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Abstract 

Living organisms are endowed with the capability to tackle various forms of cellular 

stress due to the presence of molecular chaperone machinery complexes that are 

ubiquitous throughout the cell. During conditions of proteotoxic stress, the 

transcription factor heat shock factor 1 (HSF1) mediates the elevation of heat shock 

proteins, which are crucial components of the chaperone complex machinery and 

function to ameliorate protein misfolding and aggregation and restore protein 

homeostasis. In addition, HSF1 orchestrates a versatile transcriptional program that 

includes genes involved in repair and clearance of damaged macromolecules and 

maintenance of cell structure and metabolism, and provides protection against a broad 

range of cellular stress mediators, beyond heat shock. Here, we discuss the structure 

and function of the mammalian HSF1, and its regulation by post-translational 

modifications (phosphorylation, sumoylation, and acetylation), proteasomal 

degradation, and small molecule activators and inhibitors. 
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Introduction 

In the early 1960s, the Italian researcher Ferruccio Rittosa was studying the type(s) of 

nucleic acid that was being transcribed at the puffs in the chromosomes of the 

Drosophila salivary glands, where these chromosome puffs were found to be 

transcriptionally active regions [1]. By accident, one of his colleagues had increased 

the temperature of the incubator where he had kept his Drosophila larvae and during 

this time, Ritossa noticed a unique puffing pattern in the Drosophila polytene 

chromosomes when they were exposed to heat, sodium salicylate or dinitrophenol [2]. 

Subsequently, independent groups observed this phenomenon in other Drosophila 

tissues, and this ultimately led to the discovery of the heat shock proteins when 

Tissieres and colleagues found these proteins to be upregulated during the 

chromosomal puffing that occurred upon heat stress [3].  

In all living organisms, the cellular response to elevated temperatures is 

universal, and is triggered by a temperature increase of just a few degrees above the 

optimal temperature. Cells within these organisms possess intricate mechanisms that 

allow for adaptation and survival during elevated temperatures. In humans, 

temperatures above 41-42 °C induce the heat shock response (HSR), which is 

characterized by the activation of transcription of heat shock protein (Hsp) genes 

orchestrated by a family of transcription factors, within which heat shock factor 1 

(HSF1) is most prominent. The HSR causes the elevation of heat shock proteins such 

as Hsp27, Hsp40, Hsp70 and Hsp90, most of which are molecular chaperones that 

function to prevent protein misfolding and aggregation within the cell. The HSR is a 

cytoprotective mechanism that is also stimulated upon cellular stresses such as 

hypoxia [4], fluctuations in intracellular pH [5], and exposure to heavy metals [6, 7]. 

In addition to providing an adaptive response to thermal stress resulting in 

thermotolerance, the HSR orchestrated by HSF1 has protective effects in numerous 

pathophysiological conditions, including ageing and neurodegenerative diseases [8]. 

This is because HSF1 has a large number of target genes encoding proteins with 

versatile cytoprotective functions. Global transcriptional profiling, differential display, 

and proteomic approaches have revealed that, in different organisms, approximately 

50–200 genes are induced by heat shock [9]. These include the classical molecular 

chaperones that prevent unspecific aggregation of non-native or partially misfolded 

proteins, proteolytic proteins that can eliminate or recycle irreversibly-damaged 
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proteins which cannot be refolded by the chaperones, RNA- and DNA-modifying 

enzymes which participate in DNA damage repair, proteins involved in sustaining 

cellular structures such as the cytoskeleton and membranes, and proteins which 

participate in transport and detoxification. In addition, heat shock upregulates a 

number of metabolic enzymes that are needed to reorganize and maintain the energy 

supply of the cell. Induction of other transcription factors, kinases and phosphatases 

also occurs following heat shock, and may further activate other stress response 

pathways, thus amplifying the initial signal.  

Notably, not all genes are induced at the same time and with the same 

duration: some, such as those responsible for the correct protein folding, are 

immediate responders (within minutes), whereas others, such as those involved in 

DNA damage repair and cell metabolism, are somewhat slower (within hours) [9]. 

Overall, induction of the HSR provides broad protection against stress of various 

different types, including and extending beyond heat shock. A study in the nematode 

C. elegans has shown that activation of Hsp90 in response to an imbalance in 

proteostasis in one tissue functions in a non-autonomous fashion termed transcellular 

chaperone signaling to initiate a protective response in adjacent tissues and restore the 

protein homeostasis within the whole organism [10]. In agreement, excitation of 

serotonergic neurons in C. elegans with the consequent release of serotonin is 

sufficient to activate HSF1 and the HSR, and to suppress protein misfolding in 

peripheral tissues even in the absence of temperature increase [11]. It will be 

important to determine whether similar signaling mechanisms operate in mammals. 

 

HSF Family Members 

To date, four members belonging to the HSF protein family have been identified, of 

which HSF1, HSF2 and HSF4 [12, 13] have been characterized in mammals, whereas 

HSF3 was initially identified in the avian species [14]. The human, mouse and bovine 

HSF1 share approximately 84% sequence identity (Fig. 1 and Fig. 2). The 

mammalian HSF2 and HSF4 are also well conserved across species, sharing 

approximately 88% and 79% amino acid sequence identity, respectively. In humans, 

the amino acid sequence of HSF1 shares 32% and 36% sequence identity to HSF2 

and HSF4, respectively.  
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In unstressed cells, HSF1 is a monomer and in contrast, HSF2 is a dimer. 

Upon stress, HSF2 can either form a homotrimer or it can heterotrimerize with HSF1 

in the nucleus and induce the transcription of both the classical heat shock genes as 

well as non-classical heat shock genes such as the tandem satellite III DNA repeats 

[15, 16]. A recent study has discovered that HSF1 and HSF2 interact with each other 

through their coiled-coil domains adjacent to their DNA binding domains [17]. Unlike 

HSF1, HSF2 expression is tissue- and cell-specific [18]. In the mouse, HSF2 plays a 

vital role in spermatogenesis, female fertility and early development [19, 20]. Kallio 

et al. discovered that HSF2-knockout (HSF2-/-) mice, although embryonically viable, 

display brain abnormalities, which are characterized by a reduced striatum and 

hippocampus; furthermore, HSF2-/- female mice produce eggs with meiotic defects 

[20]. Although much of the early research on HSF2 was focused on its role in 

development, a study by Shinkawa et al. [21] has highlighted the link between HSF2 

and neurodegeneration. These researchers found that loss of HSF2 in the R6/2 

Huntington’s disease mouse model exacerbates the aggregation of the polyglutamine 

protein leading to decreased lifespan, partly through increased expression of the small 

heat shock protein αB-crystallin.  

HSF4 lacks the LZ4 domain (see below) that is required for the suppression of 

trimerization of HSF1, is localized mainly in the nucleus, and is ubiquitously 

expressed. HSF4 plays an important role in development and its expression is 

increased during lens development [22]. Many studies have shown that HSF4 is 

crucial for the development and maintenance of the lens as mutations in HSF4, 

particularly in the DNA-binding domain, are correlated with the development of 

cataracts in humans [23-26]. One of the isoforms of HSF4, HSF4a, has been shown to 

negatively regulate HSF2 by downregulating the expression and inhibiting the 

transcriptional activity of HSF2 at the hsp70 promoter via direct binding to HSF2 [27]. 

Loss of the ATP-dependent chromatin remodelling enzyme Snf2h is vital for lens 

development in mice. Interestingly, depletion of Snf2h dramatically reduces HSF4 

transcript levels suggesting that the transcription factor is regulated by chromatin 

remodelling, and that the role of Snf2h in lens development might be in part mediated 

by HSF4 [28]. 

The mammalian HSF1 ortholog in avian cells is functionally redundant, 

however in the chicken, HSF3 is the major heat shock transcription factor [29]. 

Furthermore, human HSF1 is able to rescue the induction of the classical heat shock 
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responsive genes in the absence of chicken HSF3, although chicken HSF1 confers 

cellular cytoprotection when cells are exposed to stressors such as ionizing or 

ultraviolet irradiation [30]. Interestingly, this occurs without inducing the classical 

heat shock genes, suggesting that chicken HSF1 also plays a role in other pro-survival 

pathways. In the chicken, HSF3 exists as a dimer in unstressed cells and is able to 

form homotrimers upon heat shock [14, 31]. The mouse HSF3 discovered in 2010 by 

Fujimoto et al. [32] can activate the transcription of non-classical heat shock genes in 

HSF1-knockout mouse embryonic fibroblasts (MEF) cells, and its isoform mHSF3a, 

has the ability of protect cells from heat shock and proteotoxicity. Of note, although 

HSF3 is considered to be the avian ortholog of the mammalian HSF1, one study 

suggests its involvement in the regulation of a number of febrile response mediators, 

such as the interleukins IL-6. IL-1β, and activating transcription factor 3 (ATF3) [33]. 

 

HSF1 

HSF1 is the most well studied member of the HSF family. During unstressed 

conditions, the mammalian HSF1 exists as a monomer more abundantly in cytoplasm 

relative to the nucleus (Fig. 3). The DNA-binding and transcriptional capacity of 

HSF1 is suppressed at the intramolecular level as well as the intermolecular level, 

where in the latter, molecular chaperones such as Hsp70 [34], Hsp90 [35], and 

TRiC/CCT [36] interact with HSF1 to inhibit its activation. Upon cellular tress, HSF1 

undergoes several activating post-translational modifications and forms a 

transcriptionally active trimer that accumulates in the nucleus and binds to heat shock 

elements (HSE), inverted repeats of the pentameric sequence nGAAn that are found 

in the upstream regulatory regions of the hsp genes [37]. By use of fluorescence 

polarization and thermal denaturation profiling combined with quantitative chromatin 

immunoprecipitation assays, Jaeger et al. [38] have demonstrated a role for specific 

orientations of extended HSE sequences in driving preferential HSF1 DNA binding to 

its target loci. 

Nuclear stress bodies (nSB) are relatively large distinct structures (0.3 to 3 µm 

in diameter) that are formed in the nucleus when the cell is exposed to stress such as 

heat shock or heavy metals [39]. The formation of nSB requires the transcriptionally 

active HSF1 to interact with pericentrometric tandem repeats of satellite III sequences 

within the 9q12 chromosomal locus leading to the transcription of non-coding single-
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stranded RNA molecules, which have been proposed to function by recruiting specific 

factors and affecting chromatin organization. Also, HSF1 binds to the histone acetyl 

transferase (HAT) CREB and causes the hyperacetylation of nucleosomes at the 

satellite III repeats, allowing RNA polymerase as well as several RNA-binding 

proteins to transcribe sat III mRNA transcripts. The mRNA and RNA-binding protein 

complexes generated are known as the perichromatin granules and are generated in 

large clusters during stress forming mature distinct nSB [40].  Interestingly, at the 

nSB, HSF1 and HSF2 form transcriptionally active heterocomplexes [41], and the 

formation of nSB coincides with the nucleolar accumulation of Hsp70. Although, the 

function of the nSB is currently not clear, it is noteworthy that upon stimulation, nSB 

are formed as early as 5 minutes and they are able to persist for several hours after the 

initial stimulation. During the heat shock response, Hsp70 levels are increased, and 

the HSF1 trimers that exit the nSB are dissociated into inactive HSF1 monomers by 

the binding of Hsp70 [40].  

The generation of HSF1-knockout mice (HSF1-/-) provided important insights 

into the functional significance of HSF1 [42, 43]. HSF1-/- mice have altered redox 

homeostasis in the cardiac cells, and their mitochondria are highly susceptible to 

oxidative damage. It was found that HSF1 is essential for induction of the classical 

heat shock genes, and HSF1-/- MEF cells are more sensitive to apoptosis during heat 

stress compared to their wild-type counterparts, showing the importance of HSF1 for 

cell survival. Female HSF1-/- mice display placental insufficiency, which contributes 

to the partial fetal lethality of the absence of the transcription factor. Male HSF1-/- 

mice are fertile, however the females with this genotype are sterile. HSF1 plays a vital 

role in oogenesis: HSF1 is highly abundant in the nucleus of immature oocytes and 

plays an important role in the initial cleavage stages, hence explaining the infertility 

described in the HSF1-/- females [44]. 

 

Post-translational Modifications of the HSF1 protein 

HSF1 is constitutively expressed in most tissues and cell types and is regulated by 

multiple post-translational modifications (PTM) such as sumoylation, acetylation and 

phosphorylation (Fig. 4) throughout its activation and attenuation cycle. In an 

unstressed system, HSF1 is a monomeric phosphoprotein where it is phosphorylated 

on multiple serine residues [45-48], and is also negatively regulated at the 
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intramolecular level due to the binding of the leucine zipper (LZ)1-3 domain and the 

LZ4 domain. The LZ1-3 domain, or the oligomerization domain, due to its coiled-coil 

structure has the ability to form homotrimers [49-51]. Upon stress, the intramolecular 

coiled-coil interaction is lost and an intermolecular coiled-coil interaction is 

established. In addition, phosphorylation on serine 303 that lies within the regulatory 

domain of HSF1 is required for sumoylation [conjugation of small ubiquitin modifiers 

(SUMO) 2/3] at lysine 298 [52], and this mechanism was first described in HSF1, 

where phosphorylation-dependent sumoylation motif (PDSM) characterized by the 

consensus sequence ΨKxExxSP (where Ψ is a branched hydrophobic amino acid and 

x is any amino acid) was identified [53]. Sumoylation at lysine 298 renders HSF1 

transcriptionally incompetent [54]. Phosphorylation of serine 303 and 307 itself does 

not affect the transcriptional activity of HSF1; however, the phospho-S303-dependent 

sumoylation on lysine 298 blocks its transactivation capacity [55]. 

The DNA-binding domain (DBD) (Fig. 1, Fig. 4 and Fig. 5) located at the N-

terminal region of HSF1 is highly conserved across species [8]. Within the HSF1 

trimers, each of the DBD of the monomers recognizes the nGAAn sequence in the 

major groove [56, 57]. Phosphorylation of serine 121 by mitogen-activated protein 

kinase (MAPK)-activated protein kinase 2 (MAPKAPK2) at the DBD causes HSF1 to 

lose its transcriptional activity and promotes binding to its negative regulator Hsp90 

[58]. In addition, acetylation on lysine 80 hinders the transcriptional capacity of HSF1, 

as mutagenesis studies have revealed a loss-of-function phenotype when lysine 80 

was mutated [59-61]. Activation of the deacetylase sirtuin-1 (SIRT1) prolongs the 

transcriptional competency of HSF1, whereas the decrease in SIRT1 accelerates the 

attenuation phase of the HSR [61].  

The regulatory domain (RD) of HSF1 lies between the LZ1-3 and LZ4 

domains. Its absence causes HSF1 to become transcriptionally active even in 

unstressed conditions, which highlights the role of the RD as a repressor of HSF1 

activity and also as a stress sensor [62, 63]. The RD is subjected to many PTM such 

as acetylation, phosphorylation and sumoylation (Fig. 4). In 2005, Guettouche and 

colleagues performed an extensive study on the phosphorylation sites on human HSF1 

and identified that HSF1 was phosphorylated on multiple serine residues, and 

interestingly, they did not detect phosphorylation on threonine or tyrosine residues 

[64]; however, other groups have identified phosphorylation events occurring on such 

residues [65, 66]. Most phosphorylation modifications within the RD are inhibitory, 
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and a mutant HSF1, where the 15 known phosphorylation sites within the RD are 

disrupted, is a potent transactivator of its target genes, with reduced activation 

threshold [67]. However, phosphorylations on serine 230 [47] and serine 326 [64, 68] 

are activating. Thus, the calcium/calmodulin-dependent kinase CAMKII 

phosphorylates HSF1 at serine 230 during stress conditions, and mutation of this 

residue reduces the transcriptional capacity of HSF1 [47]. The phosphorylation of 

serine 326 of HSF1 allows DAXX to bind to HSF1 to enhance its transcription [68], 

and mutations of serine 326 have been reported to reduce the transcriptional activity 

of HSF1 [64, 68]. Several kinases have been implicated in phosphorylating HSF1 at 

serine 326, including the mechanistic target of rapamycin (mTOR) [69], the mitogen-

activated protein kinase kinase MEK [70] and the p38 MAPK [71]. Notably, among 

the p38 MAPK family members, p38δ MAPK is a particularly efficient catalyst of 

this phosphorylation, whereas p38γ MAPK is the most specific [71]. 

The available literature on the functional characterization of the HSF1 C-

terminal transactivation domain (CTAD) is limited compared to the other domains 

described above. The CTAD consists of two transactivation domains, TAD1 and 

TAD2 [63]. TAD1 (amino acids 401-420) is rich in hydrophobic amino acids and 

interacts with TATA-box binding protein associated factor TAF9 in vitro, and 

mutations within the hydrophobic patch of TAD1 prevent HSF1 transactivating 

capability [72]. TAD2 contains both acidic and hydrophobic residues and is proline-

rich. BRG1 belonging to chromatin remodeler SWI/SNF complex binds to HSF1 at 

the CTAD [73]. It is likely that the CTAD could be the hub for interaction of 

transcriptional co-factors and HSF1. Interestingly, Hsp70 binds to the CTAD of HSF1 

[74], therefore, it could potentially negatively regulate HSF1 by disrupting the 

association of HSF1 with its transcriptional co-activators such as p300/CBP [75]. 

Although it is clear from the literature that HSF1 and Hsp90 interact [34, 35, 76], to 

our knowledge, the precise interaction site has not been mapped. 

 

HSF1 Protein Turnover 

The endogenous HSF1 protein has a relatively long half-life, in the range of 13.6 h to 

20 h [77-79]. Unlike the long half-life of the protein, the half-life of HSF1 mRNA is 

approximately 100 min [80]. It is highly likely that the reason for HSF1 being such a 

long-lived protein is to be readily available in the event of exposure to cytotoxic stress 
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so that it is able to exert its cytoprotective effects immediately. The histone 

acetyltransferase E1A Binding Protein P300 (EP300) promotes the stability of 

endogenously expressed HSF1 through acetylation on several of its lysine residues 

(i.e., lysine 208 and lysine 298) hence preventing it from being ubiquitinated and 

targeted for proteasomal degradation [81]. EP300 maintains HSF1 stability 

irrespective of its phosphorylation status [81].  

One of the first insights regarding HSF1 turnover was provided by Bonelli and 

colleagues who found that only under heat shock conditions, serum-starved late 

passage human fibroblast cells displayed reduced HSF1 levels compared to early 

passage serum-starved cells [82]. This finding is further supported by a recent 

publication showing that HSF1 degradation increases dramatically post-heat shock 

and furthermore, RNAi-mediated depletion of the proteasomal subunit PSMA7, 

prolonged the Hsp70 mRNA production by approximately 5 h under conditions of 

heat shock suggesting that the HSR is attenuated by the proteasome [81]. Interestingly, 

riluzole which is the only FDA-approved drug for the treatment of the 

neurodegenerative disease amyotrophic lateral sclerosis, is able to dramatically 

increase the protein half-life of endogenous HSF1 from 13.6 h to 69.3 h [78], 

allowing greater activation of the HSR in cancer and neuronal cells [78, 83]. 

Furthermore, silencing LAMP2A using RNAi, curbed the turnover HSF1 in the 

presence of riluzole which suggests that the compound could potentially block the 

clearance of HSF1 through chaperone-mediated autophagy as LAMP2A is an 

essential potentiator of this process [78].  

Until recently, not much was known about the mechanisms by which HSF1 is 

degraded, however, studies have emerged implicating several proteins that mediate 

the degradation of HSF1, namely, filamin interacting protein 1-like (FILIP-1L) and 

the E3 ligases, SCFβ/TrCP, F-Box and WD repeat domain containing protein 7 

(FBXW7) and neural precursor cell expressed developmentally down-regulated 

protein 4 (NEDD4). FILIP-1L was identified as a binding partner of HSF1 through a 

yeast-two-hybrid screen [84]. The downregulation of FILIP-1L has been implicated in 

various human tumours and has been linked with hypermethylation at the FILIP-1L 

gene promoter and to global DNA methylation [85, 86]. Hu and Mivechi showed that 

overexpression of FILIP-1L leads to the decrease in HSF1 levels and as a 

consequence inhibits the transcription of HSF1 target genes. They further found that 

FILIP-1L acts as an adaptor protein for HSF1 to allow for binding to hHR23A, an 
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ubiquitin receptor protein that functions to transfer ubiquitinated proteins to the 19S 

proteasome [84].  

As described in the previous section, phosphorylation of HSF1 at serine 216 

targets the protein for degradation by the E3 ubiquitin ligase SCF/β-TrCP during 

mitosis, and mutation of this residue to arginine, dramatically increases its half-life 

[87]. FBXW7 is the substrate recognition component of the SCF ubiquitin ligase 

complex and in humans it functions as a tumour suppressor as it mediates the 

degradation of many proto-oncogenes such as MYC, NOTCH and JUN [88]. FBXW7 

binds to its substrates via their phosphodegron motifs which are called Cdc4 

phosphodegrons, where phosphorylation within the phosphodegrons has to occur in 

order for binding to take place [88]. In most cases, FBXW7 substrates such as the 

ones mentioned above are phosphorylated by GSK3 within the phosphodegron. 

Interestingly, a recent article has linked the protein stability of HSF1 to FBXW7α; the 

authors reported that the SCF/FBXW7 complex targets the degradation of HSF1 

through direct binding at the phosphodegron motif spanning serine 303 and serine 307, 

where GSK3 and ERK1 phosphorylate these sites respectively [79]. The 

phosphorylation of serine 303 and serine 307 is required for the binding of FBXW7α 

to HSF1, and loss of FBXW7α causes persistent nuclear accumulation and activation 

of HSF1. In human melanoma cells, FBXW7α is downregulated, and Kourtis and 

colleagues showed that HSF1 accumulation and activation drives the metastatic 

potential [79]. GSK3 is activated under low-serum or serum-starved conditions [89, 

90]. Taken together, the observations by Bonelli et al. and Kourtis et al. suggest that 

during serum starvation, heat shock could cause the activation of GSK3 and 

subsequent phosphorylation of HSF1 at the serine 303 and serine 307 phosphodegron 

to allow for SCF/FBXW7-mediated degradation of the transcription factor [79, 82].  

Numerous reports have linked the loss of HSF1 to the promotion of 

neurodegenerative diseases [91, 92]. α-Synucleinopathies represent progressive 

neurodegenerative diseases such as Parkinson’s disease, multiple system atrophy and 

dementia with Lewy bodies [93, 94] where there is accumulation of α-synuclein in the 

cytoplasm of a subset of neuronal and glial cells. A53T α-synuclein is able to form 

aggregates more readily than WT α-synuclein. In a recent study, Kim et al. found that 

overexpression of the mutant A53T α-synuclein in neuronal cells caused a decrease in 

HSF1 protein levels of more than 70% compared to WT α-synuclein whilst not 

affecting the HSF1 mRNA levels [95]. WT α-synuclein caused the decrease of HSF 
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levels in the nucleus unlike the mutant A53T α-synuclein which decreased HSF1 

levels in both the nucleus and cytoplasm [95]. Furthermore, A53T α-synuclein 

overexpression increased the amount of ubiquitinated HSF1. Because the authors had 

previously identified the E3 ligase NEDD4 levels to be elevated in brains from 

Parkinson’s disease patients [96], they overexpressed NEDD4 in neuronal cells and 

observed a prominent decrease in HSF1 protein levels [95]. Conversely, loss of 

NEDD4 or the overexpression of HSF1 was neuroprotective against α-

synucleinophathy [95]. 

 

Small Molecule Activators of HSF1 

Numerous small molecules, both endogenously occurring as well as of exogenous 

origin, have been shown to activate HSF1 (see West et al. [97] for a comprehensive 

review). In most cases, these compounds are inducers of the transcriptional activity of 

HSF1. Here we give examples of endogenous metabolites as well as phytochemicals, 

which have been isolated from edible and/or medicinal plants, and are contributing to 

the health-promoting effects of plant-rich diets. We then describe the synthetic HSF1 

activators, which have been identified using reporter systems and high-throughput 

screening strategies. The chemical properties of these compounds have provided 

important insights into the mechanisms of activation of the HSR. In particular, 

sulfhydryl reactivity, a characteristic feature of many HSF1 activators, underlies their 

ability to affect the function of HSF1 and some of its critical regulatory proteins, such 

as Hsp90, SIRT1, or upstream regulatory kinases [98].  

 

Endogenous metabolites 

HSF1-mediated transcription is induced by endogenously produced electrophilic 

oxidized and nitrated lipids, as well as α,β-unsaturated aldehydes. Examples include 

4-hydroxy-2-nonenal, acrolein, 10-nitro-octadecenoic acid (nitro-oleic acid), and 15-

deoxy-∆
12,14

-prostaglandin J2 (15d-PGJ2) (Fig. 6). Nuclear accumulation of HSF1 and 

induction of Hsp70 and Hsp40, as well as of HSE-dependent luciferase reporter, have 

been observed when human colon cancer cells were exposed to 4-hydroxy-2-nonenal, 

and siRNA-mediated silencing of HSF1 abolished this induction [99]. Treatment of 

human endothelial cells with 10-nitro-octadecenoic (nitro-oleic) acid, a nitrated 

product of oleic acid with cytoprotective activities, led to activation of the heat shock 
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response [100]. Induction of Hsp70 and Hsp40 also occurred when A549 human lung 

cancer cells were exposed to the electrophilic lipid peroxidation product acrolein 

[101]. The DNA binding activity of HSF1 was increased and the expression of Hsp70 

was robustly upregulated by 15d-PGJ2 in the heart of male Wistar rats undergoing 

ischemia-reperfusion injury [102]. Interestingly, high concentrations of 17β-estradiol 

have been shown to activate HSF1 and induce Hsp70 [103, 104]. Unlike the other 

endogenous HSF1 activators mentioned above, 17β-estradiol is not electrophilc; 

however, it can be metabolically converted to the electrophilic quinone derivatives 2-

hydroxy- and 4-hydroxy-estradiol [105], which might be the ultimate inducers. 

In addition to endogenous electrophiles, the HSF1-mediated HSR is directly 

activated by the oxidant hydrogen peroxide (H2O2). Interestingly, in this case, HSF1 

itself is the protein sensor as activation of murine HSF1 by H2O2 is dependent on 

cysteine 35 and cysteine 105, which form a disulfide bridge [106]. The corresponding 

pair of cysteines (i.e., cysteine 36 and cysteine 103) in human HSF1 form an 

intermolecular disulfide bridge, promoting HSF1 trimerization and binding to the 

HSE [107]. A subsequent study has shown that an intermolecular interaction between 

the aromatic residues tryptophan 37 and phenylalanine 104 supports the approach of 

cysteine 36 and cysteine 103 [108]. In contrast, an intramolecular disulfide bridge 

formation (in which cysteine 153, cysteine 373 and cysteine 378 participate) inhibits 

trimerization and DNA binding of HSF1 [107]. The signalling molecule nitric oxide 

has been reported to activate HSF1 and induce Hsp70 in vascular smooth muscle cells 

[109]. Interestingly, S-nitrosation at cysteine 597 of human Hsp90α inhibits the 

ATPase activity of the chaperone [110], and substituting cysteine 597 with S-

nitrosation-mimicking residues, such as asparagine and aspartic acid, shifts the 

conformational equilibrium of the chaperone, decreasing its activity [111]. It is 

therefore possible that HSF1 activation by nitric oxide is due to inactivation of Hsp90. 

Activation of HSF1 can also be stimulated by electrophilic and reactive 

oxygen species which are formed during physiological and pathophysiological 

processes. Thus, HSF1 is activated in atherosclerotic lesions, and cytokine stimulation 

and mechanical stretching of smooth muscle cells result in HSF1 

hyperphosphorylation, nuclear translocation, and enhanced Hsp70 expression [112]. 

In addition, HSF1 activation has been implicated in the production of plasminogen 

activator inhibitor-1 after stimulation by glycated low density lipoproteins as well as 
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by oxidized very low density lipoproteins in cultured vascular endothelial cells [113, 

114]. Subsequent studies have shown that in this case, activation of HSF1 is mediated 

by induction of NADPH oxidase, implicating supreoxide as the ultimate activator 

[115, 116]. 

 

Phytochemicals 

A screen of bioactive small molecules in the human cervical cancer HeLa cell line 

that is stably transfected with a luciferase-encoding construct under the transcriptional 

control of the HSP70 promoter has identified the phytochemical celastrol as inducer 

of the HSR [117]. Celastrol is a quinone methide triterpenoid (Fig. 7) found in the 

Chinese plant Tripterygium wilfordii. In addition to the HeLa reporter cell line, 

celastrol activates the hsp70 promoter reporter in the breast cancer cell lines MCF7 

and BT474, the nonsmall cell lung carcinoma cell line H157, and the neuroblastoma 

cell line SH-SY5Y), and importantly, the magnitude of activation is comparable to 

that induced by heat shock (42°C) [117]. In agreement, exposure to celastrol is 

protective against lethal heat stress, and to a similar extent as a 42 °C heat shock. 

Treatment with celastrol leads to hyperphosphorylation of HSF1, enhanced binding of 

HSF1 to the HSE, and transcriptional activation of endogenous heat shock genes 

[117]. Subsequent studies have suggested that inhibition of Hsp90 by celastrol may be 

the initial event that triggers dissociation of HSF1 from the protein complex [118, 

119]. This possibility is further supported by mechanistic studies showing that 

celastrol reacts with Hsp90 and inhibits the ATPase activity of the chaperone without 

affecting ATP binding [71, 120].  

The tetranortriterpenoid gedunin (Fig. 7) from the Indian neem tree 

Azadirachta indica is another activator of HSF1. Compared to celastrol, gedunin is 

less potent, but appears to use similar mechanisms by which it activates HSF1, i.e. 

inhibition of the function of the negative regulator Hsp90 [119, 121]. The use of a 

high content screening platform, an image-based, multiparametric assay which 

monitors the formation of HSF1/Hsp70 stress granules in heat-shocked HeLa cells, 

identified four compounds closely related to gedunin, i.e., deoxygedunin, deacetoxy-

7-oxogedunin, deacetylgedunin, and sappanone A, which were subsequently 

confirmed to activate HSF1 and induce Hsp70 in an HSF1-dependent manner [122].   

Withaferin A (Fig. 7), a withanolide found in the Indian plant Withania 

somnifera, was identified in a screen of a library of more than 80,000 natural and 
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synthetic compounds using a reporter cell line which expresses enhanced green 

fluorescent protein (EGFP) under the transcriptional control of a minimal consensus 

HSE-containing promoter [123]. Like celastrol and gedunin, withaferin A also 

inhibits the function of Hsp90 [124, 125], and this inhibition may be responsible for 

activation of HSF1. The same high-throughput screen confirmed that celastrol, 

withaferin A, gedunin are all inducers of the HSR, and identified several other natural 

products, such as the limonoids anthothecol, cedrelone, and the gedunin derivative 7-

desacetoxy-6,7-dehydrogedunin, as well as a fungal product, the macrocyclic lactone 

dehydrocurvularin among the active compounds [123]. Notably, all of these 

compounds have an α,β-unsaturated carbonyl functional group, emphasizing the 

importance of electrophilicity for inducer activity. 

Curcumin [1,7-bis(4-hydroxy 3-methoxy phenyl)-1,6-heptadiene-3,5-dione, 

diferuloylmethane, Fig. 7], a polyphenol from the East Indian plant Curcuma longa,  

has been shown to induce heat shock proteins in numerous cell culture and animal 

models [126, 127]. The observed disruption of the binding of the Hsp90-p23 complex 

to its client protein p210 BCR/ABL, and the consequent degradation of the kinase in 

chronic myelogenous leukemia cells upon exposure to curcumin [128] suggests that, 

for this compound too, induction of heat shock proteins could be a consequence of 

inhibition of Hsp90 function. Notably, curcumin has been present in the human diet 

for centuries, and there is a wealth of information regarding its safety and efficacy in 

both animals and humans [129]. To date, more than 100 clinical trials have been 

registered to evaluate this polyphenol in a number of conditions, including mild 

cognitive impairment, Alzheimer’s disease, multiple myeloma, pancreatic cancer, 

colorectal cancer, and myelodysplastic syndrome (www.clinicaltrials.gov). 

Coniferyl aldehyde (Fig. 7) is a phenolic compound, which is found as a 

glucoside in the bark of Eucommia ulmoides, a plant that is used in the traditional 

medicine of Korea, Japan, and China. Coniferyl aldehyde has been shown to increase 

the protein stability of HSF1, activate the mitogen-activated protein kinases 

extracellular signal-regulated kinases (ERK)1/2, c-Jun N-terminal kinase (JNK)1, and 

p38, promote HSF1 phosphorylation at serine 326, and consequently upregulate the 

expression of Hsp27 and Hsp70 [130]. Furthermore, the same study showed that 

coniferyl aldehyde treatment protected cells and mice against damage induced by 

ionizing radiation or taxol, but was not effective in HSF1-/- cells, demonstrating the 

essential requirement for HSF1 for the protective activity of this phytochemical [130]. 
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Another aromatic phytochemical, the chalcone derivative (±)-4,2',4'-

trihydroxy-3'-[(6E)-2-hydroxy-7-methyl-3-methylene-6-octenyl]chalcone (Fig. 7), 

was also reported to activate HSF1-dependent transcription in human lung cancer 

NCI-H460 cells [131]. In an effort towards identification of heat shock protein-

inducing agents from natural products, this chalcone was isolated from the areal parts 

of Angelica keiskei Koidzumi (Umbelliferae), an edible plant that is considered health 

food in Korea and Japan [131].  

Sulforaphane [1-isothiocyanato-(4R)-(methylsulfinyl)butane, Fig. 7] is an 

isothiocyanate which is formed from a glucosinolate precursor (glucoraphanin) upon 

plant tissue injury. Importantly, cruciferous vegetables, such as broccoli (Brassica 

oleracea), are rich dietary sources of this phytochemical. Nuclear accumulation of 

HSF1 and induction of heat shock proteins by sulforaphane treatment has been 

demonstrated in several cell culture models, including human cell lines, as well as in 

animals after a single oral dose of the isothiocyanate [132-134]. Another 

isothiocyanate, phenethyl isothiocyanate (Fig. 7), which occurs in watercress 

(Nasturtium officinale), has also been shown to induce expression of heat shock 

proteins in cultured cells and animals [71, 135]. Phenethyl isothiocyanate inhibits 

Hsp90, activates p38 MAPK, increases the phosphorylation of HSF1 at serine 326, 

and robustly upregulates HSE-mediated transcription of endogenous as well as 

reporter genes [71]. Similarly, the levels of Hsp70 are robustly upregulated upon 

exposure of cells to the aromatic benzyl isothiocyanate, but not the aliphatic allyl 

isothiocyanate [71].  

The available experimental evidence points to Hsp90 as the main intracellular 

target of the isothiocyanates to facilitate HSF1 activation: (i) co-treatment with 

sulforaphane enhances the anti-tumor effect of the Hsp90 inhibitor 17-allylamino 17-

demethoxygeldanamycin (17-AAG) [136]; (ii) sulforaphane disrupts the interaction of 

Hsp90 with its co-chaperone Cdc37 [136]; (iii) synergistically with 17-AAG, the 

isothiocyanate downregulates several Hsp90 client proteins, such as mutant p53, Raf-

1, and Cdk4 [136], (iv) Hsp90 is covalently modified by a sulfoxythiocarbamate 

derivative of sulforaphane both in vitro and in cells [137-139], (v) the fraction of 

Hsp90-bound HSF1 is smaller in lysates from cells that had been treated with 

phenethyl isothiocyanate compared to solvent-treated cells, suggesting dissociation of 

HSF1 from Hsp90  [71], and (vi) the ability of sulforaphane to downregulate the 

activity of histone deacetylase (HDAC) [140-144] may further inhibit the activity of 
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Hsp90 through altering acetylation of the chaperone. Indeed, inhibition or knockdown 

of HDAC6 leads to acetylation of Hsp90 and disruption of its chaperone function 

[145], and treatment with sulforaphane downregulates the activity of HDAC6, 

resulting in hyperacetylation of Hsp90 [144].  

In contrast to the electrophilic phytochemicals discussed above, the stilbene 

resveratrol (Fig. 7) appears to activate HSF1 by promoting the persistent DNA 

binding of the transcription factor and suppressing the attenuation phase of the HSR 

[61]. In this case, the phytochemical functions by activating the NAD
+
-dependent 

deacetylase SIRT1 and thus maintaining HSF1 in a deacetylated, DNA-binding 

competent state. Resveratrol directly activates SIRT1 through an allosteric 

mechanism resulting in the lowering of the Km for both the acetylated protein 

substrate and for the cofactor NAD
+
[146]. Most small-molecule SIRT1 activators 

known to date are planar molecules comprised of multiple phenyl rings bearing 

hydroxyl groups [146]. Whether other phytochemicals which are known to activate 

SIRT1, such as the flavonol fisetin and the chalcone butein [147], could have a 

similar effect on HSF1 is presently unknown. 

An important aspect of the biological activities of many of the phytochemicals 

discussed here is that exposure of cells and organisms to these compounds often 

results in non-linear dose responses. This is in line with the concept of hormesis, 

which is characterized by a low-dose stimulation and a high-dose inhibition, resulting 

in either a J-shaped or an inverted U-shaped dose response [148, 149]. Ingestion of 

phytochemicals such as curcumin can initiate mild cellular stress involving free 

radical production, ion fluxes, and increased energy demand [150, 151]. This is 

followed by activation of adaptive stress response pathways, such as those regulated 

by HSF1, leading to transcriptional induction of cytoprotective proteins, and 

ultimately enabling cell survival. Importantly, once mounted, the hormetic response is 

protective against more severe stress conditions, which otherwise may be lethal. In 

addition, this protection is not limited to higher doses of the same stress agent, but 

extends to other types of stressors, including oxidative, metabolic, and thermal stress. 

 

 

 

Synthetic compounds 
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The possibility of developing small molecule activators of the HSR as 

pharmacological agents for protection against human diseases, especially protein 

conformational diseases, has led to the development of several high-throughput 

screening strategies. Neef et al. have reported the development of a humanized yeast-

based high-throughput screen, which is insensitive to proteotoxic stress and Hsp90 

inhibition, and identified two potent small-molecule activators of human HSF1 within 

a chemical library of over 10,000 compounds [152]. These HSF1 activators (named 

HSF1A and HSF1C) are benzyl pyrazole derivatives (Fig. 8). The more potent 

compound, HSF1A, was then shown to activate HSF1 and induce Hsp70 in HeLa 

cells as well as in wild-type, but not in HSF1-deficient mouse embryonic fibroblasts. 

In contrast to the electrophilic HSF1 activators, pre-incubation with dithiothreitol had 

no effect on the inducer activity of HSF1A. A subsequent study has revealed that 

HSF1A functions by binding to and inhibiting the function of one of the negative 

regulators of HSF1, i.e. TRiC/CCT, an ATP-dependent chaperonin complex, thereby 

disrupting the interaction between TRiC/CCT and HSF1, and consequently leading to 

HSF1 activation [36]. 

Calamini et al. have conducted a mammalian cell-based high-throughput 

screen for HSR activation by cell-permeable small molecules in HeLa cells stably 

transfected with a luciferase reporter gene under the transcriptional control of the 

proximal human HSP70.1 promoter sequence [153]. Approximately 900,000 

compounds were screened, and ~200 small molecule activators of the HSR were 

found. Electrophilicity is a common feature among many, although not all, active 

compounds. A cyclohexanone derivative (named compound A1) containing the 

electrophilic α,β-unsaturated carbonyl groups is closely related to 

bis(benzylidene)acetone and bis(2-hydroxybenzylidene)acetone (Fig. 8), two 

structurally similar compounds, which however differ greatly in inducer potency 

[138]. Inducer potency correlates with sulfhydryl reactivity: compared to the 

hydroxylated analogue, bis(2-hydroxybenzylidene)acetone, a robust HSF1 activator 

[138], the parent compound bis(benzylidene)acetone reacts more slowly with the 

sulfhydryl groups of glutathione and dithiothreitol [154], and is essentially inactive as 

an Hsp70 inducer [138]. The electrophilic acetylenic bis(cyano enone) (±)-

(4bS,8aR,10aS)-10a-ethynyl-4b,8,8-trimethyl-3,7-dioxo-3,4b,7,8,8a,9,10, 10a-

octahydrophenanthrene-2,6-dicarbonitrile (TBE-31) (Fig. 8) that reacts readily and 
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reversibly with sulfhydryl groups [155], is another inducer of Hsp70, which is active 

at high nanomolar concentrations in wild-type, but not in HSF1-/- MEF cells [138]. 

The mildly electrophilic sulfoxythiocarbamate analogues of the isothiocynate 

sulforaphane constitute another class of synthetic HSF1 activators. 

Sulfoxythiocarbamate alkyne (STCA) (Fig. 8), which forms stable adducts with 

sulfhydryl groups [137], forms adducts with cysteine 412, cysteine 564, and cysteine 

589/590 of recombinant Hsp90, and activates HSF1-mediated transcription of a 

luciferase reporter as well as of the endogenous Hsp70 in mammalian cells of many 

different types, including MEFs, HeLa, and MCF7 cells [139]. 

Pyrrolidinedithiocarbamate and 1,2-dithiole-3-thione are two other activators of 

HSF1-mediated induction of Hsp70 [156, 157], which have the ability to react with 

sulfhydryl groups. Activation of HSF1 and induction of the HSR has also been 

reported to occur upon exposure of cells to pro-electrophilic oxidizable diphenols; in 

this case, the corresponding oxidized electrophilic metabolites are the ultimate 

inducers [158]. 

 

Small Molecule Inhibitors of HSF1 

Due to the ability of HSF1 to promote cancer cell survival and metastasis in animal 

models, its frequent activation in human tumors, and correlation with poor patient 

prognosis [159, 160], the discovery of small molecule HSF1 inhibitors and their 

development as anticancer drug candidates are actively being pursued [161]. Using a 

gel shift assay Nagai et al. [162] reported that the flavonoid quercetin (3,3',4',5,7-

pentahydroxyflavone) (Fig. 9) inhibits the binding of HSF1 to its promoter HSE 

sequences without affecting the ability of the transcription factor to form trimers. The 

group further found that quercetin caused a decrease in the levels of phosphorylated 

HSF1, and that this decrease was more apparent in heat-shocked cells than in control 

cells. A later study confirmed that quercetin caused depletion of HSF1 and inhibition 

of heat shock protein expression in neuroblastoma cells, thereby increasing sensitivity 

to doxorubicin treatment [163]. More recently, it was shown that quercetin inhibits 

HSF1, downregulates Hsp70, and facilitates tumor radiofrequency ablation in rats 

[164]. Notably, quercetin inhibits many kinases, including JNK and p38 MAPK [165]. 

It is thus possible that through inhibition of these kinases, quercetin may lead to a 
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decrease in the activating phosphorylation modifications within HSF1, thereby 

decreasing its transcriptional activity.  

Au et al. [166] have developed a high-content imaging-based screening assay 

for the identification of HSF1 inhibitors based on the quantification of the formation 

of HSF1/Hsp70 granules that form in HeLa cells after heat shock. Initially, the 

authors screened a library of 1,300 compounds and identified a compound of an 

undisclosed structure with an IC50 value of 80 nM, which was shown to inhibit HSF1 

phosphorylation and decrease the expression levels of Hsp70 and Hsp90. Very 

recently, the same strategy was used to screen a library of 100,000 compounds, and a 

number of inhibitors were identified, among which the most potent compound, 

PW3405 (Fig. 9) had an IC50 value of 240 nM [167]. Immunoblotting analysis 

confirmed that, similar to quercetin, these compounds were able to inhibit the 

activating HSF1 phosphorylation at serine 326, suggesting that kinase inhibition may 

underlie their mechanism of action. 

Small molecules that inhibit HSF1 without affecting the phosphorylation of 

the transcription factor have also been reported. One example is the phytochemical 

triptolide (Fig. 9), a diterpene triepoxide derived from Triptergium wilfordii. 

Curiously, this is the same plant that is also a source of the HSF1 activator celastrol. 

At nanomolar concentrations, triptolide reversibly inhibits HSF1-dependent 

transcription in HeLa cells stably expressing the human HSP70 promoter-driven 

luciferase reporter, and enhances apoptosis induced by severe heat shock [168]. 

Triptolide treatment prevents the inducible expression of heat shock genes by a 

mechanism that is not fully understood, but involves abrogation of the transactivation 

function of HSF1 without affecting trimer formation, hyperphosphorylation, or DNA 

binding [168]. In agreement with its HSF1 inhibitory activity, triptolide also decreases 

the formation of HSF1/Hsp70 granules that form in HeLa cells after heat shock [166]. 

By use of a luciferase reporter assay, Yoon et al. [169] screened a library of 

6,230 compounds and identified a compound named KRIBB11 [N2-(1H-indazole-5-

yl)-N6-methyl-3-nitropyridine-2,6-diamine] (Fig. 9) with an IC50 value of 1 µM, 

which was shown to bind HSF1 and inhibit the HSF1-dependent recruitment of 

positive transcription elongation factor b (p-TEFb) to the HSP70 promoter. Most 

recently, using an HSE-driven reporter-based chemical screen of more than 300,000 

compounds in cells subjected to proteotoxic stress by treatment with the proteasome 
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inhibitor MG132, Santagata et al. [170] identified the protein translation initiation 

inhibitor rocaglate and a number of its analogs as inhibitors of HSF1 activation. The 

most potent compound had an IC50 value of 20 nM, and was named rohinitib (Fig. 9) 

(or RHT: Rocaglate, Heat Shock, Initiation of Translation Inhibitor). The levels of 

HSF1 in the cell did not change upon exposure to RHT. However, chromatin 

immunoprecipitation coupled with massively parallel DNA sequencing (ChIP-Seq) 

analysis revealed that RHT abolished HSF1 binding to DNA throughout the genome. 

Most recently, 200,000 small molecules (consisting of 35,000 kinase-directed 

compounds and a diversity set of 165,000 compounds from the AstraZeneca 

collection) underwent a phenotypic screen in the U2OS human osteosarcoma tumour 

cell line treated with 17-allylamino-17-demethyoxygeldanamycin (17-AAG), an 

Hsp90 inhibitor which triggers the HSR causing upregulation of Hsp70 [171]. The 

screen identified a 4,6-disubstituted pyrimidine derivative, and after optimization in 

an extensive structure-activity relation study based on the 4,6-pyrimidine scaffold, the 

resulting piperidine analog (Fig. 9) had an IC50 value of 15 nM. Interestingly, this 

compound was also a highly potent inhibitor of cyclin-dependent kinase 9 (CDK9). 

To test the possibility that CDK9 inhibition could be involved in inhibiting HSF1, two 

other structurally distinct validated CDK9 inhibitors were tested and found to be 

potent inhibitors of the HSF1-mediated HSR. One of these compounds, SNS-032 (Fig. 

9), had been previously shown to inhibit HSF1-dependent induction of Hsp72 

following treatment of A549 human non-small cell lung carcinoma cells with the 

Hsp90 inhibitor ganetespib [172]. It is currently unknown whether CDK9 affects the 

HSF1 activity directly, by catalyzing activating phosphorylation modifications within 

the transcription factor, or indirectly, in its capacity as a component of the positive 

transcription elongation factor b (P-TEFb), which stimulates transcription by 

phosphorylating RNA polymerase II. 

 

Concluding Remarks  

The efforts of many investigators have led to the current understanding of the 

existence of multiple layers of regulation of HSF1, including post-translational 

modifications (phosphorylation, sumoylation, and acetylation), proteasomal 

degradation, as well as the modulation of this transcription factor by small molecule 

activators and inhibitors. Because the function of HSF1 is dysregulated in a number 
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of human pathologies, including cardiovascular and neurodegenerative diseases and 

cancer, as well as during ageing, small molecule pharmacological modulators 

represent potential drug candidates. It should be pointed out that none of the known 

HSF1 modulators (activators or inhibitors) are specific, highlighting the fact that 

HSF1 does not operate in isolation, but in concert with other protein partners and 

stress-response transcription factors. One prominent example is transcription factor 

nuclear factor-erythroid 2 p45-related factor 2 (NRF2), which controls the gene 

expression of networks of antioxidant, drug-metabolizing, anti-inflammatory, and 

metabolic proteins, providing an interface between redox and intermediary 

metabolism [173]. A large number of studies suggest the existence of crosstalk 

between NRF2- and HSF1-regulated cytoprotective responses; these studies have 

been recently reviewed [174]. Global transcriptional profiling and proteomics 

analyses have consistently shown that, in addition to activating HSF1, most of the 

inducers discussed above, both naturally occurring as well as synthetic, also activate 

NRF2. It is thus very likely that together, the transcriptional programs orchestrated by 

HSF1 and NRF2 mediate the overall cytoprotective effects of these dual activators. 

Sulfhydryl reactivity is a common feature of these compounds and plays a critical role 

in the activation of both transcription factors, although the inducer concentrations that 

are required to activate HSF1 are generally higher than those that activate NRF2. The 

recognition of the importance of sulfhydryl reactivity of small molecule activators has 

been instrumental for elucidating the mechanisms by which HSF1 and NRF2 are 

regulated. Further research is needed to identify the precise points of crosstalk 

between these cytoprotective mechanisms and be able to determine suitable 

intervention strategies for their targeting for disease prevention and treatment. 

 

Acknowledgments 

We are very grateful to Cancer Research UK (C20953/A18644) and the BBSRC 

(BB/L01923X/1) for supporting our research. 

Page 22 of 45The FEBS Journal



 23

References 
1.  Ritossa, F. M. & Vonborstel, R. C. (1964) Chromosome Puffs in Drosophila 

Induced by Ribonuclease, Science. 145, 513-4. 

2.  Ritossa, F. (1996) Discovery of the heat shock response, Cell Stress Chaperones. 1, 

97-8. 

3.  Tissieres, A., Mitchell, H. K. & Tracy, U. M. (1974) Protein synthesis in salivary 

glands of Drosophila melanogaster: relation to chromosome puffs, J Mol Biol. 84, 

389-98. 

4.  Benjamin, I. J., Kroger, B. & Williams, R. S. (1990) Activation of the heat shock 

transcription factor by hypoxia in mammalian cells, Proc Natl Acad Sci U S A. 87, 

6263-7. 

5.  Jolly, C. & Morimoto, R. I. (2000) Role of the heat shock response and molecular 

chaperones in oncogenesis and cell death, J Natl Cancer Inst. 92, 1564-72. 

6.  Lee, M. J., Nishio, H., Ayaki, H., Yamamoto, M. & Sumino, K. (2002) 

Upregulation of stress response mRNAs in COS-7 cells exposed to cadmium, 

Toxicology. 174, 109-17. 

7.  Saydam, N., Steiner, F., Georgiev, O. & Schaffner, W. (2003) Heat and heavy 

metal stress synergize to mediate transcriptional hyperactivation by metal-responsive 

transcription factor MTF-1, J Biol Chem. 278, 31879-83. 

8.  Anckar, J. & Sistonen, L. (2011) Regulation of HSF1 function in the heat stress 

response: implications in aging and disease, Annu Rev Biochem. 80, 1089-115. 

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

the verge of death, Mol Cell. 40, 253-66. 

10.  van Oosten-Hawle, P., Porter, R. S. & Morimoto, R. I. (2013) Regulation of 

organismal proteostasis by transcellular chaperone signaling, Cell. 153, 1366-78. 

11.  Tatum, M. C., Ooi, F. K., Chikka, M. R., Chauve, L., Martinez-Velazquez, L. A., 

Steinbusch, H. W., Morimoto, R. I. & Prahlad, V. (2015) Neuronal serotonin release 

triggers the heat shock response in C. elegans in the absence of temperature increase, 

Curr Biol. 25, 163-74. 

12.  Schuetz, T. J., Gallo, G. J., Sheldon, L., Tempst, P. & Kingston, R. E. (1991) 

Isolation of a cDNA for HSF2: evidence for two heat shock factor genes in humans, 

Proc Natl Acad Sci U S A. 88, 6911-5. 

13.  Nakai, A., Tanabe, M., Kawazoe, Y., Inazawa, J., Morimoto, R. I. & Nagata, K. 

(1997) HSF4, a new member of the human heat shock factor family which lacks 

properties of a transcriptional activator, Mol Cell Biol. 17, 469-81. 

14.  Nakai, A., Kawazoe, Y., Tanabe, M., Nagata, K. & Morimoto, R. I. (1995) The 

DNA-binding properties of two heat shock factors, HSF1 and HSF3, are induced in 

the avian erythroblast cell line HD6, Mol Cell Biol. 15, 5268-78. 

15.  Sandqvist, A., Bjork, J. K., Akerfelt, M., Chitikova, Z., Grichine, A., Vourc'h, C., 

Jolly, C., Salminen, T. A., Nymalm, Y. & Sistonen, L. (2009) Heterotrimerization of 

heat-shock factors 1 and 2 provides a transcriptional switch in response to distinct 

stimuli, Mol Biol Cell. 20, 1340-7. 

16.  Ostling, P., Bjork, J. K., Roos-Mattjus, P., Mezger, V. & Sistonen, L. (2007) Heat 

shock factor 2 (HSF2) contributes to inducible expression of hsp genes through 

interplay with HSF1, J Biol Chem. 282, 7077-86. 

17.  Jaeger, A. M., Pemble, C. W. t., Sistonen, L. & Thiele, D. J. (2016) Structures of 

HSF2 reveal mechanisms for differential regulation of human heat-shock factors, Nat 

Struct Mol Biol. 23, 147-54. 

18.  Akerfelt, M., Morimoto, R. I. & Sistonen, L. (2010) Heat shock factors: 

integrators of cell stress, development and lifespan, Nat Rev Mol Cell Biol. 11, 545-55. 

Page 23 of 45 The FEBS Journal



 24

19.  Wang, G., Ying, Z., Jin, X., Tu, N., Zhang, Y., Phillips, M., Moskophidis, D. & 

Mivechi, N. F. (2004) Essential requirement for both hsf1 and hsf2 transcriptional 

activity in spermatogenesis and male fertility, Genesis. 38, 66-80. 

20.  Kallio, M., Chang, Y., Manuel, M., Alastalo, T. P., Rallu, M., Gitton, Y., Pirkkala, 

L., Loones, M. T., Paslaru, L., Larney, S., Hiard, S., Morange, M., Sistonen, L. & 

Mezger, V. (2002) Brain abnormalities, defective meiotic chromosome synapsis and 

female subfertility in HSF2 null mice, EMBO J. 21, 2591-601. 

21.  Shinkawa, T., Tan, K., Fujimoto, M., Hayashida, N., Yamamoto, K., Takaki, E., 

Takii, R., Prakasam, R., Inouye, S., Mezger, V. & Nakai, A. (2011) Heat shock factor 

2 is required for maintaining proteostasis against febrile-range thermal stress and 

polyglutamine aggregation, Mol Biol Cell. 22, 3571-83. 

22.  Fujimoto, M., Izu, H., Seki, K., Fukuda, K., Nishida, T., Yamada, S., Kato, K., 

Yonemura, S., Inouye, S. & Nakai, A. (2004) HSF4 is required for normal cell growth 

and differentiation during mouse lens development, EMBO J. 23, 4297-306. 

23.  Ke, T., Wang, Q. K., Ji, B., Wang, X., Liu, P., Zhang, X., Tang, Z., Ren, X. & 

Liu, M. (2006) Novel HSF4 mutation causes congenital total white cataract in a 

Chinese family, Am J Ophthalmol. 142, 298-303. 

24.  Forshew, T., Johnson, C. A., Khaliq, S., Pasha, S., Willis, C., Abbasi, R., Tee, L., 

Smith, U., Trembath, R. C., Mehdi, S. Q., Moore, A. T. & Maher, E. R. (2005) Locus 

heterogeneity in autosomal recessive congenital cataracts: linkage to 9q and germline 

HSF4 mutations, Hum Genet. 117, 452-9. 

25.  Smaoui, N., Beltaief, O., BenHamed, S., M'Rad, R., Maazoul, F., Ouertani, A., 

Chaabouni, H. & Hejtmancik, J. F. (2004) A homozygous splice mutation in the 

HSF4 gene is associated with an autosomal recessive congenital cataract, Invest 

Ophthalmol Vis Sci. 45, 2716-21. 

26.  Bu, L., Jin, Y., Shi, Y., Chu, R., Ban, A., Eiberg, H., Andres, L., Jiang, H., Zheng, 

G., Qian, M., Cui, B., Xia, Y., Liu, J., Hu, L., Zhao, G., Hayden, M. R. & Kong, X. 

(2002) Mutant DNA-binding domain of HSF4 is associated with autosomal dominant 

lamellar and Marner cataract, Nat Genet. 31, 276-8. 

27.  Kim, S. A., Yoon, J. H. & Ahn, S. G. (2012) Heat shock factor 4a (HSF4a) 

represses HSF2 expression and HSF2-mediated transcriptional activity, J Cell Physiol. 

227, 1-6. 

28.  He, S., Limi, S., McGreal, R. S., Xie, Q., Brennan, L. A., Kantorow, W. L., 

Kokavec, J., Majumdar, R., Hou, H., Jr., Edelmann, W., Liu, W., Ashery-Padan, R., 

Zavadil, J., Kantorow, M., Skoultchi, A. I., Stopka, T. & Cvekl, A. (2016) Chromatin 

remodeling enzyme Snf2h regulates embryonic lens differentiation and denucleation, 

Development. 143, 1937-47. 

29.  Kawazoe, Y., Tanabe, M., Sasai, N., Nagata, K. & Nakai, A. (1999) HSF3 is a 

major heat shock responsive factor duringchicken embryonic development, Eur J 

Biochem. 265, 688-97. 

30.  Inouye, S., Katsuki, K., Izu, H., Fujimoto, M., Sugahara, K., Yamada, S., Shinkai, 

Y., Oka, Y., Katoh, Y. & Nakai, A. (2003) Activation of heat shock genes is not 

necessary for protection by heat shock transcription factor 1 against cell death due to 

a single exposure to high temperatures, Mol Cell Biol. 23, 5882-95. 

31.  Nakai, A. & Ishikawa, T. (2000) A nuclear localization signal is essential for 

stress-induced dimer-to-trimer transition of heat shock transcription factor 3, J Biol 

Chem. 275, 34665-71. 

32.  Fujimoto, M., Hayashida, N., Katoh, T., Oshima, K., Shinkawa, T., Prakasam, R., 

Tan, K., Inouye, S., Takii, R. & Nakai, A. (2010) A novel mouse HSF3 has the 

Page 24 of 45The FEBS Journal



 25

potential to activate nonclassical heat-shock genes during heat shock, Mol Biol Cell. 

21, 106-16. 

33.  Prakasam, R., Fujimoto, M., Takii, R., Hayashida, N., Takaki, E., Tan, K., Wu, F., 

Inouye, S. & Nakai, A. (2013) Chicken IL-6 is a heat-shock gene, FEBS Lett. 587, 

3541-7. 

34.  Shi, Y., Mosser, D. D. & Morimoto, R. I. (1998) Molecular chaperones as HSF1-

specific transcriptional repressors, Genes Dev. 12, 654-66. 

35.  Ali, A., Bharadwaj, S., O'Carroll, R. & Ovsenek, N. (1998) HSP90 interacts with 

and regulates the activity of heat shock factor 1 in Xenopus oocytes, Mol Cell Biol. 18, 

4949-60. 

36.  Neef, D. W., Jaeger, A. M., Gomez-Pastor, R., Willmund, F., Frydman, J. & 

Thiele, D. J. (2014) A direct regulatory interaction between chaperonin TRiC and 

stress-responsive transcription factor HSF1, Cell Rep. 9, 955-66. 

37.  Trinklein, N. D., Murray, J. I., Hartman, S. J., Botstein, D. & Myers, R. M. 

(2004) The role of heat shock transcription factor 1 in the genome-wide regulation of 

the mammalian heat shock response, Mol Biol Cell. 15, 1254-61. 

38.  Jaeger, A. M., Makley, L. N., Gestwicki, J. E. & Thiele, D. J. (2014) Genomic 

heat shock element sequences drive cooperative human heat shock factor 1 DNA 

binding and selectivity, J Biol Chem. 289, 30459-69. 

39.  Biamonti, G. & Vourc'h, C. (2010) Nuclear stress bodies, Cold Spring Harb 

Perspect Biol. 2, a000695. 

40.  Biamonti, G. (2004) Nuclear stress bodies: a heterochromatin affair?, Nat Rev 

Mol Cell Biol. 5, 493-8. 

41.  Alastalo, T. P., Hellesuo, M., Sandqvist, A., Hietakangas, V., Kallio, M. & 

Sistonen, L. (2003) Formation of nuclear stress granules involves HSF2 and coincides 

with the nucleolar localization of Hsp70, J Cell Sci. 116, 3557-70. 

42.  Xiao, X., Zuo, X., Davis, A. A., McMillan, D. R., Curry, B. B., Richardson, J. A. 

& Benjamin, I. J. (1999) HSF1 is required for extra-embryonic development, 

postnatal growth and protection during inflammatory responses in mice, EMBO J. 18, 

5943-52. 

43.  Homma, S., Jin, X., Wang, G., Tu, N., Min, J., Yanasak, N. & Mivechi, N. F. 

(2007) Demyelination, astrogliosis, and accumulation of ubiquitinated proteins, 

hallmarks of CNS disease in hsf1-deficient mice, J Neurosci. 27, 7974-86. 

44.  Bierkamp, C., Luxey, M., Metchat, A., Audouard, C., Dumollard, R. & Christians, 

E. (2010) Lack of maternal Heat Shock Factor 1 results in multiple cellular and 

developmental defects, including mitochondrial damage and altered redox 

homeostasis, and leads to reduced survival of mammalian oocytes and embryos, Dev 

Biol. 339, 338-53. 

45.  Sarge, K. D., Murphy, S. P. & Morimoto, R. I. (1993) Activation of heat shock 

gene transcription by heat shock factor 1 involves oligomerization, acquisition of 

DNA-binding activity, and nuclear localization and can occur in the absence of stress, 

Mol Cell Biol. 13, 1392-407. 

46.  Baler, R., Dahl, G. & Voellmy, R. (1993) Activation of human heat shock genes 

is accompanied by oligomerization, modification, and rapid translocation of heat 

shock transcription factor HSF1, Mol Cell Biol. 13, 2486-96. 

47.  Holmberg, C. I., Hietakangas, V., Mikhailov, A., Rantanen, J. O., Kallio, M., 

Meinander, A., Hellman, J., Morrice, N., MacKintosh, C., Morimoto, R. I., Eriksson, 

J. E. & Sistonen, L. (2001) Phosphorylation of serine 230 promotes inducible 

transcriptional activity of heat shock factor 1, EMBO J. 20, 3800-10. 

Page 25 of 45 The FEBS Journal



 26

48.  Cotto, J. J., Kline, M. & Morimoto, R. I. (1996) Activation of heat shock factor 1 

DNA binding precedes stress-induced serine phosphorylation. Evidence for a 

multistep pathway of regulation, J Biol Chem. 271, 3355-8. 

49.  Rabindran, S. K., Haroun, R. I., Clos, J., Wisniewski, J. & Wu, C. (1993) 

Regulation of heat shock factor trimer formation: role of a conserved leucine zipper, 

Science. 259, 230-4. 

50.  Farkas, T., Kutskova, Y. A. & Zimarino, V. (1998) Intramolecular repression of 

mouse heat shock factor 1, Mol Cell Biol. 18, 906-18. 

51.  Liu, P. C. & Thiele, D. J. (1999) Modulation of human heat shock factor 

trimerization by the linker domain, J Biol Chem. 274, 17219-25. 

52.  Hietakangas, V., Ahlskog, J. K., Jakobsson, A. M., Hellesuo, M., Sahlberg, N. M., 

Holmberg, C. I., Mikhailov, A., Palvimo, J. J., Pirkkala, L. & Sistonen, L. (2003) 

Phosphorylation of serine 303 is a prerequisite for the stress-inducible SUMO 

modification of heat shock factor 1, Mol Cell Biol. 23, 2953-68. 

53.  Hietakangas, V., Anckar, J., Blomster, H. A., Fujimoto, M., Palvimo, J. J., Nakai, 

A. & Sistonen, L. (2006) PDSM, a motif for phosphorylation-dependent SUMO 

modification, Proc Natl Acad Sci U S A. 103, 45-50. 

54.  Hilgarth, R. S., Hong, Y., Park-Sarge, O. K. & Sarge, K. D. (2003) Insights into 

the regulation of heat shock transcription factor 1 SUMO-1 modification, Biochem 

Biophys Res Commun. 303, 196-200. 

55.  Brunet Simioni, M., De Thonel, A., Hammann, A., Joly, A. L., Bossis, G., 

Fourmaux, E., Bouchot, A., Landry, J., Piechaczyk, M. & Garrido, C. (2009) Heat 

shock protein 27 is involved in SUMO-2/3 modification of heat shock factor 1 and 

thereby modulates the transcription factor activity, Oncogene. 28, 3332-44. 

56.  Cicero, M. P., Hubl, S. T., Harrison, C. J., Littlefield, O., Hardy, J. A. & Nelson, 

H. C. (2001) The wing in yeast heat shock transcription factor (HSF) DNA-binding 

domain is required for full activity, Nucleic Acids Res. 29, 1715-23. 

57.  Littlefield, O. & Nelson, H. C. (1999) A new use for the 'wing' of the 'winged' 

helix-turn-helix motif in the HSF-DNA cocrystal, Nat Struct Biol. 6, 464-70. 

58.  Wang, X., Khaleque, M. A., Zhao, M. J., Zhong, R., Gaestel, M. & Calderwood, 

S. K. (2006) Phosphorylation of HSF1 by MAPK-activated protein kinase 2 on serine 

121, inhibits transcriptional activity and promotes HSP90 binding, J Biol Chem. 281, 

782-91. 

59.  Hubl, S. T., Owens, J. C. & Nelson, H. C. (1994) Mutational analysis of the 

DNA-binding domain of yeast heat shock transcription factor, Nat Struct Biol. 1, 615-

20. 

60.  Torres, F. A. & Bonner, J. J. (1995) Genetic identification of the site of DNA 

contact in the yeast heat shock transcription factor, Mol Cell Biol. 15, 5063-70. 

61.  Westerheide, S. D., Anckar, J., Stevens, S. M., Jr., Sistonen, L. & Morimoto, R. I. 

(2009) Stress-inducible regulation of heat shock factor 1 by the deacetylase SIRT1, 

Science. 323, 1063-6. 

62.  Yoshima, T., Yura, T. & Yanagi, H. (1998) Function of the C-terminal 

transactivation domain of human heat shock factor 2 is modulated by the adjacent 

negative regulatory segment, Nucleic Acids Res. 26, 2580-5. 

63.  Newton, E. M., Knauf, U., Green, M. & Kingston, R. E. (1996) The regulatory 

domain of human heat shock factor 1 is sufficient to sense heat stress, Mol Cell Biol. 

16, 839-46. 

64.  Guettouche, T., Boellmann, F., Lane, W. S. & Voellmy, R. (2005) Analysis of 

phosphorylation of human heat shock factor 1 in cells experiencing a stress, BMC 

Biochem. 6, 4. 

Page 26 of 45The FEBS Journal



 27

65.  Soncin, F., Zhang, X., Chu, B., Wang, X., Asea, A., Ann Stevenson, M., Sacks, D. 

B. & Calderwood, S. K. (2003) Transcriptional activity and DNA binding of heat 

shock factor-1 involve phosphorylation on threonine 142 by CK2, Biochem Biophys 

Res Commun. 303, 700-6. 

66.  Olsen, J. V., Blagoev, B., Gnad, F., Macek, B., Kumar, C., Mortensen, P. & 

Mann, M. (2006) Global, in vivo, and site-specific phosphorylation dynamics in 

signaling networks, Cell. 127, 635-48. 

67.  Budzynski, M. A., Puustinen, M. C., Joutsen, J. & Sistonen, L. (2015) 

Uncoupling Stress-Inducible Phosphorylation of Heat Shock Factor 1 from Its 

Activation, Mol Cell Biol. 35, 2530-40. 

68.  Boellmann, F., Guettouche, T., Guo, Y., Fenna, M., Mnayer, L. & Voellmy, R. 

(2004) DAXX interacts with heat shock factor 1 during stress activation and enhances 

its transcriptional activity, Proc Natl Acad Sci U S A. 101, 4100-5. 

69.  Chou, S. D., Prince, T., Gong, J. & Calderwood, S. K. (2012) mTOR is essential 

for the proteotoxic stress response, HSF1 activation and heat shock protein synthesis, 

PLoS One. 7, e39679. 

70.  Tang, Z., Dai, S., He, Y., Doty, R. A., Shultz, L. D., Sampson, S. B. & Dai, C. 

(2015) MEK guards proteome stability and inhibits tumor-suppressive 

amyloidogenesis via HSF1, Cell. 160, 729-44. 

71.  Dayalan Naidu, S., Sutherland, C., Zhang, Y., Risco, A., de la Vega, L., Caunt, C. 

J., Hastie, C. J., Lamont, D. J., Torrente, L., Chowdhry, S., Benjamin, I. J., Keyse, S. 

M., Cuenda, A. & Dinkova-Kostova, A. T. (2016) Heat Shock Factor 1 Is a Substrate 

for p38 Mitogen-Activated Protein Kinases, Mol Cell Biol. 36, 2403-17. 

72.  Choi, Y., Asada, S. & Uesugi, M. (2000) Divergent hTAFII31-binding motifs 

hidden in activation domains, J Biol Chem. 275, 15912-6. 

73.  Sullivan, E. K., Weirich, C. S., Guyon, J. R., Sif, S. & Kingston, R. E. (2001) 

Transcriptional activation domains of human heat shock factor 1 recruit human 

SWI/SNF, Mol Cell Biol. 21, 5826-37. 

74.  Abravaya, K., Myers, M. P., Murphy, S. P. & Morimoto, R. I. (1992) The human 

heat shock protein hsp70 interacts with HSF, the transcription factor that regulates 

heat shock gene expression, Genes Dev. 6, 1153-64. 

75.  Xu, D., Zalmas, L. P. & La Thangue, N. B. (2008) A transcription cofactor 

required for the heat-shock response, EMBO Rep. 9, 662-9. 

76.  Zou, J., Guo, Y., Guettouche, T., Smith, D. F. & Voellmy, R. (1998) Repression 

of heat shock transcription factor HSF1 activation by HSP90 (HSP90 complex) that 

forms a stress-sensitive complex with HSF1, Cell. 94, 471-80. 

77.  Seo, H. R., Chung, D. Y., Lee, Y. J., Lee, D. H., Kim, J. I., Bae, S., Chung, H. Y., 

Lee, S. J., Jeoung, D. & Lee, Y. S. (2006) Heat shock protein 25 or inducible heat 

shock protein 70 activates heat shock factor 1: dephosphorylation on serine 307 

through inhibition of ERK1/2 phosphorylation, J Biol Chem. 281, 17220-7. 

78.  Yang, J., Bridges, K., Chen, K. Y. & Liu, A. Y. (2008) Riluzole increases the 

amount of latent HSF1 for an amplified heat shock response and cytoprotection, PLoS 

One. 3, e2864. 

79.  Kourtis, N., Moubarak, R. S., Aranda-Orgilles, B., Lui, K., Aydin, I. T., 

Trimarchi, T., Darvishian, F., Salvaggio, C., Zhong, J., Bhatt, K., Chen, E. I., Celebi, 

J. T., Lazaris, C., Tsirigos, A., Osman, I., Hernando, E. & Aifantis, I. (2015) FBXW7 

modulates cellular stress response and metastatic potential through HSF1 post-

translational modification, Nat Cell Biol. 17, 322-32. 

80.  Kim, G., Meriin, A. B., Gabai, V. L., Christians, E., Benjamin, I., Wilson, A., 

Wolozin, B. & Sherman, M. Y. (2012) The heat shock transcription factor Hsf1 is 

Page 27 of 45 The FEBS Journal



 28

downregulated in DNA damage-associated senescence, contributing to the 

maintenance of senescence phenotype, Aging Cell. 11, 617-27. 

81.  Raychaudhuri, S., Loew, C., Korner, R., Pinkert, S., Theis, M., Hayer-Hartl, M., 

Buchholz, F. & Hartl, F. U. (2014) Interplay of acetyltransferase EP300 and the 

proteasome system in regulating heat shock transcription factor 1, Cell. 156, 975-85. 

82.  Bonelli, M. A., Alfieri, R. R., Poli, M., Petronini, P. G. & Borghetti, A. F. (2001) 

Heat-induced proteasomic degradation of HSF1 in serum-starved human fibroblasts 

aging in vitro, Exp Cell Res. 267, 165-72. 

83.  Liu, A. Y., Mathur, R., Mei, N., Langhammer, C. G., Babiarz, B. & Firestein, B. 

L. (2011) Neuroprotective drug riluzole amplifies the heat shock factor 1 (HSF1)- and 

glutamate transporter 1 (GLT1)-dependent cytoprotective mechanisms for neuronal 

survival, J Biol Chem. 286, 2785-94. 

84.  Hu, Y. & Mivechi, N. F. (2011) Promotion of heat shock factor Hsf1 degradation 

via adaptor protein filamin A-interacting protein 1-like (FILIP-1L), J Biol Chem. 286, 

31397-408. 

85.  Burton, E. R., Gaffar, A., Lee, S. J., Adeshuko, F., Whitney, K. D., Chung, J. Y., 

Hewitt, S. M., Huang, G. S., Goldberg, G. L., Libutti, S. K. & Kwon, M. (2011) 

Downregulation of Filamin A interacting protein 1-like is associated with promoter 

methylation and induces an invasive phenotype in ovarian cancer, Mol Cancer Res. 9, 

1126-38. 

86.  Lu, H. & Hallstrom, T. C. (2012) Sensitivity to TOP2 targeting 

chemotherapeutics is regulated by Oct1 and FILIP1L, PLoS One. 7, e42921. 

87.  Lee, Y. J., Kim, E. H., Lee, J. S., Jeoung, D., Bae, S., Kwon, S. H. & Lee, Y. S. 

(2008) HSF1 as a mitotic regulator: phosphorylation of HSF1 by Plk1 is essential for 

mitotic progression, Cancer Res. 68, 7550-60. 

88.  Welcker, M. & Clurman, B. E. (2008) FBW7 ubiquitin ligase: a tumour 

suppressor at the crossroads of cell division, growth and differentiation, Nat Rev 

Cancer. 8, 83-93. 

89.  Sutherland, C. (2011) What Are the bona fide GSK3 Substrates?, Int J 

Alzheimers Dis. 2011, 505607. 

90.  Hetman, M., Cavanaugh, J. E., Kimelman, D. & Xia, Z. (2000) Role of glycogen 

synthase kinase-3beta in neuronal apoptosis induced by trophic withdrawal, J 

Neurosci. 20, 2567-74. 

91.  Jiang, Y. Q., Wang, X. L., Cao, X. H., Ye, Z. Y., Li, L. & Cai, W. Q. (2013) 

Increased heat shock transcription factor 1 in the cerebellum reverses the deficiency 

of Purkinje cells in Alzheimer's disease, Brain Res. 1519, 105-11. 

92.  Kondo, N., Katsuno, M., Adachi, H., Minamiyama, M., Doi, H., Matsumoto, S., 

Miyazaki, Y., Iida, M., Tohnai, G., Nakatsuji, H., Ishigaki, S., Fujioka, Y., Watanabe, 

H., Tanaka, F., Nakai, A. & Sobue, G. (2013) Heat shock factor-1 influences 

pathological lesion distribution of polyglutamine-induced neurodegeneration, Nature 

Commun. 4, 1405. 

93.  Fellner, L. & Stefanova, N. (2013) The role of glia in alpha-synucleinopathies, 

Mol Neurobiol. 47, 575-86. 

94.  McCann, H., Stevens, C. H., Cartwright, H. & Halliday, G. M. (2014) alpha-

Synucleinopathy phenotypes, Parkinsonism Relat Disord. 20 Suppl 1, S62-7. 

95.  Kim, E., Wang, B., Sastry, N., Masliah, E., Nelson, P. T., Cai, H. & Liao, F. F. 

(2016) NEDD4-mediated HSF1 degradation underlies alpha-synucleinopathy, Hum 

Mol Genet. 25, 211-22. 

96.  Kwak, Y. D., Wang, B., Li, J. J., Wang, R., Deng, Q., Diao, S., Chen, Y., Xu, R., 

Masliah, E., Xu, H., Sung, J. J. & Liao, F. F. (2012) Upregulation of the E3 ligase 

Page 28 of 45The FEBS Journal



 29

NEDD4-1 by oxidative stress degrades IGF-1 receptor protein in neurodegeneration, J 

Neurosci. 32, 10971-81. 

97.  West, J. D., Wang, Y. & Morano, K. A. (2012) Small molecule activators of the 

heat shock response: chemical properties, molecular targets, and therapeutic promise, 

Chem Res Toxicol. 25, 2036-53. 

98.  Dinkova-Kostova, A. T. (2012) The role of sulfhydryl reactivity of small 

molecules for the activation of the KEAP1/NRF2 pathway and the heat shock 

response, Scientifica. 2012, 606104. 

99.  Jacobs, A. T. & Marnett, L. J. (2007) Heat shock factor 1 attenuates 4-

Hydroxynonenal-mediated apoptosis: critical role for heat shock protein 70 induction 

and stabilization of Bcl-XL, J Biol Chem. 282, 33412-20. 

100.  Kansanen, E., Jyrkkanen, H. K., Volger, O. L., Leinonen, H., Kivela, A. M., 

Hakkinen, S. K., Woodcock, S. R., Schopfer, F. J., Horrevoets, A. J., Yla-Herttuala, 

S., Freeman, B. A. & Levonen, A. L. (2009) Nrf2-dependent and -independent 

responses to nitro-fatty acids in human endothelial cells: identification of heat shock 

response as the major pathway activated by nitro-oleic acid, J Biol Chem. 284, 33233-

41. 

101.  Thompson, C. A. & Burcham, P. C. (2008) Genome-wide transcriptional 

responses to acrolein, Chem Res Toxicol. 21, 2245-56. 

102.  Zingarelli, B., Hake, P. W., O'Connor, M., Denenberg, A., Wong, H. R., Kong, 

S. & Aronow, B. J. (2004) Differential regulation of activator protein-1 and heat 

shock factor-1 in myocardial ischemia and reperfusion injury: role of poly(ADP-

ribose) polymerase-1, Am J Physiol Heart Circ Physiol. 286, H1408-15. 

103.  Hamilton, K. L., Gupta, S. & Knowlton, A. A. (2004) Estrogen and regulation 

of heat shock protein expression in female cardiomyocytes: cross-talk with NF kappa 

B signaling, J Mol Cell Cardiol. 36, 577-84. 

104.  Hou, Y., Wei, H., Luo, Y. & Liu, G. (2010) Modulating expression of brain heat 

shock proteins by estrogen in ovariectomized mice model of aging, Exp Gerontol. 45, 

323-30. 

105.  Zhu, B. T. & Conney, A. H. (1998) Functional role of estrogen metabolism in 

target cells: review and perspectives, Carcinogenesis. 19, 1-27. 

106.  Ahn, S. G. & Thiele, D. J. (2003) Redox regulation of mammalian heat shock 

factor 1 is essential for Hsp gene activation and protection from stress, Genes Dev. 17, 

516-28. 

107.  Lu, M., Kim, H. E., Li, C. R., Kim, S., Kwak, I. J., Lee, Y. J., Kim, S. S., Moon, 

J. Y., Kim, C. H., Kim, D. K., Kang, H. S. & Park, J. S. (2008) Two distinct disulfide 

bonds formed in human heat shock transcription factor 1 act in opposition to regulate 

its DNA binding activity, Biochemistry. 47, 6007-15. 

108.  Lu, M., Lee, Y. J., Park, S. M., Kang, H. S., Kang, S. W., Kim, S. & Park, J. S. 

(2009) Aromatic-participant interactions are essential for disulfide-bond-based 

trimerization in human heat shock transcription factor 1, Biochemistry. 48, 3795-7. 

109.  Xu, Q., Hu, Y., Kleindienst, R. & Wick, G. (1997) Nitric oxide induces heat-

shock protein 70 expression in vascular smooth muscle cells via activation of heat 

shock factor 1, J Clin Invest. 100, 1089-97. 

110.  Martinez-Ruiz, A., Villanueva, L., Gonzalez de Orduna, C., Lopez-Ferrer, D., 

Higueras, M. A., Tarin, C., Rodriguez-Crespo, I., Vazquez, J. & Lamas, S. (2005) S-

nitrosylation of Hsp90 promotes the inhibition of its ATPase and endothelial nitric 

oxide synthase regulatory activities, Proc Natl Acad Sci U S A. 102, 8525-30. 

Page 29 of 45 The FEBS Journal



 30

111.  Retzlaff, M., Stahl, M., Eberl, H. C., Lagleder, S., Beck, J., Kessler, H. & 

Buchner, J. (2009) Hsp90 is regulated by a switch point in the C-terminal domain, 

EMBO Rep. 10, 1147-53. 

112.  Metzler, B., Abia, R., Ahmad, M., Wernig, F., Pachinger, O., Hu, Y. & Xu, Q. 

(2003) Activation of heat shock transcription factor 1 in atherosclerosis, Am J Pathol. 

162, 1669-76. 

113.  Zhao, R. & Shen, G. X. (2007) Involvement of heat shock factor-1 in glycated 

LDL-induced upregulation of plasminogen activator inhibitor-1 in vascular 

endothelial cells, Diabetes. 56, 1436-44. 

114.  Zhao, R., Ma, X. & Shen, G. X. (2008) Transcriptional regulation of 

plasminogen activator inhibitor-1 in vascular endothelial cells induced by oxidized 

very low density lipoproteins, Mol Cell Biochem. 317, 197-204. 

115.  Sangle, G. V., Zhao, R., Mizuno, T. M. & Shen, G. X. (2010) Involvement of 

RAGE, NADPH oxidase, and Ras/Raf-1 pathway in glycated LDL-induced 

expression of heat shock factor-1 and plasminogen activator inhibitor-1 in vascular 

endothelial cells, Endocrinology. 151, 4455-66. 

116.  Zhao, R., Le, K., Moghadasian, M. H. & Shen, G. X. (2013) Regulatory role of 

NADPH oxidase in glycated LDL-induced upregulation of plasminogen activator 

inhibitor-1 and heat shock factor-1 in mouse embryo fibroblasts and diabetic mice, 

Free Radic Biol Med. 61, 18-25. 

117.  Westerheide, S. D., Bosman, J. D., Mbadugha, B. N., Kawahara, T. L., 

Matsumoto, G., Kim, S., Gu, W., Devlin, J. P., Silverman, R. B. & Morimoto, R. I. 

(2004) Celastrols as inducers of the heat shock response and cytoprotection, J Biol 

Chem. 279, 56053-60. 

118.  Salminen, A., Lehtonen, M., Paimela, T. & Kaarniranta, K. (2010) Celastrol: 

Molecular targets of Thunder God Vine, Biochem Biophys Res Commun. 394, 439-42. 

119.  Hieronymus, H., Lamb, J., Ross, K. N., Peng, X. P., Clement, C., Rodina, A., 

Nieto, M., Du, J., Stegmaier, K., Raj, S. M., Maloney, K. N., Clardy, J., Hahn, W. C., 

Chiosis, G. & Golub, T. R. (2006) Gene expression signature-based chemical 

genomic prediction identifies a novel class of HSP90 pathway modulators, Cancer 

Cell. 10, 321-30. 

120.  Sreeramulu, S., Gande, S. L., Gobel, M. & Schwalbe, H. (2009) Molecular 

mechanism of inhibition of the human protein complex Hsp90-Cdc37, a kinome 

chaperone-cochaperone, by triterpene celastrol, Angew Chem Int Ed Engl. 48, 5853-5. 

121.  Brandt, G. E., Schmidt, M. D., Prisinzano, T. E. & Blagg, B. S. (2008) Gedunin, 

a novel hsp90 inhibitor: semisynthesis of derivatives and preliminary structure-

activity relationships, J Med Chem. 51, 6495-502. 

122.  Zhang, B., Au, Q., Yoon, I. S., Tremblay, M. H., Yip, G., Zhou, Y., Barber, J. R. 

& Ng, S. C. (2009) Identification of small-molecule HSF1 amplifiers by high content 

screening in protection of cells from stress induced injury, Biochem Biophys Res 

Commun. 390, 925-30. 

123.  Santagata, S., Xu, Y. M., Wijeratne, E. M., Kontnik, R., Rooney, C., Perley, C. 

C., Kwon, H., Clardy, J., Kesari, S., Whitesell, L., Lindquist, S. & Gunatilaka, A. A. 

(2012) Using the heat-shock response to discover anticancer compounds that target 

protein homeostasis, ACS Chem Biol. 7, 340-9. 

124.  Yu, Y., Hamza, A., Zhang, T., Gu, M., Zou, P., Newman, B., Li, Y., Gunatilaka, 

A. A., Zhan, C. G. & Sun, D. (2010) Withaferin A targets heat shock protein 90 in 

pancreatic cancer cells, Biochem Pharmacol. 79, 542-51. 

125.  Grover, A., Shandilya, A., Agrawal, V., Pratik, P., Bhasme, D., Bisaria, V. S. & 

Sundar, D. (2011) Hsp90/Cdc37 chaperone/co-chaperone complex, a novel junction 

Page 30 of 45The FEBS Journal



 31

anticancer target elucidated by the mode of action of herbal drug Withaferin A, BMC 

Bioinformatics. 12 Suppl 1, S30. 

126.  Kanitkar, M. & Bhonde, R. R. (2008) Curcumin treatment enhances islet 

recovery by induction of heat shock response proteins, Hsp70 and heme oxygenase-1, 

during cryopreservation, Life Sci. 82, 182-9. 

127.  Calabrese, V., Butterfield, D. A. & Stella, A. M. (2003) Nutritional antioxidants 

and the heme oxygenase pathway of stress tolerance: novel targets for neuroprotection 

in Alzheimer's disease, Ital J Biochem. 52, 177-81. 

128.  Wu, L. X., Xu, J. H., Huang, X. W., Zhang, K. Z., Wen, C. X. & Chen, Y. Z. 

(2006) Down-regulation of p210(bcr/abl) by curcumin involves disrupting molecular 

chaperone functions of Hsp90, Acta Pharmacol Sin. 27, 694-9. 

129.  Kunnumakkara, A. B., Bordoloi, D., Padmavathi, G., Monisha, J., Roy, N. K., 

Prasad, S. & Aggarwal, B. B. (2016) Curcumin, the golden nutraceutical: 

multitargeting for multiple chronic diseases, Br J Pharmacol. In press. 

130.  Kim, S. Y., Lee, H. J., Nam, J. W., Seo, E. K. & Lee, Y. S. (2015) Coniferyl 

aldehyde reduces radiation damage through increased protein stability of heat shock 

transcriptional factor 1 by phosphorylation, Int J Radiat Oncol Biol Phys. 91, 807-16. 

131.  Kil, Y. S., Choi, S. K., Lee, Y. S., Jafari, M. & Seo, E. K. (2015) Chalcones 

from Angelica keiskei: evaluation of their heat shock protein inducing activities, J Nat 

Prod. 78, 2481-7. 

132.  Hu, R., Xu, C., Shen, G., Jain, M. R., Khor, T. O., Gopalkrishnan, A., Lin, W., 

Reddy, B., Chan, J. Y. & Kong, A. N. (2006) Gene expression profiles induced by 

cancer chemopreventive isothiocyanate sulforaphane in the liver of C57BL/6J mice 

and C57BL/6J/Nrf2 (-/-) mice, Cancer Lett. 243, 170-92. 

133.  Gan, N., Wu, Y. C., Brunet, M., Garrido, C., Chung, F. L., Dai, C. & Mi, L. 

(2010) Sulforaphane activates heat shock response and enhances proteasome activity 

through up-regulation of Hsp27, J Biol Chem. 285, 35528-36. 

134.  Sharma, R., Sharma, A., Chaudhary, P., Pearce, V., Vatsyayan, R., Singh, S. V., 

Awasthi, S. & Awasthi, Y. C. (2010) Role of lipid peroxidation in cellular responses 

to D,L-sulforaphane, a promising cancer chemopreventive agent, Biochemistry. 49, 

3191-202. 

135.  Hu, R., Xu, C., Shen, G., Jain, M. R., Khor, T. O., Gopalkrishnan, A., Lin, W., 

Reddy, B., Chan, J. Y. & Kong, A. N. (2006) Identification of Nrf2-regulated genes 

induced by chemopreventive isothiocyanate PEITC by oligonucleotide microarray, 

Life Sci. 79, 1944-55. 

136.  Li, Y., Zhang, T., Schwartz, S. J. & Sun, D. (2011) Sulforaphane Potentiates the 

Efficacy of 17-Allylamino 17-Demethoxygeldanamycin Against Pancreatic Cancer 

Through Enhanced Abrogation of Hsp90 Chaperone Function, Nutr Cancer. 

137.  Ahn, Y. H., Hwang, Y., Liu, H., Wang, X. J., Zhang, Y., Stephenson, K. K., 

Boronina, T. N., Cole, R. N., Dinkova-Kostova, A. T., Talalay, P. & Cole, P. A. 

(2010) Electrophilic tuning of the chemoprotective natural product sulforaphane, Proc 

Natl Acad Sci U S A. 107, 9590-5. 

138.  Zhang, Y., Ahn, Y. H., Benjamin, I. J., Honda, T., Hicks, R. J., Calabrese, V., 

Cole, P. A. & Dinkova-Kostova, A. T. (2011) HSF1-dependent upregulation of Hsp70 

by sulfhydryl-reactive inducers of the KEAP1/NRF2/ARE pathway, Chem Biol. 18, 

1355-61. 

139.  Zhang, Y., Dayalan Naidu, S., Samarasinghe, K., Van Hecke, G. C., Pheely, A., 

Boronina, T. N., Cole, R. N., Benjamin, I. J., Cole, P. A., Ahn, Y. H. & Dinkova-

Kostova, A. T. (2014) Sulphoxythiocarbamates modify cysteine residues in HSP90 

Page 31 of 45 The FEBS Journal



 32

causing degradation of client proteins and inhibition of cancer cell proliferation, Br J 

Cancer. 110, 71-82. 

140.  Myzak, M. C., Karplus, P. A., Chung, F. L. & Dashwood, R. H. (2004) A novel 

mechanism of chemoprotection by sulforaphane: inhibition of histone deacetylase, 

Cancer Res. 64, 5767-74. 

141.  Myzak, M. C., Hardin, K., Wang, R., Dashwood, R. H. & Ho, E. (2006) 

Sulforaphane inhibits histone deacetylase activity in BPH-1, LnCaP and PC-3 prostate 

epithelial cells, Carcinogenesis. 27, 811-9. 

142.  Myzak, M. C., Dashwood, W. M., Orner, G. A., Ho, E. & Dashwood, R. H. 

(2006) Sulforaphane inhibits histone deacetylase in vivo and suppresses 

tumorigenesis in Apc-minus mice, FASEB J. 20, 506-8. 

143.  Pledgie-Tracy, A., Sobolewski, M. D. & Davidson, N. E. (2007) Sulforaphane 

induces cell type-specific apoptosis in human breast cancer cell lines, Mol Cancer 

Ther. 6, 1013-21. 

144.  Gibbs, A., Schwartzman, J., Deng, V. & Alumkal, J. (2009) Sulforaphane 

destabilizes the androgen receptor in prostate cancer cells by inactivating histone 

deacetylase 6, Proc Natl Acad Sci U S A. 106, 16663-8. 

145.  Bali, P., Pranpat, M., Bradner, J., Balasis, M., Fiskus, W., Guo, F., Rocha, K., 

Kumaraswamy, S., Boyapalle, S., Atadja, P., Seto, E. & Bhalla, K. (2005) Inhibition 

of histone deacetylase 6 acetylates and disrupts the chaperone function of heat shock 

protein 90: a novel basis for antileukemia activity of histone deacetylase inhibitors, J 

Biol Chem. 280, 26729-34. 

146.  Sinclair, D. A. & Guarente, L. (2014) Small-molecule allosteric activators of 

sirtuins, Annu Rev Pharmacol Toxicol. 54, 363-80. 

147.  Wood, J. G., Rogina, B., Lavu, S., Howitz, K., Helfand, S. L., Tatar, M. & 

Sinclair, D. (2004) Sirtuin activators mimic caloric restriction and delay ageing in 

metazoans, Nature. 430, 686-9. 

148.  Calabrese, E. J., Dhawan, G., Kapoor, R., Iavicoli, I., Calabrese, V. What is 

hormesis and its relevance to healthy aging and longevity? (2015) Biogerontology. 16, 

693-707. 

149.  Calabrese, V., Cornelius, C., Dinkova-Kostova, A. T., Calabrese, E. J. & 

Mattson, M. P. (2010) Cellular stress responses, the hormesis paradigm, and 

vitagenes: novel targets for therapeutic intervention in neurodegenerative disorders, 

Antioxid Redox Signal. 13, 1763-811. 

150.  Calabrese, V., Bates, T. E., Mancuso, C., Cornelius, C., Ventimiglia, B., 

Cambria, M. T., Di Renzo, L., De Lorenzo, A. & Dinkova-Kostova, A. T. (2008) 

Curcumin and the cellular stress response in free radical-related diseases, Mol Nutr 

Food Res. 52, 1062-73. 

151.  Mancuso, C., Bates, T. E., Butterfield, D. A., Calafato, S., Cornelius, C., De 

Lorenzo, A., Dinkova Kostova, A. T. & Calabrese, V. (2007) Natural antioxidants in 

Alzheimer's disease, Expert Opin Investig Drugs.  16, 1921-31. 

152.  Neef, D. W., Turski, M. L. & Thiele, D. J. (2010) Modulation of heat shock 

transcription factor 1 as a therapeutic target for small molecule intervention in 

neurodegenerative disease, PLoS Biol. 8, e1000291. 

153.  Calamini, B., Silva, M. C., Madoux, F., Hutt, D. M., Khanna, S., Chalfant, M. 

A., Saldanha, S. A., Hodder, P., Tait, B. D., Garza, D., Balch, W. E. & Morimoto, R. I. 

(2012) Small-molecule proteostasis regulators for protein conformational diseases, 

Nat Chem Biol. 8, 185-96. 

154.  Dinkova-Kostova, A. T., Massiah, M. A., Bozak, R. E., Hicks, R. J. & Talalay, 

P. (2001) Potency of Michael reaction acceptors as inducers of enzymes that protect 

Page 32 of 45The FEBS Journal



 33

against carcinogenesis depends on their reactivity with sulfhydryl groups, Proc Natl 

Acad Sci U S A. 98, 3404-9. 

155.  Dinkova-Kostova, A. T., Talalay, P., Sharkey, J., Zhang, Y., Holtzclaw, W. D., 

Wang, X. J., David, E., Schiavoni, K. H., Finlayson, S., Mierke, D. F. & Honda, T. 

(2010) An exceptionally potent inducer of cytoprotective enzymes: elucidation of the 

structural features that determine inducer potency and reactivity with Keap1, J Biol 

Chem. 285, 33747-55. 

156.  Kim, S. H., Han, S. I., Oh, S. Y., Chung, H. Y., Kim, H. D. & Kang, H. S. 

(2001) Activation of heat shock factor 1 by pyrrolidine dithiocarbamate is mediated 

by its activities as pro-oxidant and thiol modulator, Biochem Biophys Res Commun. 

281, 367-72. 

157.  Andringa, G., Jongenelen, C. A., Halfhide, L. & Drukarch, B. (2007) The thiol 

antioxidant 1,2-dithiole-3-thione stimulates the expression of heat shock protein 70 in 

dopaminergic PC12 cells, Neurosci Lett. 416, 76-81. 

158.  Satoh, T., Rezaie, T., Seki, M., Sunico, C. R., Tabuchi, T., Kitagawa, T., 

Yanagitai, M., Senzaki, M., Kosegawa, C., Taira, H., McKercher, S. R., Hoffman, J. 

K., Roth, G. P. & Lipton, S. A. (2011) Dual neuroprotective pathways of a pro-

electrophilic compound via HSF-1-activated heat-shock proteins and Nrf2-activated 

phase 2 antioxidant response enzymes, J Neurochem. 119, 569-78. 

159.  Mendillo, M. L., Santagata, S., Koeva, M., Bell, G. W., Hu, R., Tamimi, R. M., 

Fraenkel, E., Ince, T. A., Whitesell, L. & Lindquist, S. (2012) HSF1 drives a 

transcriptional program distinct from heat shock to support highly malignant human 

cancers, Cell. 150, 549-62. 

160.  Scherz-Shouval, R., Santagata, S., Mendillo, M. L., Sholl, L. M., Ben-Aharon, I., 

Beck, A. H., Dias-Santagata, D., Koeva, M., Stemmer, S. M., Whitesell, L. & 

Lindquist, S. (2014) The reprogramming of tumor stroma by HSF1 is a potent enabler 

of malignancy, Cell. 158, 564-78. 

161.  Whitesell, L. & Lindquist, S. (2009) Inhibiting the transcription factor HSF1 as 

an anticancer strategy, Expert Opin Ther Targets. 13, 469-78. 

162.  Nagai, N., Nakai, A. & Nagata, K. (1995) Quercetin suppresses heat shock 

response by down regulation of HSF1, Biochem Biophys Res Commun. 208, 1099-105. 

163.  Zanini, C., Giribaldi, G., Mandili, G., Carta, F., Crescenzio, N., Bisaro, B., 

Doria, A., Foglia, L., di Montezemolo, L. C., Timeus, F. & Turrini, F. (2007) 

Inhibition of heat shock proteins (HSP) expression by quercetin and differential 

doxorubicin sensitization in neuroblastoma and Ewing's sarcoma cell lines, J 

Neurochem. 103, 1344-54. 

164.  Yang, W., Cui, M., Lee, J., Gong, W., Wang, S., Fu, J., Wu, G. & Yan, K. 

(2016) Heat shock protein inhibitor, quercetin, as a novel adjuvant agent to improve 

radiofrequency ablation-induced tumor destruction and its molecular mechanism, 

Chin J Cancer Res. 28, 19-28. 

165.  Li, C., Wang, T., Zhang, C., Xuan, J., Su, C. & Wang, Y. (2016) Quercetin 

attenuates cardiomyocyte apoptosis via inhibition of JNK and p38 mitogen-activated 

protein kinase signaling pathways, Gene. 577, 275-80. 

166.  Au, Q., Zhang, Y., Barber, J. R., Ng, S. C. & Zhang, B. (2009) Identification of 

inhibitors of HSF1 functional activity by high-content target-based screening, J 

Biomol Screen. 14, 1165-75. 

167.  Zhang, D. & Zhang, B. (2016) Selective killing of cancer cells by small 

molecules targeting heat shock stress response, Biochem Biophys Res Commun. 478, 

1509-14. 

Page 33 of 45 The FEBS Journal



 34

168.  Westerheide, S. D., Kawahara, T. L., Orton, K. & Morimoto, R. I. (2006) 

Triptolide, an inhibitor of the human heat shock response that enhances stress-induced 

cell death, J Biol Chem. 281, 9616-22. 

169.  Yoon, Y. J., Kim, J. A., Shin, K. D., Shin, D. S., Han, Y. M., Lee, Y. J., Lee, J. 

S., Kwon, B. M. & Han, D. C. (2011) KRIBB11 inhibits HSP70 synthesis through 

inhibition of heat shock factor 1 function by impairing the recruitment of positive 

transcription elongation factor b to the hsp70 promoter, J Biol Chem. 286, 1737-47. 

170.  Santagata, S., Mendillo, M. L., Tang, Y. C., Subramanian, A., Perley, C. C., 

Roche, S. P., Wong, B., Narayan, R., Kwon, H., Koeva, M., Amon, A., Golub, T. R., 

Porco, J. A., Jr., Whitesell, L. & Lindquist, S. (2013) Tight coordination of protein 

translation and HSF1 activation supports the anabolic malignant state, Science. 341, 

1238303. 

171.  Rye, C. S., Chessum, N. E., Lamont, S., Pike, K. G., Faulder, P., Demeritt, J., 

Kemmitt, P., Tucker, J., Zani, L., Cheeseman, M. D., Isaac, R., Goodwin, L., Boros, J., 

Raynaud, F., Hayes, A., Henley, A. T., de Billy, E., Lynch, C. J., Sharp, S. Y., Te 

Poele, R., Fee, L. O., Foote, K. M., Green, S., Workman, P. & Jones, K. (2016) 

Discovery of 4,6-disubstituted pyrimidines as potent inhibitors of the heat shock 

factor 1 (HSF1) stress pathway and CDK9, MedChemComm. 7, 1580-1586. 

172.  Acquaviva, J., He, S., Sang, J., Smith, D. L., Sequeira, M., Zhang, C., Bates, R. 

C. & Proia, D. A. (2014) mTOR inhibition potentiates HSP90 inhibitor activity via 

cessation of HSP synthesis, Mol Cancer Res. 12, 703-13. 

173.  Hayes, J. D. & Dinkova-Kostova, A. T. The Nrf2 regulatory network provides 

an interface between redox and intermediary metabolism, Trends Biochem Sci. 39, 

199-218. 

174.  Dayalan Naidu, S., Kostov, R. V. & Dinkova-Kostova, A. T. (2015) 

Transcription factors Hsf1 and Nrf2 engage in crosstalk for cytoprotection, Trends 

Pharmacol Sci. 36, 6-14.  

175.  Jones, D. T., Taylor, W. R., & Thornton J. M. (1992) The rapid generation of 

mutation data matrices from protein sequences, Comput Appl Biosci. 8, 275-82.  

176.  Kumar, S., Stecher G., & Tamura K. (2016) MEGA7: Molecular Evolutionary 

Genetics Analysis version 7.0 for bigger datasets, Mol Biol Evol. 33, 1870-4. 

  

Page 34 of 45The FEBS Journal



 35

Figure Legends 

Figure 1. Functional domain structure of HSF family members (HSF1-4) across 

different species. Shown are are the DNA-binding domain (DBD, green), the leucine 

zipper domain 1-3 (LZ1-3, blue), the regulatory domain (RD, yellow), the leucine 

zipper 4 domain (LZ4, blue) and the C-terminal transactivation domain (CTAD, 

orange). The uncharacterized domains are colored in pink.  

Figure 2. Molecular phylogenetic analysis of HSF family members by the Maximum 

Likelihood method. The evolutionary history was inferred by using the Maximum 

Likelihood method based on the JTT matrix-based model [175]. The tree with the 

highest log likelihood (-15403.2303) is shown. Initial tree(s) for the heuristic search 

were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a 

matrix of pairwise distances estimated using a JTT model, and then selecting the 

topology with superior log likelihood value. The tree is drawn to scale, with branch 

lengths measured in the number of substitutions per site. The analysis involved 17 

amino acid sequences. All positions containing gaps and missing data were 

eliminated. There were a total of 450 positions in the final dataset. Evolutionary 

analyses were conducted in MEGA7 [176]. The mouse, rat, dog, human, bovine, and 

chicken HSFs are abbreviated with mHSF, rHSF, dHSF, hHSF, bHSF and cHSF, 

respectively. The HSF sequences were obtained from the UniProt database 

(uniprot.org). UniProt IDs: mHSF1-4 (P38532, P38533, D0VYS2 and Q9R0L1), 

rHSF(1-2 and 4) (Q63717, Q9R120 and A0A096MK39), dHSF4 (Q1HGE8), 

hHSF(1-2 and 4) (Q00613,  Q03933 and Q9ULV5), bHSF(1-2 and 4) (Q08DJ8, 

A4FUA9 and F1MVT6) and cHSF(1-3) (P38529, P38530 and P38531). 

Figure 3. The heat shock response. Various types of cellular stressors such as heat 

and proteotoxicity can activate the heat shock response by causing the release of the 

transcription factor HSF1, which in unstressed conditions is basally sequestered by 

the Hsp90 multichaperone complex that includes the co-chaperone Hsp70. In 

addition, the binding between the leucine zipper (LZ) domains LZ1-3 and LZ4 of 

HSF1 is disrupted, and the regulatory domain (RD) becomes hyperphosphorylated. 

The activated HSF1 enters the nucleus, homotrimerizes, and binds to the heat shock 

elements (HSEs) to induce the transcription of its target genes. HSF1 that is present in 

the nucleus also becomes activated upon stress and is able to homotrimerize to elicit 

the heat shock response. In the attenuation phase, Hsp70 present in the nucleus is able 
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to bind to the C-terminal transactivation domain  (CTAD) of HSF1 to inhibit its 

function. During this time HSF1 is also dephosphorylated and shuttles out of the 

nucleus, resumes its inactivated form and is once again bound to the Hsp90 

multichaperone complex. 

Figure 4. Schematic diagram of the structure and posttranslational modifications of 

HSF1. The activating modifications (blue) are phosphorylation (Ph) modifications on 

serine residues 230, 326, and 419. The repressive modifications (red) on HSF1 are 

acetylation (Ac) on lysine 80, phosphorylation on Ser serine 121, 172, 303, 307 and 

363 and sumoylation (Su) on lysine 298. The enzymes that catalyze these 

modifications are indicated beside the respective residue modifications; DBD, N-

terminal DNA-binding domain; LZ, Leucine zippers LZ1-3 and LZ4; RD, Regulatory 

domain; CTAD, C-terminal transactivation domain. Trimerization of HSF1 occurs at 

the LZ1-3 region, which during basal conditions is negatively regulated by LZ4. In 

addition, under unstressed conditions, the CTAD is negatively regulated by the RD. 

Figure 5. Crystal Structure of the DNA-binding domain (DBD) of human HSF1 

(amino acids 10-123). The domain is colored according to the secondary structure of 

the protein where the alpha helices and beta sheets are represented by red and yellow, 

respectively. Amino acid residues lysine 80 (K80) and serine 121 (S121) are 

represented in blue. Figure drawn with Pymol using the PDB entry 2LDU. 

Figure 6. Endogenous small molecule activators of HSF1. 

Figure 7. Phytochemical activators of HSF1. 

Figure 8. Synthetic small molecule activators of HSF1. 

Figure 9. Small molecule inhibitors of HSF1. 
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