahr, cyp1a1, cyp1b1 (mouse) Shin et al. (2007) 

Cellular Protein 
Recycling 

psmb5 (mouse) Kwak et al. (2003a) 

Innate Immunity gcs-1 (C. elegans) An and Blackwell (2003) 

HIF-1/ HIF1 

Hypoxia fmo-12, phy-2, efk-1, nhr-57, dpf-6, npp-6, 

fmo-14, smg-2, (C. elegans) 

Shen et al. (2005) 

Innate Immunity  il-6, il-8, tnf (human cells) Jeong et al. (2003) 

tnf, il1, il12 (mouse) Walmsley et al. (2005) 

DAF-16/ FOXO 

Heat shock response hsp-12.1, -12.2, -12.6,  16.1, -16.49, sip-1 

(C. elegans) 

Hsu et al. (2003) Zhang et al. 

(2013) Schuster et al. (2010) 

Oxidative Stress 

Response 

ctl-1, sod-3, gst-4, skn-1 (C. elegans) Honda and Honda (1999) 

Zhang et al. (2013) 

Schuster et al. (2010) 

Osmotic Stress hgo-1, tps-1, stps-2, tre-4 (C. elegans) Zhang et al. (2013) 

Innate Immunity lys-7, clec-52 (C. elegans) Zhang et al. (2013) 

PQM-1 

Heat shock response hsp-90 (C. elegans); indirect regulation O'Brien et al. (2018) 

Innate Immunity clec-41, asp-12 (C. elegans) 


