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"For science is more than the search for truth, more than  
a challenging game, more than a profession. It is a life that  
a diversity of people lead together, in the closest proximity,  
a school for social living. We are members one of another."  

A. G. Ogston 

  



ABSTRACT 
Protein-damaging stresses, such as exposure to elevated temperature, alcohol, 
and heavy metals and microbial infections, increase the amount of misfolded 
proteins in cells, which may lead to formation of toxic protein aggregates. In 
order to counteract detrimental effects of proteotoxic stresses, all organisms 
have developed a specific response, called the heat shock response (HSR). 
Upon the HSR activation, synthesis of heat shock proteins (HSPs) increases. 
HSPs function as molecular chaperones to aid in the refolding of misfolded 
proteins and prevent formation of protein aggregates. The inducible expression 
of HSP genes is mediated by heat shock factors (HSFs). Mounting the HSR 
involves trimerization, nuclear accumulation, gain of DNA-binding and trans-
activation capacity of HSF1 and coincides with extensive post-translational 
modifications of HSF1. However, the importance of these modifications on 
HSF1 activity has remained elusive. This PhD thesis describes the functional 
impact of stress-inducible phosphorylation of HSF1 on the HSR. While HSF1 
phosphorylation upon stress is not required for the HSR activation, it defines 
the onset of the HSR and fine-tunes the magnitude of the response. Moreover, 
a chaperone co-inducer BGP-15 was found to augment the HSR, due to its 
ability to inhibit histone deacetylases (HDACs). BGP-15 as an HDAC inhibitor 
increases chromatin accessibility at multiple genomic loci including HSP genes 
and accelerates HSF1 activation in the event of proteotoxic stress. Furthermore, 
HDAC inhibitors can function as chaperone co-inducers and have 
cytoprotective effect for cells exposed to stress. Taken together, this study 
provides valuable information on molecular mechanisms regulating the HSR, 
which can serve as a basis for further development of pharmaceuticals aimed 
to activate, enhance or repress the HSR. 

  



SAMMANFATTING (Swedish Abstract) 
Cellens överlevnad är beroende av förmågan att upprätthålla proteiners 
struktur och funktion. De cellulära proteinerna är uppbyggda av 
aminosyrakedjor och de är essentiella för nästan varje uppgift av cellulärt liv. 
För att kunna överleva cellulär stress som skadar proteiners struktur, aktiverar 
cellen specifika försvarsmekanismer. Förändringar i den intracellulära eller 
extracellulära omgivningen, vilka skadar proteostasen, aktiverar den 
evolutionärt konserverade försvarsmekanismen som kallas för 
värmechockresponsen (eng. heat shock response, HSR). Aktiveringen av HSR 
leder till en markant ökning i uttryck av värmechockproteiner (eng. heat shock 
proteins, HSPs). HSP:er är molekylära chaperoner som hjälper andra proteiner 
att upprätthålla sin struktur och funktion. Molekylära chaperoner kan 
dessutom hindra formationen av toxiska proteinaggregat och i situationer där 
proteiners struktur är allvarligt skadade kan HSP:er rikta dem för nedbrytning. 
Under HSR är uttrycket av HSP-generna strikt reglerade av 
värmechockfaktorer (eng. heat shock factors, HSFs). I däggdjur är HSF1 den 
huvudsakliga regleraren av HSR. Vid cellulär stress bildar HSF1 trimerer, vilka 
i sin tur ansamlas i cellkärnan där de binder till promotorregioner vid sina 
målgener. Under aktiverings-attenueringsräckan av HSR genomgår HSF1 
omfattande posttranslationella modifieringar, såsom fosforylering. Det är dock 
okänt i vilken grad dessa ändringar påverkar HSF1:s transaktiveringskapacitet. 
Stressinducerbar fosforylering har ansetts krävas för aktivering av HSF1, men 
klara bevis för eller emot denna hypotes saknas.  

Inducerad aktivering av HSR anses vara en lovande behandlingsmetod för att 
återställa proteinhomeostasen i sjukdomstillstånd, såsom neurodegeneration. 
Flera analyser har identifierat ett stort antal HSF1-aktivatorer, men många av 
dem ger upphov till allvarliga biverkningar, vilket avhåller deras användning 
i kliniker. Följaktligen betraktas så kallade chaperonkoincuderare som en 
alternativ metod för att öka på HSP-uttrycket i olika sjukdomstillstånd 
eftersom de kan inte direkt aktivera HSR. Den exakta mekanismen för deras 
verkan är dock ännu okänd, vilket avhåller deras utveckling som effektiva 
läkemedel.  

I denna avhandling har jag skapat en HSF1-mutant, som saknar 
bindningsställen för fosfor, för att kunna studera den funktionella inverkan av 
fosforylering vid HSF1:s aktivering. Med hjälp av denna mutant har jag visat 
att stressinducerbar fosforylering inte är nödvändigt för HSF1:s aktivering, 
men att den istället styr tröskelvärdet för dess aktivering. Dessutom visar jag i 
denna avhandling att chaperonkoinduceraren BGP-15 ökar på uttrycket av 
HSP:er under cellulära stresser genom att öppna kromatinet. Denna egenskap 
beror på att BGP-15 kan inhibera histondeacetylaser (eng. histone deacetylases, 
HDACs). BGP-15 kan dessutom påverka tröskelvärdet för HSF1:s aktivering, 



vilket möjliggör HSF1:s aktivering under stressförhållanden som normalt inte 
skulle aktivera HSR. Dessa resultat visar att chaperonkoinducerare kan 
förstärka HSR och därmed öka på cellens förmåga att hantera proteinskadande 
stress. 
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INTRODUCTION 
Each cell maintains a delicate balance of proteins to sustain their function. To cope 
with cellular stresses, an appropriate protective response is mounted, which ensures 
the cell’s survival. Proteins built from the amino acids are cellular workhorses and 
responsible for nearly every task of the cellular life. Changes in the intracellular or 
extracellular environment that prevent the acquisition of normal protein structure 
activate an evolutionarily conserved response known as the heat shock response 
(HSR). Mounting the HSR leads to inducible expression of heat shock proteins (HSPs). 
HSPs function as molecular chaperones, and bind to the misfolded proteins and assist 
in their refolding to prevent the formation of toxic protein aggregates. If the damage 
is too severe, HSPs direct damaged proteins to degradation. In eukaryotes expression 
of HSP genes during the HSR is strictly regulated by heat shock factors (HSFs). In 
mammals, among the HSF family members, HSF1 is a master regulator of the HSR. 
Upon proteotoxic stresses, HSF1 forms trimers and accumulates into the nucleus, 
where it regulates transcription by binding to either promoters or enhancers of its 
target genes. During its activation-attenuation pathway, HSF1 undergoes extensive 
post-translational modifications, such as phosphorylation. However, it is unknown to 
what extent these modifications affect the trans-activation capacity of HSF1. Stress-
inducible phosphorylation is thought to be required for HSF1 activation, but 
compelling evidence for or against that hypothesis is missing.  

Activation of the HSR is perceived as a promising therapeutic strategy for restoring 
protein homeostasis in various proteinopathies, such as neurodegeneration. Multiple 
screens identified a large number of HSF1 activators, but many of them yield 
unwanted side-effects, i.e. they induce protein damage, which severely hamper their 
progress into the clinics. Therefore, chaperone co-inducers are considered as another 
approach to increasing HSP levels in proteinopathies. While not being able to activate 
the HSR directly, chaperone co-inducers enhance expression of HSPs in the event of 
protein-damaging stimuli. Nevertheless, the exact mechanism of their action is scarce, 
which impedes their development as effective pharmaceuticals. 

In this thesis, I have generated a phosphorylation-deficient HSF1 mutant to study the 
functional impact of phosphorylation on HSF1 activation. Using this mutant, I was 
able to established that stress-inducible phosphorylation of HSF1 is not required for 
activation of HSF1-mediated HSR. Phosphorylation plays, however, an important role 
in the HSR as it defines the threshold for HSF1 activation under proteotoxic stress 
conditions, as wells as fine-tunes the HSR. Furthermore, this thesis shows that a 
chaperone co-inducer BGP-15 increases HSPs expression upon stress through 
chromatin opening. This property of BGP-15 is due to its ability to inhibit histone 
deacetylases (HDACs). BGP-15 also sensitizes HSF1, allowing its activation under 
stress conditions that normally would not cause the HSR activation. These results 
position HDACs as potent chaperone co-inducers, capable of enhancing the HSR and 
improving cytoprotection upon proteotoxic stress.   
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REVIEW OF THE LITERATURE 

1. Cellular stress responses 
Every living thing on our planet is composed of the smallest building block, which is 
the cell. Most living organisms are single cells, but many others including humans are 
multicellular organisms, with cells performing specialized functions, forming tissues, 
and are linked by a complex system of communication. Each cell is a small universe of 
its own. The eukaryotic cells contain all the genetic information of the organism 
encoded in the form of the DNA in a structure called the nucleus. In addition to the 
nucleus, eukaryotic cells contain several other types of organelles, such as 
mitochondria, chloroplasts, the endoplasmic reticulum, the Golgi apparatus, and 
lysosomes. Each of these organelles performs specific functions critical to the cell's 
survival. Proteins built from the amino acids are cellular workhorses and are 
responsible for nearly every aspect of cellular life, including cell shape and inner 
cellular organization, energy production, synthesis of new proteins, and waste 
cleanup. 

Each cell maintains a fragile balance of its components to sustain their function 
(homeostasis). Cellular homeostasis is in danger when cells are exposed to various 
forms of stresses. To cope with cellular stresses, an appropriate protective response is 
mounted, which ensures the cell’s survival. Failure to activate a protective response or 
exposure to a severe stress leads to activation of signaling cascades that result in the 
death of the cell (reviewed in Fulda et al., 2010). Depending on the type of stress and 
the site of damage, distinct stress response pathways are activated (Figure 1). 

General damage to the proteins caused by agents, such as heat, heavy metals, ethanol, 
proteasome inhibitors, or microbial infections induces a highly conserved program 
called the heat shock response (HSR) (reviewed in Lindquist, 1986; and in Morimoto, 
2011). Activation of the HSR via its master regulator the heat shock factor 1 (HSF1) 
leads to selective expression of heat shock proteins (HSPs). The HSR will be discussed 
in more detail in Chapter 2., Heat Shock Response.  

1.1. Hypoxic Stress Response 

Aerobic organisms require oxygen (O2), which is an essential nutrient that serves as a 
key substrate in cellular metabolism and bioenergetics. During low O2 (hypoxic) 
conditions, cells activate a number of adaptive responses (Hypoxia Stress Response), 
to match O2 supply with metabolic, bioenergetic, and redox demands. The 
transcriptional program activated during hypoxic conditions is regulated by hypoxia-
inducible factors (HIFs) (reviewed in Carmeliet et al., 1998). In a well-oxygenated 
environment, HIF-1 is hydroxylated by prolyl hydroxylase domain-containing 
(PHD) enzymes, which leads to interaction with E3 ubiquitin ligase, the von Hippel-
Lindau tumor suppressor protein (pVHL) followed by the proteasomal destruction of 
HIF-1 (Ivan et al., 2001; Jaakkola et al., 2001; Ratcliffe et al., 1999; Salceda and Caro, 
1997). During hypoxia, PHD activity is diminished, which stabilizes HIF-1 allowing 
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its translocation into the nucleus (Berra et al., 2001). In the nucleus, 
HIF-1 heterodimers bind to hypoxia response elements (HREs) in the genome 
(Miyazaki et al., 2002). HIF-1  directly drives the expression of genes that control the 
shift from oxidative to glycolytic metabolism and inhibition of cellular proliferation 
(Benita et al., 2009). Furthermore, HIF-1  has been shown to regulate the activity of 
other transcriptional regulators, such as NFκB and p53 (Benita et al., 2009). This 
demonstrates the complexity of the transcriptional response during hypoxic 
conditions, which involves primary and secondary changes in gene expression. 

 

Figure 1. Cellular stress responses. To maintain their function in the events of stress, cells activate 
specific transcriptional programs. Various protein damaging stresses, such as elevated temperature, 
ethanol, and heavy metals exposure, and microbial infection activate the heat shock response. When the 
cell encounters insufficient O2 availability, the hypoxia stress response is activated. The influx of water 
from (hyperosmotic stress) or into (hypoosmotic stress) the cell, results in mounting the osmotic stress 
response. Protein misfolding in specific organelles activates the unfolded protein response (UPR), in 
mitochondria UPRmt, in endoplasmatic reticulum UPRER. Uncontrolled increase in reactive oxygen 
species (ROS) turns on the oxidative stress response. 

1.2. Osmotic Stress Response 

Tissues in the organism maintain specific osmotic conditions to maintain their 
functions. For example, kidneys and the components of blood supply exist in the 
hyperosmotic state (Burg et al., 2007). Changes in extracellular osmolarity affect cell 
volume, and therefore, the concentration of intracellular macromolecules. Osmotic 
stress leads to efflux or influx of water from or into the cell: hyperosmotic stress causes 
cell shrinking, while the hypoosmotic stress causes swelling of the cell. When cells are 
exposed to hyperosmotic stress, activity of osmolytes and membrane transporter 
increases along with the activity of aldose reductase (AR), which synthesizes sorbitol, 
one of the main osmolytes in the cell (Uchida et al., 1991). This increase is achieved via 
transcriptional regulation of the cis-element named tonicity-responsive enhancer 
(TonE) (Miyakawa et al., 1998). TonE binding protein (TonEBP) was later identified as 
a transcriptional regulator of genes involved in the hyperosmotic stress response 
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(Miyakawa et al., 1999). Interestingly, other groups have cloned the same protein and 
named it alternatively as NFAT5 (nuclear factor of activated T cell 5), NFATL1 (NFAT-
like protein 1) or OREBP (osmotic response element binding protein) (Ko et al., 2000; 
Lopez-Rodríguez et al., 1999; Trama et al., 2000). Activated TonEBP undergoes 
phosphorylation and drives expression of multiple genes, such as AR, HSPA1B, 
HSPB5, and sodium/chloride/betaine cotransporter (BGT1), therefore, allowing 
cellular adaptation to hyperosmotic stress (Lee et al., 2011). Response to hypoosmotic 
stress is mainly regulated by the expression and activity of the aquaporins, water 
channels located on the plasma membrane (reviewed in Agre et al., 2002). Moreover, 
during hypoosmotic stress the activity of TonEBP decreases (Ferraris et al., 2002) and 
transcription of genes other than aquaporin increases, such as Egr-1, a zinc finger-
containing transcription factor (Zhang and Cohen, 1997). However, to date, the specific 
transcriptional program during hypoosmosis is not fully characterized. Furthermore, 
it remains to be elucidated whether a single transcription activator regulates 
transcriptional changes in the events of hypoosmosis, or multiple transcription factors 
are involved.  

1.3. Unfolded Protein Response 

The endoplasmic reticulum (ER) is an organelle, where all the transmembrane and 
secreted proteins are folded and undergo post-translational modifications (PTMs) 
(reviewed in Braakman and Hebert, 2013). The ER is also a site of lipid production for 
most of the membrane-enclosed organelles and serves as an intracellular storage of 
Ca2+. In order to perform its function, a specific environment inside the ER is 
maintained, which differs from that in the cytosol. Exposure of cells to conditions such 
as glucose starvation, inhibition of protein glycosylation, disturbance of Ca2+ 
homeostasis, and oxygen deprivation causes accumulation of unfolded and misfolded 
proteins in the ER resulting in activation of the unfolded protein response in the ER 
(UPRER) (reviewed in Schröder and Kaufman, 2005). UPRER activation is mediated by 
three transmembrane sensors: the inositol requiring element-1 (IRE-1), the PKR-like 
ER kinase (PERK) and the activating transcription factor 6 (ATF6). Under normal 
conditions, IRE-1, PERK and ATF6 are kept inactive by an ER chaperone BiP (also 
known as HSPA5 or GRP78) (Bertolotti et al., 2000; Liu et al., 2003; Shen et al., 2002). 
The increase of unfolded and misfolded proteins in the ER titrates BiP away, allowing 
for activation of UPRER mediators. Activated PERK phosphorylates the translation 
initiation factor 2 (eIF2a), preventing protein synthesis and influx of newly synthesized 
proteins into ER (Harding et al., 1999). Stress-induced eIF2α phosphorylation also 
increases translation of the activating transcription factor 4 (ATF4) (Lu et al., 2004). 
ATF6 released from the ER membrane translocates to the Golgi apparatus, where it is 
cleaved by proteases to form an active transcription factor (Shen et al., 2002). Activated 
IRE1 endonucleolytically cleaves mRNA, which results in production of a splicing 
variant of transcription factor X-box binding protein-1 (XBP1), which encodes a protein 
with increased transcriptional activation potential (Cox and Walter, 1996; Yoshida et 
al., 2001). Altogether, ATF4, ATF6, and XBP-1 drive the transcription of the UPRER 
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target genes, such as glucose-regulated proteins, to which belong ER chaperones, such 
as BiP and oxidoreductases (Calfon et al., 2002; Lee et al., 2003; Yoshida et al., 1998; 
Yoshida et al., 2001). If the stress is too severe, or the UPRER malfunctions, cells undergo 
ER stress-induced apoptosis. ER stress-induced cell death has been shown to rely on 
the activation of caspase-12 in rodents and caspase-4 in humans (Hitomi et al., 2004; 
Nakagawa et al., 2000). Activation of caspase-12 leads to a non-canonical, cytochrome 
c-independent cleavage of procaspase-9 (Rao et al., 2002). Additionally, C/EBP 
homologous protein (CHOP), a transcription factor that is induced downstream of the 
PERK and ATF6 pathways, initiates ER stress-induced cell death (McCullough et al., 
2001). IRE1 also participates in ER stress-induced cell death by activating c-Jun N-
terminal kinase (JNK) (Urano et al., 2000). JNK phosphorylates BCL2 in the ER, which 
suppresses the anti-apoptotic activity of BCL2 and leads to subsequent activation of 
caspases (Davis, 2000). 

Mitochondria act as cellular power plants, producing energy that allows cells to 
operate. Aerobic respiration, provided by the mitochodria generates 15 times greater 
amount of energy compared with anaerobic respiration, and it is believed to be one of 
the factors which allowed development of complex, multicellular organisms (van der 
Giezen, 2011). Mitochondria have a matrix, which differs from the cytosol similar to 
the ER. Accumulation of misfolded proteins in mitochondria activates the unfolded 
protein response in mitochondria (UPRmt), which involves the transcription factors 
CHOP and CCAAT/enhancer-binding protein (C/EBPb) (Zhao et al., 2002). Activation 
of CHOP and C/EBPb drive the expression of nuclear genes encoding mitochondrial 
chaperones, such as HSPD1, HSPE1, and DNAJA2 as well as mitochondrial protease 
ClpP. Interestingly, CHOP is also induced by the UPRER, however, activation of UPRmt 
does not result in upregulation of genes involved in the UPRER (Zhao et al., 2002). This 
indicates that the UPRER and UPRmt pathways are autonomous despite sharing 
signaling components. 

1.4. Oxidative Stress Response 

Reactive oxygen species (ROS) are natural byproducts of mitochondrial aerobic 
respiration. ROS play an important role during physiological conditions as signaling 
molecules, regulating autophagy, differentiation, and immunity (Rhee et al., 2000; 
reviewed in Sena and Chandel, 2012). However, due to their ability to cause DNA and 
protein damage, cells keep ROS levels under strict control through various antioxidant 
enzymes, such as catalases, peroxidases, and superoxide dismutase (SOD) (Kirkman 
et al., 1999; Loew, 1900). ROS overproduction or mismanagement cause oxidative 
stress. To counteract and minimize damage caused by ROS, cells activate a specific 
stress response, the oxidative stress response. Nuclear factor (erythroid-derived 2)-like 
factor 2 (Nrf2, also called NFE2L2) is a transcription factor that regulates the cellular 
redox status (Itoh et al., 1997). Under normal conditions, Nrf2 undergoes proteasomal 
degradation in an E3 ubiquitin ligase Keap1-dependant manner (McMahon et al., 
2003). In the presence of ROS, Keap1 is modified at several reactive cysteine residues, 
which prevents Keap1-Nrf2 interaction and subsequently leads to stabilization of Nrf2 
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(Zhang and Hannink, 2003). Nrf2, in turn, translocates into the nucleus where it forms 
heterodimers with small Maf proteins and recognizes antioxidant response element 
(ARE)/electrophile response element (EpRE) and activates gene expression (Itoh et al., 
1997). A majority of genes containing ARE encode either antioxidant enzymes (SOD, 
catalase, peroxidases, GST-transferases) or enzymes involved in biosynthesis of 
antioxidants like gamma-glutamylcysteine synthetase, a key enzyme of glutathione 
biosynthesis (Itoh et al., 1997; Rushmore et al., 1991).  

2. Heat Shock Response 
Discovery of the heat shock response (HSR) dates back to the year 1962, when an 
Italian geneticist, Ferruccio Ritossa, found that Drosophila buscki larvae exhibit a 
specific puffing pattern of the polytene chromosomes when exposed to elevated 
temperature (Ritossa, 1962). It was known that these puffs are sites of RNA synthesis. 
It took another 12 years to establish that this puffing resulted in the production of 
proteins, which are now known as heat shock proteins (HSPs) (Tissières et al., 1974). 
HSPs are a conserved protein family and have been found in all cells of all organisms 
(Hartl and Hayer-Hartl, 2002). HSPs, which act as molecular chaperones, help proteins 
to fold correctly, maintain their proper conformation, and prevents the formation of 
protein aggregates (reviewed in Hartl et al., 2011). The HSR can be activated not only 
by heat stress, but also by a plethora of other protein-damaging conditions, such as 
oxidative stress, heavy metals, alcohol, proteasome inhibition, and microbial infections 
(reviewed in Morimoto, 2011). Mapping of the promoter regions of HSP genes led to 
the identification of a common regulatory element, the heat shock element (HSE), 
consisting of inverted pentameric nGAAn repeats (Amin et al., 1988; Sorger and 
Pelham, 1988). These findings allowed, in turn, for cloning and characterization of an 
HSE-binding protein, named heat shock factor 1 (HSF1) (Rabindran et al., 1991; 
Wiederrecht et al., 1987; Wu et al., 1987). HSF1 is a central player in the HSR (Figure 2). 
In the classical HSR model, protein-damaging stresses cause accumulation of 
misfolded proteins followed by HSF1 activation. HSF1 drives inducible expression of 
HSP genes, which results in accumulation of HSPs. Newly synthesized HSPs bind to 
misfolded proteins to alleviate the damage. In this Chapter, I will discuss general 
mechanisms of gene expression, how the chromatin landscape can regulate 
transcription, classification, and function of HSPs, mechanisms governing HSR 
activation, and pharmacological strategies for controlling HSR. 
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Figure 2. The Heat Shock Response. 1. Protein-damaging stresses lead to accumulation of misfolded 
and unfolded proteins within the cell. 2. Heat shock factor 1 (HSF1) becomes activated, forms trimers, 
and accumulates in the nucleus. 3. Active HSF1 binds to heat shock elements, DNA sequences 
containing inverted pentameric nGAAn repeats, at the promoters of its target genes, mainly heat shock 
proteins (HSPs). HSF1 activates stress-inducible expression of HSPs. 4. Newly synthesized HSPs bind 
to misfolded and unfolded proteins facilitating their refolding or target them to proteasomal 
degradation. 

2.1. HSP70 as a model gene for studying inducible transcription 

Each cell in an organism contains the same genetic information encoded in the DNA, 
which is composed of four nucleotides adenine (A), thymine (T), cytosine (C), and 
guanine (G). The smallest functional parts of DNA are called genes, which contain all 
the necessary information required for the synthesis of a functional product (Gerstein 
et al., 2007). When the gene is activated, information stored in the form of a specific 
nucleotide sequence is copied (transcribed) by a multi-subunit protein complex RNA 
polymerase II (Pol II) into a messenger RNA (mRNA) molecule. In turn, mRNA serve 
as a template for synthesis of proteins. The process by which information written in 
RNA gives rise to a protein is called translation and occurs in the ribosomes in the 
cytoplasm. 

The human genome contains approximately 21 000 protein-coding genes (Clamp et al., 
2007). Although most cells and tissues express a high fraction of all protein-encoding 
genes (~65%), their expression greatly varies from cell to cell and from tissue to tissue 
(Pontén et al., 2009). This suggests that tissue specificity is achieved not only by 
controlling which genes are expressed, but also by precise regulation of how much 
these genes are expressed.  
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For decades, the Drosophila HSP70 loci served as a model gene for studying inducible 
transcription. The HSP70 gene under normal conditions is transcribed at low 
frequency. However, it is transcribed several hundred folds higher in response to 
increased temperatures (Mosser et al., 1988). Research on HSP70 gene led to many 
seminal findings, such as a discovery of transcriptionally engaged, but paused Pol II 
at the gene promoter regions (Rougvie and Lis, 1988). Initially, the paused Pol II was 
thought to be Drosophila HSP genes specific, but further analyses have revealed that 
Pol II pausing is genome-wide phenomena present across metazoans (Guenther et al., 
2007; Kim et al., 2005b; Mahat et al., 2016; Muse et al., 2007; Nechaev et al., 2010). Below, 
I briefly describe the processes of the establishment and release of the paused Pol II. 

The establishment of the paused Pol II involves both the formation of the preinitiation 
complex (PIC) at the gene promoter and retainment of the early elongation complex 
within the paused site. Assembly of the PIC at the transcription start site (TSS) requires 
key regulatory sequences, known as the core promoter, which is predominantly 
located ~35 base pairs (bp) upstream of the TSS (reviewed in Kadonaga, 2012). 
Common core promoter elements in eukaryotes include an initiator, a polypyrimidine 
initiator, a TATA box, downstream promoter elements (DRE), TFIIB recognition 
elements (BRE), and a motif ten element (MTE). TATA-containing promoters have 
been extensively studied. Therefore I will use it as an example to describe the 
formation of the PIC. The TATA-box is usually located 30 bp upstream the TSS and is 
composed of an AT-rich region (Goldberg, 1979). Formation of the PIC is initiated by 
the general transcription factors (GTFs) TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH. 
TFIID is the largest GTF and forms a protein complex consisting of TATA-binding 
protein (TBP) along with multiple TBP-associated factors (TAFs) (Figure 3) (Goodrich 
and Tjian, 1994; Komarnitsky et al., 1999). TBP facilitates binding of TFIID to the TATA 
box, which induces DNA bending and recruits other PIC components to the promoter 
(Woychik and Hampsey, 2002). Although in vitro formation of the PIC can be achieved 
by the addition of the PIC components in a step-by-step manner, in vivo experiments 
show that transcriptional machinery is recruited to promoters as a holoenzyme 
containing Pol II, GTFs, and additional co-factors (reviewed in Thomas and Chiang, 
2006). Eukaryotic DNA is organized into a structure called chromatin (reviewed in 
Schlick et al., 2012). The principal component of chromatin is the nucleosome, where 
146 bp of DNA is wrapped around a histone octamer composed of one heterotetramer 
of histone H3 and histone H4 as well as two heterodimers of histone H2A and H2B. 
Histone H1, while not a part of a core histone octamer, stabilizes the nucleosome by 
interacting with DNA, where it enters and exits the histone octamer. The presence of 
the nucleosomes in the promoter region might prevent recognition of critical 
sequences, by making them inaccessible. Thus, formation of the PIC requires a 
promoter opening, which frequently involves the binding of a sequence-specific 
transcription factor that recruits chromatin remodelers to make DNA accessible 
around the TSS (Figure 3) (reviewed in Workman, 2006). In Drosophila, GAGA factor 
(GAF) binds  
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Figure 3. Establishment and release of paused Pol II. The promoter region is located in front of the 
transcription start site (TSS, marked with an arrow). The opening of the chromatin in the promoter 
region often requires binding of a sequence-specific transcription factor (TF1), which recruits chromatin 
remodelers to remove nucleosomes from around the TSS. General transcription factors (GTFs) and RNA 
polymerase II (Pol II) are required for formation of the preinitiation complex. Pausing of Pol II occurs 
after transcription initiation and transcription of 20-60 nucleotides long mRNA and involves association 
of pausing factors, such as negative elongation factor (NELF) and DRB sensitivity-inducing factor 
(DSIF). The paused Pol II is phosphorylated on its carboxy-terminal heptapeptide repeat domain (CTD). 
Binding of a transcription factor (TF2) to the promoter region results in recruitment of the positive 
transcription elongation factor (P-TEFb) kinase and other transcriptional regulators, such as the 
Mediator complex. P-TEFb kinase phosphorylates the DSIF–NELF complex to release paused Pol II and 
it also further phosphorylates S5 the Pol II CTD. Phosphorylation of DSIF–NELF dissociates NELF from 
the elongation complex and transforms DSIF into a positive elongation factor. Escape of the paused Pol 
II into productive elongation is followed by entry of another Pol II into the pause site and subsequent 
release. When the gene is activated, further nucleosome removal from the gene body occurs.  
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upstream of TATA box and keeps open the promoter of the HSP70 gene as well as 
many other stress-inducible genes (Duarte et al., 2016; Weber et al., 1997). In mammals, 
there is no GAF homolog, however, it was proposed that HSF1 itself could maintain 
the HSP70 promoter open via recruitment of the histone chaperone FACT and 
chromatin remodeling complex containing Brahma-related gene 1 ( BRG1) (Corey et 
al., 2003; Fujimoto et al., 2012; Sullivan et al., 2001). 

Pol II facilitates the recruitment of proteins required for transcription and RNA 
processing via phosphorylation of its C-terminal domain (CTD) (reviewed in Hsin and 
Manley, 2012). Pol II CTD is composed of multiple YSPTSPS repeats, varying in 
number from 26 in S. cerevisiae to 52 in vertebrates. After formation of the PIC, the 
DNA is unwound, which allows transcription initiation of Pol II and promoter escape. 
Soon after transcription initiation Pol II is paused by DRB sensitivity-inducing factor 
(DSIF) and negative elongation factor (NELF), thus providing a window of 
opportunity for mRNA capping (Kwak and Lis, 2013). The release of the paused Pol II 
into productive elongation requires recruitment of the positive transcription 
elongation factor (P-TEFb) complex (Figure 3) (Marshall and Price, 1995; Wada et al., 
1998). A subunit of the P-TEFb complex, kinase CDK9, phosphorylates the DSIF/NELF 
complex causing NELF to dissociate from Pol II and transform DSIF into a positive 
elongation factor. CDK9 also phosphorylates Pol II CTD. How is then P-TEFb recruited 
to the paused Pol II complex? Multiple studies have shown that DNA-binding 
transcription activators such as c-myc and NF-κB, are able to recruit P-TEFb to the 
paused Pol II complex (Barboric et al., 2001; Eberharter and Becker, 2002). Another 
study showed that MED26, a subunit of the Mediator complex, is capable of recruiting 
P-TEFb to facilitate the release of Pol II into productive elongation (Takahashi et al., 
2011). P-TEFb is also rapidly recruited to the HSP70 gene upon heat shock (Lis et al., 
2000). However, HSF1 binding alone is not sufficient for the recruitment of P-TEFb to 
HSP70 loci, which suggests the involvement of another transcriptional co-activator. 
Taken together, the formation of PIC followed by recruitment of P-TEFb is critical for 
releasing Pol II from pausing into productive elongation. It is possible that Pol II on 
every gene undergoes the pausing-like state to allow mRNA capping, but the rate of 
P-TEFb recruitment prevents accumulation and detection of the paused Pol II (Jonkers 
et al., 2014).  

2.2. Non-coding RNAs in HSR 

The protein-coding genes account for only 2% of the human genome (Alexander et al., 
2010). The non-coding regions for many years were thought to be non-functional and 
were labeled as a junk DNA. However, in the last decade, it became apparent that the 
non-protein-coding regions of the genome are widely expressed and are of high 
importance for various physiological processes (Mattick and Makunin, 2006). The 
group of non-coding RNAs (ncRNAs) consist of multiple RNA species, such as long 
non-coding RNA (lncRNA), microRNA (miRNA), and small interference RNA 
(siRNA). 
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A recent genome-wide study reported that a majority of mammalian HSF1 binding 
sites upon heat shock are located far from the TSS and that only a third of genes that 
depend on HSF1 for their stress-inducible expression have HSF1 bound at their 
promoters (Mahat et al., 2016). This strengthens the hypothesis that HSF1 upon stress 
does not only regulate expression of protein-coding genes but is also involved in the 
expression of ncRNAs. To date, the best-studied ncRNAs regulated by HSF1 are 
satellite-III transcripts (SatIII) belonging to the lncRNA class (Jolly et al., 2004). SatIII 
transcripts, which are primate specific, are coded by the satellite-III family of repetitive 
sequences located at the 9q12 locus in the human genome (Denegri et al., 2002). HSF1-
dependent, stress-inducible expression of SatIII RNA (Jolly et al., 2004) occurs in the 
sub-nuclear structures termed nuclear stress bodies, which are formed in the event of 
proteotoxic stress (Sandqvist and Sistonen, 2004). Two recent studies provided 
information about the functional role of SatIII ncRNAs upon stress (Goenka et al., 2016; 
Hussong et al., 2016). Goenka and co-workers (2016) demonstrated that SatIII 
transcripts mediate heat shock-induced transcriptional repression. Furthermore, loss 
of SatIII transcripts resulted in increased cell death upon heat stress, which highlights 
the physiological importance of ncRNAs during the HSR (Goenka et al., 2016). 
Hussong and co-workers (2016) showed that SatIII transcripts are required for proper 
mRNA splicing of specific genes upon heat shock conditions. Downregulation of SatIII 
ncRNAs upon stress led to increased intron retention in spliced mRNA (Hussong et 
al., 2016), which often results in loss of function of the protein or give rise to a truncated 
protein (Braunschweig et al., 2014). 

miRNAs are short (20-23 nucleotides), endogenous, and single-stranded RNA 
molecules that act as post-transcriptional regulators of gene expression, and are 
involved in numerous biological processes (Bartel, 2004). Elevated temperatures lead 
to both downregulation and upregulation of over one hundred miRNA species in 
mammalian cells (Wilmink et al., 2010). While the information of HSF1 in the 
regulation of miRNAs expression is scarce, two miRNAs have been shown to be 
directly regulated by HSF1, i.e. miR-135b (Li et al., 2015) and hsa-miR-432 (Das and 
Bhattacharyya, 2014). Taken together, HSF1-driven transcriptional program during 
the HSR involves not only protein-coding genes, especially HSPs but also a wide range 
of ncRNAs.  

2.3. Chromatin as a transcriptional regulator 

Traditionally chromatin is divided into transcription impermeable heterochromatin 
and transcription favorable euchromatin, which correlates with the packing state of 
chromatin (reviewed in Allis and Jenuwein, 2016). In 1960’s, work on histone 
acetylation and methylation led to a hypothesis that histone PTMs might regulate 
transcription (Allfrey et al., 1964). It was not until 1996 that the first gene encoding 
nuclear transcription-associated histone acetyltransferase (HAT) was cloned and 
purified (Brownell et al., 1996). This isolated HAT (p55) displayed a striking homology 
to a previously known S. cerevisiae transcriptional co-activator Gcn5, which provided 
a direct link between histone acetylation and gene activity. In the same year, the first 



 

23 
 

nuclear histone deacetylase was also discovered (HDAC) (Taunton et al., 1996). 
Remarkably, the isolated HDAC occurred to be an ortholog of S. cerevisiae 
transcriptional repressor Rpd3. These two findings provided compelling evidence that 
histone acetylation is an important regulatory mechanism in gene expression. In 
addition to p55, other nuclear HATs have been discovered, such as CBP/p300 (CREB-
binding protein/p300) (Bannister and Kouzarides, 1996), p300/CBP-associated factor 
(PCAF) (Ogryzko et al., 1996; Yang et al., 1996), and TATA-box binding protein-
associated factor TFIID subunit 1 (TAF1) (Mizzen et al., 1996). Currently, the 
mammalian family of HDACs consists of eighteen enzymes, of which eleven are zinc-
dependent (class I, II, and IV), and seven require the NAD+ co-factor for activity (class 
III) (reviewed in Roche and Bertrand, 2016).  

Histone acetylation is generally linked to active transcription (Figure 4). How does 
then histone acetylation contribute to the gene expression? One hypothesis proposes 
that acetylation of histones would enhance recruitment of the chromatin remodeling 
complexes, e.g. SWI/SNF, which facilitate the removal of nucleosomes subsequently 
increasing chromatin accessibility for transcription factors (reviewed in Tessarz and 
Kouzarides, 2014). Alternatively, acetylation could neutralize the basic charge in 
histones, thereby weakening interactions with DNA and facilitating nucleosome 
disassembly and chromatin opening (reviewed in Bannister and Kouzarides, 2011). 

Histone methylation is another PTM which greatly affects gene expression. Histone 
methylation occurs on lysines and arginines, where lysines may be mono-, di- or tri-
methylated, whereas arginines may be mono- or di-methylated (reviewed in Di 
Lorenzo and Bedford, 2011; Ng et al., 2009). Histone lysines are methylated by the 
lysine methyl transferase (KMT), which is composed of SET-domain-containing 
proteins. For example, KMT G9a drives H3K9 di-methylation (Tachibana et al., 2001), 
Polycomb and enhancer of zeste homologue 2 (EZH2) tri-methylate H3K27 (Czermin 
et al., 2002; Kuzmichev et al., 2002), while H3K4 is tri-methylated by trithorax and 
mixed-lineage leukaemia (MLL) (Krogan et al., 2002; Milne et al., 2002). Currently, a 
single KMT enzyme without SET domain is Dot1 which is capable of H3K79 
methylation (Stulemeijer et al., 2015). Histone arginines are methylated by a family of 
protein arginine methyltransferases (PRMTs), consisting of nine family members (Di 
Lorenzo and Bedford, 2011). 

For many years histone methylation was considered as a stable modification. To date, 
two types of lysine demethylases (KDMs) have been identified, a family of enzymes 
containing catalytic jumonji domain (JMJD) (Tsukada et al., 2005) and a single lysine-
specific demethylase 1 (LSD1) (Shi et al., 2004). Identification of KDMs shows that 
histones can undergo dynamic methylation and de-methylation. In contrast to 
acetylation, methylation does not change protein charge, and methylation can act as a 
transcriptional repressor and activator (Figure 4) (reviewed in Smolle and Workman, 
2013). For example, H3K4 methylation marks sites with an active transcription, while 
methylation of H3K9 and H3K27 induces chromatin silencing. To add even more 
complexity, di-methylation of the same arginine residue might have either repressive 
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or activatory role, depending on whether it is symmetrically or asymmetrically di-
methylated (reviewed in Di Lorenzo and Bedford, 2011). Methylation of histones 
mediates recruitment of chromatin-associated factors containing distinct domains that 
recognize methylated residues. These include plant homeodomain (PHD) finger 
domains and the Tudor “royal” family of domains, comprising of Tudor, PWWP and 
MBT domains (Champagne and Kutateladze, 2009; Kim et al., 2006). For example, 
methylation of H3K4 facilitates binding of ING proteins that contain PHD finger 
domain. ING2 disrupts mSin3a-HDAC1 complex, promoting transcription of specific 
genes (Shi et al., 2006). On the other hand, tri-methylation of H3K9 creates a surface for 
binding of HP1, potent transcriptional repressor which maintains chromatin in the  

 

Figure 4. Schematic representation of the nucleosome. Two molecules of each of the four core histone 
proteins form the histone octamer, containing one tetramer of histone H3 and histone H4 and two 
dimers of histone H2A and H2B. DNA wrapped around a histone octamer forms the nucleosome. 
Histone H1 acts as a linker protein and holds the structure together. PTMs with known functions in 
gene expression are shown with the corresponding amino acids located on the histone tails (according 
to (Di Lorenzo and Bedford, 2011; Rossetto et al., 2012; Shiio and Eisenman, 2003; Zhang et al., 2015)). 
Active marks are represented in the upper part of the figure, and repressive marks are represented in 
the lower part of the figure. Lysine (K), arginine (R), serine (S), and threonine (T). For simplicity N- and 
C-terminal tails of H2A and H2B are represented as a single histone tail. 
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closed state (Bannister et al., 2001; Lachner et al., 2001). Also, instead of promoting 
protein binding to histones, histone methylation can disrupt an interaction between 
the histones and chromatin factors. For instance, tri-methylation of H3K4 prevents 
binding of nucleosome remodeling and deacetylase protein NuRD, thereby 
supporting transcription (Nishioka et al., 2002; Zegerman et al., 2002). 

Phosphorylation of histones is another modification which plays a crucial role in 
chromatin dynamics (Figure 4). Histone phosphorylation is mainly known from 
γH2AX phosphorylation during DNA-damage, but there is a series of evidence 
implicating histone phosphorylation also in transcriptional regulation (reviewed in 
Rossetto et al., 2012). Phosphorylation has been shown to crosstalk with other histone 
PTMs. For example, phosphorylation of H3 tail promotes H3 acetylation in a Gcn5-
dependent manner (Lo et al., 2000; Zhong et al., 2003). Furthermore, phosphorylation 
of H3T6 was shown to prevent LSD1-mediated removal of H3K4 methylation, a mark 
of actively transcribed chromatin (Metzger et al., 2010). Phosphorylation of H3T6 and 
H3T11 promotes removal of the repressive methyl mark on H3K9 by JMJD2C (Metzger 
et al., 2008; Metzger et al., 2010). H3S28 phosphorylation promotes demethylation of 
nearby K27 and promotes its acetylation (Lau and Cheung, 2011). In contrast, H2BY37 
phosphorylation has been shown to repress transcription via preventing binding of 
transcriptional activator NPAT and subsequently decreasing Pol II recruitment 
(Mahajan et al., 2012). In addition, H2BY37 phosphorylation facilitates recruitment of 
transcriptional repressors histone regulatory homolog A (HIRA) that enforce 
transcriptional silencing (Mahajan et al., 2012). 

Histones can also be ubiquitinated and/or sumoylated (Figure 4). Sumoylation acts as 
a transcriptional repressor, presumably through competing with histone acetylation 
(Shiio and Eisenman, 2003). While the function of histone mono-ubiquitination 
remains largely unknown, it has been shown that mono-ubiquitination of H2AK119 is 
involved in gene silencing (Wang et al., 2004) and H2BK120 mono-ubiquitination plays 
a role in transcriptional initiation and elongation (Kim et al., 2009; Lee et al., 2007).  

What is the role that chromatin play in regulation of the HSR? Studies using HSP70 
loci in Drosophila showed that heat stress results in rapid poly(ADP-ribose) polymerase 
1 (PARP1)-mediated clearance of nucleosomes from the gene body (Petesch and Lis, 
2012). Surprisingly, loss of nucleosomes from HSP70 loci has also been achieved by 
chemical activation of HSF1 DNA-binding activity, without activating transcription 
(Petesch and Lis, 2008). Furthermore, global analyses of stress-inducible HSF1 target 
genes revealed that they contain distinctive chromatin marks which suggest that the 
local chromatin landscape pre-conditions the stress-inducible gene expression 
(Guertin and Lis, 2010; Mahat et al., 2016; Vihervaara et al., 2013). HSF1-binding sites 
are located in predominantly open chromatin regions as shown by nucleosome 
occupancy assays (Shivaswamy and Iyer, 2008; Wu, 1980). Moreover, there is a strong 
correlation between HSEs and active chromatin marks in unstressed conditions, 
indicating that HSF1-binding sites reside in an active chromatin (Guertin and Lis, 
2010). The HSR has also been shown to undergo repression via specific chromatin 
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conformation. In C. elegans, the HSR, along with other stress responses, such as UPR 
and the Oxidative Stress Response, diminish with the progression of worm into 
adulthood (Labbadia and Morimoto, 2015). Repression of the HSR and other responses 
occurs due to an increase in tri-methylation of H3K27, which is a marker for repressed 
chromatin, at stress gene loci. This prevents HSF1 binding to its target genes, despite 
the protein being DNA-binding competent. The increase in the H3 methylation is 
caused by reduced expression of KDM jmjd-3.1 (Labbadia and Morimoto, 2015). In 
conclusion, both chromatin landscape and various transcriptional activators and 
repressors contribute to the activation and maintenance of the HSR. 

2.4. Heat shock proteins 

Heat shock protein (HSPs) are the main products of the HSR. They are the first and 
last line of defense against proteotoxic stresses, due to their ability to enforce correct 
folding, thereby restoring proper protein function (reviewed in Hartl et al., 2011). If the 
damage to proteome is too severe, HSPs guide damaged proteins to degradation and 
thus prevent the formation of toxic protein aggregates. Furthermore, HSPs due to their 
antiapoptotic abilities, allow cells to survive and recover from various proteotoxic 
conditions. HSPs are classified into families based on their molecular size and domain 
homology (Kampinga et al., 2009). In mammals, HSPA1A/B (HSP70), HSPB1 (HSP25), 
HSPC1 (HSP90), HSPH1 (HSP110) and DNAJB1 (HSP40) have been shown to be the 
main stress-induced HSPs. A detailed analysis of human HSF1 target genes revealed 
that upon acute heat stress HSF1 occupies 70% of HSPs, 90% of chaperonins and 13% 
of DNAJ genes (Vihervaara et al., 2013). However, HSF1 is dispensable for HSPs 
expression under basal conditions (Mahat et al., 2016) 

HSP70, HSP90, and HSP110 typically recognize hydrophobic amino-acid side chains 
exposed by non-native proteins and promote their folding through ATP- and cofactor-
regulated binding and release cycles. Other HSPs, such as small HSPB family and type 
I and II chaperonins (HSPD1, HSPE1, and CCT family) work in an ATP-independent 
manner by binding to non-native proteins and holding them until they are refolded by 
HSP70/HSP90 machinery or cleared for proteasomal degradation. HSP70 assists 
proteins as early as they emerge from the ribosome, by binding to hydrophobic 
residues of nascent proteins (Hundley et al., 2002). The ATP-dependent reaction cycle 
of HSP70 is regulated by DnaJ family and nucleotide-exchange factors (NEFs) 
(reviewed in Kampinga and Craig 2010 and Mayer, 2010). NEFs are required for the 
recycling of hydrolyzed ADP that allows HSP70 opening, substrate release, and 
binding of a new client protein. DnaJ provides substrate specificity and increases the 
portfolio of HSP70 client proteins. Also, ATP-to-ADP hydrolysis is catalyzed by many 
of the DnaJ family members which allows for efficient folding of proteins.  

HSP90 is one of the most abundant proteins in the cell. It works downstream of HSP70 
facilitating structural maturation and conformational regulation of many signal-
transduction molecules, such as protein kinases and steroid receptors. HSP90 binds to 
7% of transcription factors, 30% of ubiquitin ligases and 60% of kinases in human cells 
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(Taipale et al., 2012). Due to that, HSP90 serves as a hub affecting multiple cellular 
processes and is a key mediator of cellular homeostasis (McClellan et al., 2007). HSP90 
functions as a dimer that is assembled by the interaction of individual HSP90 
C-terminal domains. ATP binding leads to the dimerization of the N-terminal 
domains, resulting in dimer condensation, where individual monomers twist. ATP 
hydrolysis results in separation of the N-terminal domains. During its opening-closing 
cycle, HSP90 cooperates with several regulators and co-chaperones (reviewed in Hartl 
et al., 2011).  

HSPs are present in every cellular compartment and are even secreted into the 
extracellular environment (reviewed in De Maio and Vazquez, 2013). HSPs and their 
co-chaperones form a complex network of molecular interactions, which act as a hub 
that guarantees cellular homeostasis (Taipale et al., 2014). Thus, it is not surprising that 
HSPs have been found to play an important function in multiple human pathologies. 
For instance, many HSPs are found to be overexpressed in various cancers (reviewed 
in Lianos et al., 2015). Cancer cells extensively rewire their metabolic and signaling 
pathways, which changes the intracellular environment and transformed cells become 
dependent on stress-inducible HSPs to maintain protein function. Furthermore, HSPs 
can directly promote oncogenesis thanks to their endogenous anti-apoptotic abilities.  

HSPs are also perceived as a promising therapeutic target in neurodegenerative 
disorders (reviewed in Kampinga and Bergink, 2016). Due to their intrinsic ability to 
bind and stabilize misfolded proteins, increased HSP number and activity would 
prevent the formation of protein aggregates and amyloidogenic precursors. If the 
formation of protein aggregates have already occurred, HSPs have been shown to 
facilitate the moving of aggregates to specialized cellular compartments, where their 
toxicity is reduced (reviewed in Miller et al., 2015). For many years it was believed that 
mammalian HSPs do not exhibit disaggregation ability, in contrast to S. cerevisiae 
HSP104 (Glover and Lindquist, 1998). However, recent studies provide evidence that 
the HSP70–J-protein–HSP110 chaperone network is able to efficiently clear existing 
cellular aggregates (Nillegoda et al., 2015; Shorter, 2011).  

HSPs are also able to ameliorate the adverse effects in other protein folding maladies. 
HSPs have been shown to have a cytoprotective function in various neurological 
stresses, such as ischemia, hemorrhage, and spinal cord injury (reviewed in Turturici 
et al., 2011). Additionally, increased HSP70 levels have been shown to increase lifespan 
and slow down muscle failure in Duchenne muscular dystrophy mouse models 
(Gehrig et al., 2012). Taken together the role of HSPs in various pathologies, there is a 
great need for pharmacological interventions to regulate HSPs expression. 

2.5. Sensory mechanisms of HSR 

The HSR can be activated by multiple forms of proteotoxic stress. However, our 
understanding of exact molecular pathways leading to HSF1-mediated HSPs 
expression is limited. To date, three non-exclusive mechanisms driving the HSR have 
been proposed. Several studies have shown that purified HSF1 protein is capable of 
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sensing protein-damaging conditions, such as elevated temperature, low pH, or ROS 
(Figure 5A) (Goodson and Sarge, 1995; Hentze et al., 2016; Mosser et al., 1988; Zhong et 
al., 1998). When exposed to stress, HSF1 spontaneously forms trimers and gains DNA-
binding activity. A recent study showed that transition of HSF1 to the DNA-binding 
state positively correlates with its concentration (Hentze et al., 2016). This provides an 
explanation for the earlier observed spontaneous activation of overexpressed HSF1 
(Sarge et al., 1993). Furthermore, intrinsically activated HSF1 cannot reverse to the 
monomeric state, which imposes a requirement of additional factors in switching off 
the HSR (Hentze et al., 2016). 

Figure 5. Sensory mechanisms of the 
HSR. A) Purified HSF1 upon 
exposure to elevated temperatures 
undergoes a monomer-to-trimer 
transition and gains DNA-binding 
capacity, which indicates an intrinsic 
mechanism of sensing heat stress. B) 
In the classical chaperone-mediated 
regulation of the HSR, it is proposed 
that under control conditions HSF1 
interacts with molecular chaperones, 
especially HSP70 and HSP90. HSF1-
HSP interaction keeps HSF1 inactive. 
Proteotoxic stress increases the 
amount of misfolded proteins in the 
cell, which titrates HSPs away 
allowing for HSF1 activation. C) In C. 
elegans exposed to heat stress, the 
thermosensory neurons AFD are 
activated, which leads to activation of 
the serotogenic neurons ADF. 
Serotonin release by ADF neurons 
allows for HSF1 activation in distal 
tissues, such as gonads.  

The classical model of the HSR regulation assumes chaperone-mediated control of 
HSF1 activity (Figure 5B) (Hartl et al., 2011). Under normal conditions, HSF1 
trimerization, gain of DNA-binding activity and transcriptional competence are 
prevented by interaction with HSPs (Abravaya et al., 1992; Neef et al., 2014; Zheng et 
al., 2016; Zou et al., 1998). Protein-damaging stresses increase the amount of misfolded 
proteins, which titrates HSPs away from HSF1. That, in turn, allows for HSF1 
trimerization and initiation of the HSR. HSP70 and HSP90 are postulated to be the 
main chaperones repressing the HSR under normal conditions. For instance, the 
depletion of either HSP70 or HSP90 in C. elegans leads to HSR activation (Guisbert et 
al., 2013). S. cerevisiae appears to be an exception among studied species as only HSP70 
and DnaJs are required for regulation of HSF1 activity (Zheng et al., 2016). However, 
in another fungus, C. albicans, depletion of HSP90 leads to increase of HSF1 binding 

A  Intrinsic response

B  Chaperone-mediated response

C  Neuronal control
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Hsp90

Hsp70

Hsp70

Hsp90
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already under normal conditions (Leach et al., 2016). Furthermore, in human cells, 
pharmacological inhibition of HSP90 leads to activation of the HSR (reviewed in 
Neckers and Workman, 2012), which strongly suggests the involvement of HSP90 in 
the chaperone-mediated HSR regulation.  

In multi-cellular organisms, an additional neuronal-mediated layer of HSF regulation 
has been reported (Figure 5C). In C. elegans activation of the HSR by elevated 
temperature can be disabled by introducing amorphic mutations into the AFD 
thermosensory neurons (Prahlad et al., 2008). Intriguingly, the same mutation of AFD 
neurons did not have an effect on the HSR induced by heavy metals, indicating the 
existence of parallel mechanisms controlling the HSR in C. elegans. The physiological 
function of AFD neurons is to control the thermotactic behavior, which allows 
organisms to find a place with an optimal temperature for growth and reproduction 
(Clark et al., 2007). A further study showed that inhibition of serotonin signaling 
markedly reduces the HSR, which highlights the importance of ADF serotogenic 
neurons and serotonin release in neuronal control of the HSR (Tatum et al., 2015). 
However, there is no evidence for similar neuronal control of the HSR to exist in other 
metazoans.  

2.6. Inducers, co-inducers, and repressors of HSR 

Multiple studies have been performed in the search for compounds capable of 
inducing the HSR in an HSF1-dependent manner (reviewed in Dayalan Naidu and 
Dinkova-Kostova, 2017). The HSR activators can be categorized into two main groups 
(West et al., 2012). Group A contains compounds which have known targets in the 
protein homeostasis networks. To this group belong the HSR activators, such as amino 
acid analogs that prevent protein from reaching its normal folding state (e.g., azetidine 
2-carboxylate, canavanine), various pharmacological inhibitors of molecular 
chaperones (e.g., geldanamycin and radicicol), and proteasome and protease inhibitors 
(e.g., MG132). Activators in Group B do not have clear targets, but they display general 
ability to induce protein damage, often on the cysteine residue, in an electrophilic 
manner. Examples of such activators are phytochemicals celastrol, curcumin, 
sulforaphane, and withaferin A, as well as synthetic compounds to which belong 
benzyl pyrazole derivatives. However, most of the currently used pharmacological 
activators of the HSR have cytotoxic effects, due to their protein-damaging properties 
severely hampering the drug development. 

Another group of the HSR modulators are compounds which alone do not induce the 
HSR, but potentiate expression of HSPs in the presence of HSF1 activating stimuli, i.e. 
heat stress. To this group of the so-called chaperone co-inducers belongs chemicals, 
such as hydroxylamine derivative bimoclomol and arimoclomol (Vígh et al., 1997), 
BGP-15 (Gombos et al., 2011), resveratrol (Westerheide et al., 2009), and phorbol ester 
12-O-tetradecanoylphorbol 13-acetate (TPA) (Holmberg et al., 1997). Hydroxylamine 
derivatives and resveratrol have been shown to co-induce the HSR through delaying 
HSF1 attenuation from its target gene promoters (Hargitai et al., 2003; Westerheide et 
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al., 2009). Molecular mechanisms of action of BGP-15 and TPA remain largely 
unknown. It has been shown that TPA, which is a protein kinase C (PKC) activator, is 
capable of enhancing HSPs expression, despite inducing accelerated attenuation of 
HSF1 DNA-binding activity (Holmberg et al., 1997). Although not being able to 
activate the HSR alone, chaperone co-inducers display remarkable therapeutic 
potential in various diseases models. Treatment with bimoclomol results in 
cytoprotective effect in models of diabetes mellitus, cardiovascular disease, and renal 
failure (reviewed in Nánási and Jednákovits, 2001). In addition, arimoclomol delays 
disease progression in amyotrophic lateral sclerosis mouse models (Kieran et al., 2004). 
Resveratrol which is a well-known activator of SIRT1, a class III HDAC, has been 
shown to have beneficial effects in heart disease and brain disorders, however, this 
effect is not solely HSF1-dependent (reviewed in Dong et al., 2016; and Petrovski et al., 
2011). Also BGP-15 has been shown to be advantageous in multiple disease models, 
such as insulin resistance (Henstridge et al., 2014; Literáti-Nagy et al., 2012), atrial 
fibrillation (Sapra et al., 2014), muscle dystrophy (Gehrig et al., 2012), and ventilation-
induced diaphragm dysfunction (VIDD) (Salah et al., 2016). Molecular mechanisms 
behind BGP-15 co-inducing capacity were under investigation in Study II of this thesis. 

Activation of the HSR and increase in HSPs levels are not always beneficial. Cancer 
cells rely on HSPs activity to survive (reviewed in Lianos et al., 2015). Hence, the 
discovery of small molecules inhibiting HSF1-mediated expression of HSPs is actively 
being pursued (Whitesell and Lindquist, 2009). Although the HSR inhibitors alone are 
potent anti-cancer drugs, they greatly increase the effect of therapy with some anti-
cancer treatments. For instance, the HSF1 inhibitor quercetin increases the sensitivity 
of neuroblastoma cells to doxorubicin treatment (Zanini et al., 2007) and increases 
radiofrequency ablation-induced destruction of tumors in rats (Yang et al., 2016).  

Treatment of cells with protein translation inhibitors, such as rocaglamide A, 
cephaeline and emetine reduce HSF1-mediated gene expression (Dai et al., 2015; 
Santagata et al., 2013). These results show that a feedback loop exists between protein 
translation, cellular metabolism and HSF1-mediated HSPs expression (Santagata et al., 
2013). A subsequent study revealed that metabolic stress causes HSR inhibition via 
metabolic stress sensor AMP-activated protein kinase (AMPK)-mediated HSF1 
inactivation (Dai et al., 2015). Dai and co-workers showed that AMPK activation with 
metformin, which is the most frequently prescribed medicine for type II diabetes 
worldwide (Thomas and Gregg, 2017), inactivates HSF1 DNA-binding ability, reduces 
HSPs expression and increases protein aggregation in cancer cells, which results in 
reduced tumor incidence and growth in a xenograft mouse model.  

3. Heat Shock Factors 
3.1. Family of heat shock factors 

Identification of HSEs as promoter elements regulating stress-inducible HSPs 
expression allowed for the identification of the HSFs, as a driver of HSPs expression. 
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In D. melanogaster and C. cerevisiae, only a single HSF protein has been identified 
(Wiederrecht et al., 1987; Wu et al., 1987). However, in 1991 identification of two 
separate yet related HSE-binding proteins from human cells led to a conclusion that 
vertebrates express more than a single HSF (Rabindran et al., 1991; Schuetz et al., 1991).  

To date, six HSFs have been found in mammals: HSF1, HSF2, HSF3, HSF4, HSFY, and 
HSFX (reviewed in Åkerfelt et al., 2010). In plants, more than thirty HSFs have been 
identified (reviewed in Scharf et al., 2012). Limited information is available on 
mammalian HSF3, so far found only in mice (Fujimoto et al., 2010), and HSFY and 
HSFX, which are sex chromosome-specific transcription factors (Bhowmick et al., 2006; 
Kinoshita et al., 2006; Shinka et al., 2004).  

HSF1 is a master regulator of the HSR in vertebrates, and its function and regulation 
will be discussed in more detail in Chapter 3.3. HSF2 shares a ~70% identity of the 
amino acid sequence in the DNA-binding domain (DBD) and oligomerization (HR-
A/B) domain, and ~35% identity in the rest of the protein with HSF1 (Pirkkala et al., 
2001). HSF2 is expressed in a wide range of mammalian tissues, yet its expression 
levels greatly vary from tissue to tissue (Fiorenza et al., 1995). HSF2 is important for 
normal development and proper gametogenesis. Studies using hsf2-null mice showed 
defective neuronal migration indicating that HSF2 plays an important role in the 
development of the cerebral cortex (Chang et al., 2006). In developing neurons, HSF2 
drives regulation of genes, such as p35, p39, T-box brain gene 1 (Tbr1), and mitogen-
activated proteins (MAPs) which are essential for proper neuronal migration (Chang 
et al., 2006; El Fatimy et al., 2014; Wang et al., 2003b). Interestingly, HSF2 is detrimental 
in the developing cortex chronically exposed to alcohol (El Fatimy et al., 2014). Alcohol 
exposure of developing brain leads to the constitutive activation of HSF1 and 
formation of transcriptionally deficient HSF1-HSF2 heterotrimers. These results in the 
decreased expression of MAP genes and promotes defects characteristic for Fetal 
Alcohol Syndrome (FAS).  

HSF2 deficiency results in decreased male and female fertility (reviewed in Abane and 
Mezger, 2010). In male mice, HSF2 is most abundantly expressed in testis, and its levels 
vary during different stages of spermatogenesis (Alastalo et al., 1998; Fiorenza et al., 
1995). In developing spermatocytes, HSF2 was found to occupy multiple genomic loci, 
and in addition to HSPs, HSF2 regulates expression of genes that are specifically 
important for sperm quality (Åkerfelt et al., 2008; Korfanty et al., 2014). Examples of 
these genes are Y-chromosomal multi-copy genes, e.g. spermiogenesis specific 
transcript on the Y 2 (Ssty2), Sycp3-like Y-linked (Sly), and Sycp3-like X-linked (Slx) 
(Åkerfelt et al., 2008). HSF2 knockout in female mice reduced numbers of ovulated 
oocytes, and 70% of the fertilized oocytes appeared to be abnormal (Kallio et al., 2002; 
Wang et al., 2003b). However, the molecular events affecting female fertility in hsf2-
null mice are not entirely elucidated.  

In 2002, it was reported that mutations in the HSF4 DNA-binding domain are 
associated with the development of cataract in humans (Bu et al., 2002). Indeed, the 
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loss-of-function mutation or deletion of HSF4 results in abnormal lens development in 
post-natal mice, which leads to cataract. In the lens tissue, HSF4 drives expression of 
γ-crystallin, which is the major structural protein in the lens (Fujimoto et al., 2004; Shi 
et al., 2009) Furthermore, HSF4 contributes to normal lens development, by interacting, 
stabilizing and activating the cell cycle suppressor protein p53 (Huang et al., 2015). 
Despite that HSF4 is expressed in other tissues than lens, cataract patients with HSF4 
mutations have no other symptoms, suggesting that HSF4 function is critical only in 
the lens. Specific mutations in the HSF4 protein have also been associated with age-
related cataract, indicating that HSF4 function is required not only for the 
development of the lens but also for maintaining its homeostasis during aging (Jing et 
al., 2014; Shi et al., 2008). 

3.2. The intramolecular organization of heat shock factors 

The classification of proteins into the HSF family is based on the high amino acid 
sequence homology of the DBD which belongs to the winged helix-turn-helix family 
and is shared by all HSFs (Figure 6) (Damberger et al., 1994; Harrison et al., 1994; Jaeger 
et al., 2016; Neudegger et al., 2016; Vuister et al., 1994). Trimerization of HSFs is 
facilitated by another functional domain that is structurally conserved throughout 
evolution, the oligomerization domain (HR-A/B), composed of leucine zipper-like 
heptad repeats (Sarge et al., 1993; Westwood and Wu, 1993). Intact HR-A/B is required 
for formation of HSF trimers that are capable of binding to DNA (Jaeger et al., 2016; 
Sarge et al., 1993). Other HSFs domains, such as the regulatory domain (RD) and 
activatory domain (AD), greatly vary in size and amino acid composition and are thus 
defined based on their functions. 

Figure 6. HSFs are composed of similar functional domains. Schematic illustration of S. cerevisiae HSF1 
(ScHSF1), D. melanogaster (DmHSF1), human HSF1 (hHSF1), human HSF2 (hHSF2), and human HSF4 
(hHSF4). HR-A/B/C – leucine-zipper-like heptad repeat domains. The last amino acid of each protein is 
indicated. The figure is not drawn to scale. 

The DBD of HSFs recognizes and binds to the regulatory sequence known as the heat 
shock element (HSE), consisting of inverted pentameric nGAAn repeats (Amin et al., 
1988). The minimal HSE recognized by HSFs has at least three continuous inverted 
repeats of nGAAn (Amin et al., 1994; Fernandes et al., 1994; Perisic et al., 1989). 
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Although the HSE architecture facilitating HSF binding can vary in sequence, spacing, 
orientation, and number of repeats (Enoki and Sakurai, 2011; Fernandes et al., 1994; 
Jaeger et al., 2014), the genome-wide analyses of HSF binding motifs across metazoans 
revealed a striking similarity in the core HSE sequence (Guertin and Lis, 2010; Li et al., 
2016; Mendillo et al., 2012; Vihervaara et al., 2013).  

The crystal structures of yeast HSF DBD bound to HSE were obtained already in the 
90’s and showed that unlike many other winged helix-turn-helix proteins, the HSF 
wing domain does not contact DNA (Littlefield and Nelson, 1999). Two recent 
structural studies revealed that HSF proteins embrace DNA, by positioning their DBDs 
and HR-A/B domains on the opposite sites of the DNA strand (Jaeger et al., 2016; 
Neudegger et al., 2016). This unique conformation results in stable HSF binding to 
DNA and exposes the surfaces of wing domains as well as the DBDs for different PTMs 
and other regulatory inputs.  

The trimerization of HSFs occurs via intermolecular interactions between the HR-A/B 
domains of adjacent HSF monomers (Peteranderl et al., 1999). The spontaneous 
trimerization of HSFs under normal conditions is suppressed by another heptad repeat 
domain, called HR-C. Under non-stressed conditions, HR-C interacts with HR-A/B, 
maintaining HSF in a monomeric state (Hentze et al., 2016). HSFs which do not contain 
HR-C domain, such as S. cerevisiae HSF1 (ScHSF1) and HSF4 are found in the 
constitutive DNA-bound state (Jakobsen and Pelham, 1991; Nakai et al., 1997). The AD 
that is required for the trans-activating capacity of HSFs is found in their C-terminal 
regions, except for ScHSF1 that harbors an activatory domain both in the N- and C-
terminus (Figure 6) (Nieto-Sotelo et al., 1990; Shi et al., 1995; Yoshima et al., 1998). HSF4 
for many years was thought to lack an AD, but a recent study identified an AD in the 
C-terminus (Merath et al., 2013). The AD is largely unfolded, enriched in hydrophobic 
and acidic amino acid residues (Green et al., 1995; Newton et al., 1996; Shi et al., 1995), 
which has been shown to facilitate interactions with other transcription factors and co-
factors and ensure rapid and accurate activation to stress stimuli (Boellmann et al., 
2004; Park et al., 2001; Sullivan et al., 2001). The RD represses AD under normal 
conditions, senses stress, and allows stress-inducible activation (Green et al., 1995; 
Newton et al., 1996). Among HSFs the mammalian HSF1 RD is most studied (Green et 
al., 1995; Hietakangas et al., 2006; Knauf et al., 1996; Newton et al., 1996), but the 
corresponding regions have also been found in HSF2 and HSF4 (Merath et al., 2013; 
Yoshima et al., 1998; Zhu and Mivechi, 1999). 

3.3. Heat shock factor 1 

HSF1 regulates the HSR in all metazoans. HSF1 is the best-characterized member of 
HSF1 family. HSF1 is constitutively expressed in most tissues and cell types and 
appears to be controlled primarily through PTMs (Anckar and Sistonen, 2011). 
Although initially discovered as the regulator of the stress-induced expression of 
HSPs, today HSF1 is perceived as an important physiological and pathological factor. 
HSF1 is required for healthy development and gametogenesis. Transcriptional 
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programs controlled by HSF1 position HSF1 as a promising target for therapeutic 
strategies in cancer and proteinopathies. 

3.3.1. Post-translational regulation of HSF1 

In cells, HSF1 undergoes numerous PTMs, such as acetylation, phosphorylation, 
sumoylation, and ubiquitination, which regulate HSF1 activity (Figure 7) (reviewed in 
Xu et al., 2012). Phosphorylation is a hallmark modification of HSF1, and it occurs on 
multiple sites in S. cerevisiae, D. melanogaster, and mammalian HSF1 (Fritsch and Wu, 
1999; Guettouche et al., 2005; Zheng et al., 2016). To date, 23 phosphorylation sites have 
been identified on serine and threonine residues in human HSF1. HSF1 can be 
phosphorylated both in vitro and in vivo by many kinases, including MAPKAPK2 
(Guettouche et al., 2005; Wang et al., 2006), CK2 (Gomez-Pastor et al., 2017; Soncin et al., 
2003), PLK1 (Lee et al., 2008), CaMKII (Holmberg et al., 2001), GSK3β (Chu et al., 1996; 
Chu et al., 1998), PKC (Chu et al., 1998), PKA (Murshid et al., 2010), and PLK1 (Kim et 
al., 2005a). Moreover, a recent study showed that HSF1 is phosphorylated directly by 
MEK, which makes HSF1 a second MEK target, after ERK (Tang et al., 2015).  

Because a majority of the phosphorylation sites in HSF1 reside within the RD and HSF1 
activation coincides with stress-inducible phosphorylation, it has been hypothesized 
that phosphorylation acts as a switch from transcriptionally inactive to the active form 
of HSF1 (Guettouche et al., 2005; Knauf et al., 1996). The requirement of 
phosphorylation for HSF1 activation has been addressed in Study I of this thesis. 

Figure 7. Post-translational modifications of human HSF1. hHSF1 is a heavily phosphorylated protein 
(23 known phosphorylation sites), with the majority of phosphorylation sites located in the regulatory 
domain (RD). Other domains of HSF1: DNA-binding domain (DBD), oligomerization domain (HR-A/B), 
C-terminal heptad repeat domain (HR-C) and activatory domain (AD). HSF1 undergoes acetylation 
mainly within DBD and HR-A/B. To date, K298 is the only experimentally validated sumoylation site 
on HSF1. HSF1 is also ubiquitinated, but the specific residues are unknown. The figure is not drawn to 
scale.  

Phosphorylation adds a strong negative charge to the protein surface that creates an 
interface which mediates formation of protein-protein complexes (Nishi et al., 2011). 
Furthermore, phosphorylation has been shown to change protein conformation 
(Johnson and Barford, 1993). Studies on functional consequences of HSF1 
phosphorylation have revealed that phosphorylation has both stimulatory and 
inhibitory effect on HSF1 trans-activation capacity, depending on the target 
phosphorylation site. For instance, phosphorylation of S326 is widely recognized as a 
marker of HSF1 activity (Boellmann et al., 2004; Mendillo et al., 2012; Shah et al., 2016). 
It has been shown that S326 can be phosphorylated by several kinases including MEK 
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(Tang et al., 2015), mTOR (Chou et al., 2012), and p38 MAPK (Dayalan Naidu et al., 
2016). However, it remains to be established how phosphorylation of S326 contributes 
to enhanced trans-activation capacity of HSF1. It has been suggested that 
phosphorylation of S326 would facilitate HSF1 interaction with transcriptional 
activator Daxx (Boellmann et al., 2004), but there is no compelling evidence for or 
against that hypothesis. Phosphorylation of S320 by PKA has been shown to direct 
HSF1 to the nucleus, which is required for efficient induction of HSPs in the event of 
stress (Murshid et al., 2010). Another phosphorylation site that increases inducible 
expression of HSPs is S230. CaMKII phosphorylates S230, and both mutation of S230 
and pharmacological inhibition of CaMKII reduce the HSR (Holmberg et al., 2001), but 
again the precise mechanism is unknown. It is also plausible that phosphorylation of 
HSF1 RD changes its conformation, which enhances HSF1 trans-activation capacity. 
This hypothesis is supported by the notion that HSF1 RD is largely an unstructured 
domain (Hentze et al., 2016), in which phosphorylation might induce disorder-to-order 
transition (Bah et al., 2014). 

Another group of phosphorylation sites are those which negatively impact HSF1 trans-
activation capacity. Phosphorylation of S121 by AMPK prevents HSF1 DNA-binding, 
which significantly reduces HSF1 transcriptional activity (Dai et al., 2015). S303 and 
307 phosphorylation by GSK3β and ERK, respectively, has been shown to facilitate 14-
3-3ε-mediated nuclear exclusion of HSF1 (Wang et al., 2003c), however these results 
were contradicted by another study, where mutation of S303 and S307 did not have 
any effect on HSF1 localisation (Hietakangas et al., 2003). In addition, phosphorylation 
of S303 and S307 facilitates binding of ubiquitin E3 ligase FBXW7α, which leads to 
HSF1 degradation (Gomez-Pastor et al., 2017). Interestingly, a cross-talk between 
kinases phosphorylating S307 and S326 was recently reported, showing that S326 
phosphorylation by MEK represses S307 phosphorylation and that ERK impacts HSF1 
S326 and S307 phosphorylation via MEK inhibition (Tang et al., 2015). These results in 
the feedback loop between PTMs mediating transcriptional activation and repression 
of HSF1. 

HSF1 is sumoylated on a lysine located within a specific motif, ΨKxExxSP named the 
phosphorylation-dependent sumoylation motif (PDSM), where Ψ denotes a branched 
hydrophobic amino acid (usually a leucine, isoleucine, or valine) (Hietakangas et al., 
2006). Within the PDSM, phosphorylation of S303 is required for sumoylation to occur 
at K298 (Hietakangas et al., 2003). It is proposed that phosphorylation of S303 and 
subsequent K298 sumoylation of HSF1 would restrict its trans-activating capacity, but 
the exact mechanism remains unknown (Hietakangas et al., 2006). To date, K298 is the 
only experimentally validated HSF1 sumoylation site. However, a recent mass-
spectrometry study revealed that HSF1 undergoes sumoylation on 14 additional 
amino acids, which are located mainly within DBD and HR-A/B (Hendriks et al., 2017), 
which suggests that sumoylation is involved in the regulation of HSF1 DNA-binding 
and trimer formation.  
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HSF1 is ubiquitinated, which results in proteasome-mediated degradation of HSF1 
(Gomez-Pastor et al., 2017; Kim et al., 2016; Raychaudhuri et al., 2014), but specific 
ubiquitination sites have not been reported. Recently, however, Gomez-Pastor and co-
workers (2017) showed that HSF1 ubiquitination in cells expressing aggregation-prone 
proteins is dependent on the phosphorylation status of S303 and S307, which are 
phosphorylated by kinase CK2’. Phosphorylation of S303 and S307 creates a surface 
that allows binding of FBXW7α, a substrate-targeting subunit of the SCF (Skp1–Cul1–
F box) ubiquitin E3 ligase complex, which catalyzes ubiquitination and degradation of 
HSF1 (Gomez-Pastor et al., 2017). HSF1 is also subjected to acetylation (Raychaudhuri 
et al., 2014; Westerheide et al., 2009). Acetylation of HSF1 plays a dual role, as 
acetylation within the DBD, such as at K80 and K118, inhibits DNA binding during the 
attenuation phase (Westerheide et al., 2009), whereas acetylation of K208 and K298, 
located within HR-A/B and RD, stabilizes HSF1 (Raychaudhuri et al., 2014). 
Interestingly, K298 of HSF1 is a target for both acetylation and sumoylation (Figure 7). 
Since these modifications have distinct effects on HSF1 activity, it is tempting to 
speculate that they function as a molecular switch, regulating HSF1 activity. For 
instance, acetylation of lysines would prevent their ubiquitination, thereby enhancing 
HSF1 stability.  

3.3.2. HSF1 activation-attenuation pathway 

Under normal growth conditions, HSF1 is kept in an inactive state by intramolecular 
and intermolecular interactions (Hentze et al., 2016; Shi et al., 1998). HSF1 has a nuclear 
localization signal (NLS) which allows for its nuclear localization (Vujanac et al., 2005), 
but in the absence of stress, HSF1 shuttles between the cytoplasm and nucleus. It was 
also shown that a small portion of HSF1 is trimerized and bound to the promoter 
regions of HSPs already under normal conditions (Figure 8) (Vihervaara et al., 2013). 
This DNA-bound HSF1 interacts with replication protein A (RPA) that is involved in 
the replication and DNA repair (Fujimoto et al., 2012). HSF1-RPA interaction recruits 
the histone chaperone FACT and a chromatin remodeling complex containing BRG1, 
which maintains the HSP70 promoter in the nucleosome-free state (Fujimoto et al., 
2012). DmHSF1 interacts with the poly(ADP-ribose) polymerase 1 (PARP1), and 
PARP1 is responsible for nucleosome removal from the HSP70 loci upon stress stimuli 
(Petesch and Lis, 2012). Human HSF1 has also been found to interact with PARP1 
(Ouararhni et al., 2006), but it remains to be established, whether the mammalian 
PARP1 has a similar function to that detected in Drosophila. 

Upon protein-damaging stress, HSF1 forms trimers, accumulates in the nucleus, and 
binds to the HSEs in the promoters and enhancers of its target genes (reviewed in 
Dayalan and Dinkova-Kostova, 2017). Active HSF1 recruits other transcriptional 
activators, such as the Mediator complex (Park et al., 2001), activating transcription 
factor 1 (ATF1) (Takii et al., 2015), SWI/SNF chromatin remodeling complex containing 
BRG1 (Corey et al., 2003; Sullivan et al., 2001; Takii et al., 2010), histone 
methyltransferase mixed-lineage leukemia 1 (MLL1) (Chen et al., 2014), death 
associated protein-6 (Daxx) (Boellmann et al., 2004), and co-activator activating signal 
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co-integrator 2 (ASC-2) (Hong et al., 2004). In vitro HSF1 is able to interact with the 
basal transcription component TAF-9 (Choi et al., 2000), but it is unknown whether 
HSF1 directly recruits GTFs to the HSP promoters in cells. In overall, HSF1 binding to 
the HSPs genes initiates a cascade of events that leads to release of the paused Pol II 
into productive elongation and subsequent mRNA synthesis (Figure 8). 

 

 

Figure 8. HSF1 activation-attenuation pathway. Under normal conditions, a majority of HSF1 is present 
in cells as inactive monomers interacting with HSPs. A small fraction of HSF1 is binding to the promoter 
of HSP70, where it interacts with replication protein A (RPA) and histone chaperone FACT. This 
interaction keeps the promoter region open. The HSP70 gene is preloaded with the paused RNA 
polymerase II (Pol II). Upon activation, HSF1 trimerizes, accumulates in the nucleus and binds to DNA. 
The DNA-bound HSF1 interacts with other transcriptional regulators, such as general transcription 
factors (GTFs), activating transcription factor 1 (ATF1), transcription activator BRG1, and Mediator 
complex, which subsequently leads to release of the paused Pol II to elongation. Active HSF1 is 
phosphorylated, mainly within the regulatory domain, which fine-tunes the magnitude of the HSR. 
During the attenuation phase, HSF1 interacts with CBP/p300 in an ATF1-dependent manner. CBP/p300 
acetylates the HSF1 DNA-binding domain, thereby preventing binding to DNA. Attenuation of HSF1 
DNA-binding keeps Pol II in the paused state and stop transcription. Furthermore, HSF1 interacts with 
ubiquitin ligase FBXW7α, resulting in the degradation of nuclear HSF1 (dashed lines). Functional 
domains of HSF1 are color-coded as in Figures 6 and 7. 
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The exact molecular mechanisms initiating shutting down the HSF1 activity are not 
known. Negative feedback from newly produced HSPs was proposed as a mechanism 
forcing HSF1 attenuation. Indeed, in the course of stress HSP70 interacts with HSF1, 
thereby recruiting transcriptional co-repressor of RE1-silencing transcription factor 
(CoREST), which represses the HSF1-mediated transcription (Gómez et al., 2008). 
Another mechanism that causes the release of HSF1 from its target promoters is 
acetylation of the HSF1 DBD which prevents HSF1 from binding to DNA (Westerheide 
et al., 2009; Zelin and Freeman, 2015). The acetyltransferase complex CBP/p300 has 
been shown to acetylate HSF1 (Raychaudhuri et al., 2014). Interestingly, ATF1 which 
enhances the trans-activating capacity of HSF1 during stress (Takii et al., 2015), has an 
opposite effect during the attenuation phase, where it recruits CBP/p300 to HSF1. 
Acetylation of HSF1 is counteracted by histone deacetylases SIRT1, HDAC7, and 
HDAC9, thereby prolonging the HSR (Westerheide et al., 2009; Zelin and Freeman, 
2015). 

Classical models postulated that inactivated HSF1 trimers dissociate back to 
monomers. However, recent findings suggest that attenuated HSF1 trimers mainly 
undergo proteasomal degradation (Kourtis et al., 2015; Raychaudhuri et al., 2014). 
Raychaudhri and co-workers reported that during recovery from heat shock, activated 
HSF1 did not revert to the less phosphorylated species but was degraded by the 
proteasome. In another study, Kourtis and co-workers reported that HSF1 interacts 
with FBXW7α, which ubiquitinates HSF1 and promotes its degradation in the 
attenuation phase of the HSR (Kourtis et al., 2015). Depletion of FBXW7α from cells led 
to the accumulation of nuclear HSF1 during recovery from proteotoxic stresses. 
Furthermore, loss of FBXW7α prolonged HSF1 binding to its target promoters and 
extended the HSR (Kourtis et al., 2015). In addition, the observation that trimeric HSF1 
is not capable of reverting to monomeric form in vitro (Hentze et al., 2016), supports 
the model, where trimerized HSF1 would not dissociate to monomers, but instead is 
actively degraded during the attenuation phase (Figure 8). 

3.3.3. Physiological role of HSF1 

Studies of HSF1-null organisms have revealed that the HSF1 functions are not limited 
only to proteotoxic stress responses (Figure 9). The HSF1-transcriptional program is 
necessary for healthy development, gametogenesis, and maintaining protein 
homeostasis during aging of organisms. Furthermore, HSF1 has also been shown to 
indirectly regulate translation independently of its trans-activation capacity (Su et al., 
2016). 

ScHSF1 is essential under normal growth conditions, and lack of ScHSF1 results in loss 
of cell wall integrity and arrests the cell cycle (Gallo et al., 1993; Imazu and Sakurai, 
2005; Sorger and Pelham, 1988). A recent study provided an explanation for the 
essential role of HSF1 in S. cerevisiae. Solís and co-workers showed that ScHSF1 under 
basal conditions regulates expression of 18 genes, encoding mainly molecular 
chaperones (Solís et al., 2016). Surprisingly, the cell growth was rescued in ScHSF1-
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depleted yeast by the constitutive expression of only two genes, i.e. HSP70 and HSP90. 
This demonstrates that the essential function of ScHSF is to drive expression of 
molecular chaperones that are necessary for maintaining protein homeostasis. 

 

Figure 9. Multiple functions of HSF1. HSF1 is implicated in various physiological and pathological 
processes. HSF1 contributes to these processes as a transcriptional regulator, except protein translation. 

In C. elegans, amorphic HSF1 mutations result in developmental arrest in the L1/L2 
larval stage (Morton and Lamitina, 2013). During development, C. elegans HSF1 
(CeHSF1) drives the expression of a specific set of genes required for proper larval 
development (Li et al., 2016). CeHSF1 directly regulates genes involved in RNA 
biogenesis and translation, protein folding, processing, and transport, and 
metabolism. The function of CeHSF1 as a developmental factor is dependent on the 
unique promoter architecture containing a binding motif of transcription factor E2F 
that functions as a CeHSF1 co-activator (Li et al., 2016). CeHSF1 has also been shown 
to regulate organisms longevity. In metazoans expression of anti-apoptotic genes is 
governed via the highly conserved insulin/insulin-like signaling (ILS) pathway 
(reviewed in Mathew et al., 2017). Activation of the ILS pathway results in 
phosphorylation of transcription factor Daf-16/FOXO, which prevents Daf-16 nuclear 
accumulation and activation of genes that maintain youthfulness. Reduced ILS 
signaling in C. elegans increases organismal lifespan. However, the phenotype is 
reversed when either CeHSF1 or Daf-16 is downregulated (Hsu et al., 2003; Morley and 
Morimoto, 2004). Similarly, overexpression of CeHSF1 prolongs lifespan, but only if 
Daf-16 is intact. Subsequent studies showed that activation of ILS signaling promotes 
the formation of DDL-1-containing HSF1 inhibitory complex (DHIC), which decreases 
the pool of available CeHSF1 (Chiang et al., 2012). Reduction in the ILS signaling 
disrupts DHIC by enhanced DDL1 phosphorylation, which increases CeHSF1 activity 
under stress and in control conditions. It is, however, unknown if ILS signaling 
regulates HSF1 activity in vertebrates.  

Stress Reponses
Cancer

Development

Protein
aggregation

Aging

Gametogenesis

R
N

A 
bi

og
en

es
is

 
an

d 
tr

an
sl

at
io

n

Cell
 cy

cle

HSF1



 

40 
 

In mammals, HSF1 is an important factor in development and gametogenesis. hsf1-/- 
mice display several developmental defects, such as increased prenatal lethality, 
growth retardation, complete female infertility, abnormalities of the olfactory 
epithelium, and aberrant development of neurons (Kallio et al., 2002; Uchida et al., 
2011; Xiao et al., 1999). Fertilized oocytes originating from hsf1-/- mice are not able to 
develop past the zygotic stage, even when mice are mated with wild-type males, which 
indicates that HSF1 is a maternal factor (Benjamin et al., 2000). A subsequent study 
revealed that HSF1 regulates expression of HSP90α in maturing oocytes, to promote 
proper meiotic maturation and asymmetrical division (Metchat et al., 2009). These 
findings suggest that HSF1 through regulating HSP90, and possibly other HSPs, is 
essential for the reproductive success of pre-implantation embryos. HSF1 is required 
for proper myelin formation, neuron maturation, lateral ventricles and hippocampal 
development (Santos and Saraiva, 2004; Uchida et al., 2011), but the exact mechanism 
of action is not entirely elucidated. 

A recent study presented a mechanism by which HSF1 controls organismal growth 
(Su et al., 2016). The mechanistic target of rapamycin complex 1 (mTORC1) is a 
prominent regulator of translation which also acts as a sensor for environmental 
stresses (reviewed in Laplante and Sabatini, 2012). c-JUN N-terminal kinase (JNK) 
interacts with mTORC1 that in turn inhibits protein translation (Su et al., 2016). In cells 
exposed to stress, HSF1 directly interacts and suppresses JNK to promote mTORC1-
mediated translation, which is critical for maintaining protein synthesis. hsf1-/- mice 
which suffer from growth retardation display an increased JNK but diminished 
mTORC1 activity. The HSF1&JNK double knock-out restored the cell, organ and body 
size, indicating that the HSF1-JNK-mTORC1 axis controls post-natal organismal 
growth (Su et al., 2016). Surprisingly, HSF1 mutants that lack transcriptional capacity 
were able to suppress JNK activity and maintain mTORC1 activity (Su et al., 2016). This 
is the first example of HSF1 functioning independently of its canonical transcriptional 
action. 

3.3.4. HSF1 in cancer 

In 2007, two articles reported an impact of HSF1 on tumorigenesis (Dai et al., 2007; Min 
et al., 2007). Dai and co-workers showed that mice lacking HSF1 develop fewer tumors 
when exposed to chemical skin carcinogenesis using a clinically relevant p53 mutation 
mouse model (Dai et al., 2007). Similarly, Min and co-workers presented that in p53-/- 
mice, which typically develop lymphomas, the loss of HSF1 resulted in a marked 
reduction of lymphomas (Min et al., 2007). Today, it is well established that HSF1 is an 
important player in tumorigenesis (reviewed in Dai and Sampson, 2016). For instance, 
HSF1 transcriptional activation is associated with the poor prognosis for breast cancer 
patients (Santagata et al., 2011). Malignant cells carry multiple genetic and epigenetic 
alterations and are exposed to more stresses than healthy cells. Thus, originally it was 
proposed that HSF1 promote malignancy by increasing HSPs expression, to maintain 
protein homeostasis in cancer cells (Solimini et al., 2007). However, it was found that 
HSF1 in cancer drives a transcriptional program different from that in stress responses, 
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and thus directly promotes tumorigenesis (Mendillo et al., 2012). In addition to HSPs, 
HSF1 regulates transcription of genes involved in cell cycle regulation, chromatin 
remodeling, translation, signaling pathways, and metabolism (Figure 10). HSF1 binds 
to almost 900 genes in highly malignant breast cancer cells under control conditions 
(Mendillo et al., 2012). Furthermore, loss of HSF1 in cancer cells increases expression 
of genes involved in immune functions, insulin secretion, and apoptosis, whereas 
expression of genes involved in protein folding, translation, and mitosis is decreased. 
This cancer-specific transcriptional program has been found in breast and colon cancer 
patient samples as well as in cell lines derived from breast, colon, and lung cancers 
(Mendillo et al., 2012).  

Figure 10. HSF1 regulates a specific 
transcriptional program in cancer. HSF1 cancer 
program differs from that of the HSR. In cancer 
cells, HSF1 upregulates genes involved in protein 
folding, translation, and cell cycle, while it 
downregulates genes involved in apoptosis and 
immune response. Genes contributing to energy 
metabolism, development, chromatin remodeling, 
and mRNA processing are both upregulated and 
downregulated by HSF1. Adapted from (Mendillo 
et al., 2012). 

 

Importantly, cancer cells have been shown to depend on HSF1 activation in the tumor 
stroma, to support their growth (Scherz-Shouval et al., 2014). In cancer-associated 
fibroblasts representing the stroma, HSF1 drives a distinct transcriptional program, 
where it activates genes involved in angiogenesis, extracellular matrix (ECM) 
organization, adhesion, and migration (Scherz-Shouval et al., 2014). Mechanisms 
which drive HSF1 activation in cancer remain to be elucidated. It has been proposed 
that cancer-specific alterations in signaling pathways, such as epidermal growth factor 
receptor HER2 (Zhao et al., 2009) and the RAS-RAF-MEK signaling.(Stanhill et al., 2006; 
Tang et al., 2015) would activate HSF1. Zhao and co-workers (2009) have shown that 
overexpression of oncogene HER2 upregulates HSF1. HSF1, in turn, drives the 
expression of lactate dehydrogenase A supporting tumor glycolysis. While it has been 
reported that increased levels of HSF1 in cells facilitate activation of HSF1 in the 
absence of stress (Hentze et al., 2016; Sarge et al., 1993) it remains unclear whether the 
sole upregulation of HSF1 in tumors overexpressing HER2 is sufficient to activate 
HSF1-driven transcription. Tang and co-workers (2015) demonstrated that malignant 
cells use the RAS-RAF-MEK signaling pathway not only to promote their growth but 
also to preserve tumor proteostasis in an HSF1-dependent manner. They showed that 
phosphorylation of HSF1 on S326 by MEK enhances HSF1 trans-activation capacity, 
which protects tumor cells from the toxic amyloid formation. However, it is unknown 
whether other PTMs of HSF1 are needed for its activation in cancer.  
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3.3.5. HSF1 in proteinopathies 

Protein aggregation is considered as a hallmark of neurodegeneration. 
Neurodegenerative diseases are pathologically associated with aggregates of specific 
proteins, such as α-synuclein in Parkinson’s disease, huntingtin in Huntington’s 
disease (HD), TDP-43 and SOD1 in amyotrophic lateral sclerosis (ALS), and amyloid 
precursor protein (APP) in Alzheimer’s disease (reviewed in Ross and Poirier, 2004).  

HSPs as molecular chaperones guide proteins from their production at the ribosomes 
to different stages to assist their folding and, if not possible, assist in their degradation 
(Figure 11). Furthermore, HSPs are able to prevent the initiation of protein 
aggregation, facilitate the removal of aggregates and ameliorate their toxic effects in 
various models of neurodegenerative disorders (reviewed in Kampinga and Bergink, 
2016). Since the majority of HSPs are under the transcriptional control of HSF1, 
exogenous activation of HSF1 could serve as a promising strategy to combat 
neurodegeneration. Indeed overexpression or chemical activation of HSF1 has been 
shown to reduce protein aggregation and ameliorate cytotoxicity in multiple cellular 
and organismal models (Fujikake et al., 2008; Fujimoto et al., 2005; Katsuno et al., 2005; 
Kim et al., 2016; Labbadia et al., 2011; Neef et al., 2010; Verma et al., 2014). 

Figure 11. From protein synthesis to 
degradation. Heat shock proteins 
(HSPs) assist proteins from their 
synthesis in ribosomes to their 
correctly folded state (green arrows). 
Alternatively, if the correct folding is 
not possible, HSPs direct damaged 
proteins to degradation (brown 
arrows). HSPs prevent the formation 
of protein aggregates at different 
stages, either by blocking the 
formation of aggregates (in red) or 
through their disaggregation capacity 
(blue arrows). 

 

Two recent studies have revealed that in neuronal cells exposed to aggregation-prone 
proteins, such as α-synuclein or huntingtin, HSF1 protein was degraded by the 
ubiquitin-proteasome system (Gomez-Pastor et al., 2017; Kim et al., 2016). α-synuclein 
aggregation resulted in increased ubiquitination of HSF1, mediated by a ubiquitin E3 
ligase NEDD4 (neural precursor cell expressed developmentally down-regulated 
protein 4). Intriguingly, treatment of cells with resveratrol, or overexpressing SIRT1, 
in the presence of α-synuclein aggregates, prevented HSF1 degradation (Kim et al., 
2016). This indicates the existence of functional cross-talk between HSF1 PTMs that 
affects protein stability and subsequently HSF1 trans-activation capacity. In HD 
another pathway mediating the proteasomal destruction of HSF1 was reported 
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(Gomez-Pastor et al., 2017). Cells expressing aggregation-prone huntingtin protein and 
a mouse model of HD, upregulate casein kinase 2α-prime (CK2α’) and E3 ubiquitin 
ligase FBXW7α. CK2α’ phosphorylates HSF1 on S303 and S307 which targets HSF1 for 
degradation in an FBXW7α-mediated manner resulting in decreased expression of 
HSPs and huntingtin aggregation in cells. ck2α’+/- HD mouse model displayed 
unaltered HSF1 protein levels and reduced huntingtin aggregation in the striatum. 
Furthermore, stabilization of HSF1 levels in CK2α’ heterozygote HD mice ameliorated 
the neurobiological defects of HD and restored the normal body mass of animals. 
Taken together the currently available knowledge of HSF1 in neurodegeneration, 
HSF1 can serve as a promising target for the development of drugs aimed at reducing 
pathogenic protein aggregation. 
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AIMS OF THE STUDY 
HSR is one of the most well-known cellular stress responses. Stress-inducible 
transcription of HSP70 gene has served as a model for studying transcription for 
decades. Multiple laboratories focused on understanding how the HSR is regulated, 
by investigating HSF1, the master regulator of HSR. HSF1 is a unique transcription 
factor in many aspects, for example, it forms trimers rather than dimers, and its activity 
is mainly regulated by PTMs. HSF1 stress-inducible phosphorylation has been 
reported to occur in multiple species, such as yeast, mouse, and human. 
Phosphorylation as the most prominent PTM was thought to be a central regulatory 
mechanism controlling HSF1 activation. This hypothesis was supported by a finding 
that DNA-bound HSF1, which is not phosphorylated to the same extent as upon 
exposure to heat stress, is not capable of activating gene expression (Jurivich et al., 
1995). In addition, mutations of phosphorylation sites within the RD of the 
constitutively bound chimeric HSF1 protein resulted in de-repression of HSF1 activity 
under control conditions (Knauf et al., 1996). Despite extensive studies on the HSF1 
phosphorylation, no conclusive answer has been obtained, whether phosphorylation 
is required in the transition from an inactive to a transcriptionally competent HSF1. 
Thus, in the first study, we wanted to determine the impact of phosphorylation on the 
HSF1-mediated activation and control of the HSR. 

Activation of the HSR is a promising therapeutic strategy for multiple proteinopathies. 
However, many HSF1 activators found in various chemical screens, yield unwanted 
side-effects which hamper their progress into the clinics. Chaperone co-inducers are 
chemicals, which do not activate the HSR alone but potentiate the HSR initiated by 
other stimuli, mainly due to their ability to prolong HSF1 activation (Hargitai et al., 
2003, Westerheide et al., 2009). The potent chaperone co-inducer BGP-15 has been 
shown to have beneficial effects in multiple human disease models and human 
patients suffering from diabetes. The molecular mechanisms by which BGP-15 
enhances chaperone expression have not previously been established and were 
addressed in the second study.  

The focus of my PhD thesis was to gain a deeper understanding of how the HSR is 
regulated, and the specific aims were: 

1. To establish whether the stress-inducible phosphorylation of HSF1 is required for 
initiation of the HSR 

2. To obtain insight into the mechanisms of action of the chaperone co-inducer 
BGP-15 
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EXPERIMENTAL PROCEDURES 
1. Plasmid constructs (I) 

Plasmids encoding myc-his HSF1 WT, myc-his HSF1 K80R (in 
pcDNA3.1/myc-His(-)A), Gal4-VP16, β-galacatosidase, Gal4-driven luciferase and 
HSPA1A-driven luciferase have been described earlier (Holmberg et al., 2001; 
Sadowski et al., 1988; Westerheide et al., 2009) The phosphorylation-deficient HSF1 
mutant (HSF1Δ~PRD) was generated by replacing 15 phosphorylatable serine and 
threonine residues within the myc-His- HSF1 wild-type (WT) RD with alanines. 
Fourteen sites (S230, S292, S303, S307, S314, S319, S320, T323, S326, S338, S344, S363, 
S368, and T369) were mutated by sequential rounds of site-directed mutagenesis using 
a QuikChange site-directed mutagenesis kit (Agilent Technologies) according to the 
manufacturer’s instructions. Mutation 15, T367A, was performed by DNA Express, 
Inc. Gal4-VP16-HSF1 WT and Gal4- VP16- HSF1Δ~PRD were generated by cloning the 
regulatory domain (amino acids [aa] 220 to 389) of myc-His-HSF1 WT or myc-His-
HSF1Δ~PRD into EcoRI-linearized pSGVP plasmid (pSGVP was kindly provided by 
Richard I. Morimoto, Northwestern University, Evanston, IL) by using an In-Fusion 
HD cloning kit (Clontech). The constructs were confirmed by sequencing. 

2. Cell culture and treatments (I-II) 

All cell lines were maintained at 37°C in a humidified 5% CO2 atmosphere. Human 
adenocarcinoma cancer HeLa cells and human erythroleukemia K562 cells were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich) 
supplemented with 10% fetal calf serum (FCS, Gibco), 2 mM L-glutamine (Sigma-
Aldrich), and antibiotics streptomycin (100 μg/ml) and penicillin (100 U/ml) (both from 
VWR). Mouse embryonic fibroblasts (MEFs) and hsf1-/- MEFs (McMillan et al., 1998) 
were cultured in DMEM containing 10% FCS, 10 mM MEM non-essential amino acids 
(Sigma-Aldrich), 2 mM L-glutamine, and antibiotics. 

Heat shock was induced by submersion of cells into a water bath at 39, 40, 41, 42 and 
43°C for the indicated times. To cause heavy metal stress, CdSO4 (Sigma-Aldrich), 
dissolved in sterile water was used at a concentration of 40 and 60 μM for the indicated 
times. BGP-15 was purchased from N-gene and cells were pre-treated with 10 μM 
BGP-15 for 1 h. Trichostatin A (TSA, Sigma-Aldrich) was dissolved in DMSO and 
treatment was done with 1 μM for 1 h. 

3. Transfections (I) 

For transient expression experiments, approximately 6x106 cells were resuspended in 
400 μl OptiMEM (Gibco) together with plasmid DNA. Cells were electroporated with 
single electric pulse (220 V, 975 μF for HeLa cells; 280 V, 975 μF for MEFs) in 0.4 μM 
BTX cuvettes using Bio-Rad Gene Pulser and allowed to recover for 48 h prior to 
further treatments. 

 



 

46 
 

4. Immunoblotting (I-II) 

Cells were lysed in radioimmunoprecipitation assay lysis buffer (1% NP-40, 1% 
sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 0.15 M NaCl, 0.01 M sodium 
phosphate [pH 7.2], and 2 mM EDTA [pH 8]) supplemented with 0.5 mM 
phenylmethylsulfonyl fluoride and 1X protease inhibitor cocktail (Roche and Thermo 
Science) for 10 min on ice. Cell lysates cleared by centrifugation (15,000 X g for 10 min 
at 4°C), were boiled in Laemmli sample buffer, resolved on a sodium dodecyl sulfate-
polyacrylamide gel (SDS-PAGE) and transferred to nitrocellulose membrane (Pierce) 
using a semi-dry transfer apparatus (Bio-Rad).  

Immunoblotting was performed using standard protocols with 3% milk as a blocking 
agent. The following antibodies were used for immunoblotting: anti-HSF1 (AB-4; 
Thermo Scientific and SPA-901; Enzo Life Sciences), anti-HSF1-S303-P (Ab47369, 
Abcam), anti-HSF2 (3E2; Millipore), anti-α-Actin (AC-40; Sigma-Aldrich), anti-Hsc70 
(SPA-815; Enzo Life Sciences), anti-VP-16 (V4388; Sigma-Aldrich). Secondary 
antibodies linked to horseradish peroxidase were from Promega and GE Healthcare 
and proteins were visualized using an enhanced chemiluminescence reagent (Thermo 
Scientific).  

5. Luciferase reporter assay (I) 

Transiently transfected cells were snap frozen and lysed in passive lysis buffer 
(Promega) for 10 min on ice. Cell lysates were cleared by centrifugation (15,000 x g for 
10 min at 4°C) and the firefly luciferase activity produced by Gal4-driven luciferase 
plasmid was measured using a Luminoskan Ascent microplate luminometer (Thermo 
Scientific) with a luciferase assay reagent (Promega) as a substrate. The luciferase 
activity was normalized using Rous sarcoma virus promoter-driven β-galactosidase as 
an internal control by incubating the cell lysates in 100 mM phosphate buffer (pH 7.0) 
with 0.67 mg of ortho-nitrophenyl β-D-galactosidase (ONPG, Sigma-Aldrich)/ml, 1 
mM MgCl2 and 45 mM β-mercaptoethanol at 37°C for 1 h. The absorbance was 
measured at 420 nm.  

6. Protein dephosphorylation and protein turnover analyses (I) 

For protein dephosphorylation analysis, lambda protein phosphatase (λPP; New 
England BioLabs) was used according to the manufacturer’s instructions. Briefly, 
transfected MEFs were subjected to a 30-min heat shock at 43°C and lysed in buffer C 
(25% glycerol, 0.42 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, and 20 mM HEPES [pH 8]), 
and λPP was used at a concentration of 50 U/μg of whole-cell lysate. Samples were 
incubated at 30°C for 30 min, and the reaction was stopped by boiling in Laemmli 
sample buffer. To measure the protein turnover, transfected MEFs were treated for up 
to 15 h with cycloheximide (CHX; Sigma), which was added to the culture medium at 
a concentration of 20 μg/ml. 
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7. Chromatin immunoprecipitation (I, II) 

A total of 5x107 transfected MEFs were cross-linked immediately after treatment for 10 
min with a final concentration of 1% formaldehyde, followed by quenching in 125 mM 
glycine. After lysis in Joost lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl [pH 
8]), chromatin was sonicated using a Bioruptor (Diagenode), and 1 mg of whole-cell 
extracts was used for each immunoprecipitation. Samples were precleared using a 50% 
slurry protein G-Sepharose beads (GE Healthcare Life Sciences). Immunoprecipitation 
was performed overnight at 4°C using antibodies against HSF1 (SPA-901; Enzo Life 
Sciences). Normal rabbit serum (Jackson ImmunoResearch) was used as a non-specific 
antibody control. After washing of the immunocomplexes, the remaining proteins and 
RNA were digested by using proteinase K and RNase A. Cross-links were reversed by 
incubating the samples overnight at 65°C. DNA was purified with phenol-chloroform. 
Samples were analyzed by quantitative PCR using StepOnePlus or QuantStudio 12K 
Flex Real-Time PCR Systems (both from Applied Biosystems). The list of primers used 
for qPCR is shown in Table 1. 

Table 1. Primers used in ChIP and MNase experiments 

Forward primer (F), reverse primer (R). 
Gene Amplicon 

name 
Amplicon 
range relative 
to TSS of the 
gene 

Primer sequences 

HSPA1A -1100 From -1142 to 
-1070 

F: 5’-TAGTAGGCGGGCCCCAACACC-3’ R: 5’-GCATCTTGCCTCACAGTGCCC-3’ 
-150 From -241 to -

57 
F: 5’-CCCCACACCCTCCCCCTCAG-3’ R: 5’-CTGGGCCAATCAGCGAGCCG-3’ 

TSS From -77 to 
+13 

F: 5’-CGGCTCGCTGATTGGCCCAG-3’ 
R: 5’-GTCAGCGTCTGGTGCCCTGC-3’ 

+1100 From +1048 
to +1147 

F: 5’-CGCTGTCGTCCAGCACCCAG-3’ R: 5’-ACAGCTCTTCGAACCGCGCC-3’ 
HSPB1 -110 From -171 to -

56 
F: 5’-TGGGAATCGCTCCAGCTACCG-3’ R: 5’-AAGCTTGCAAAGGGGGCGGG-3’ 

Notch 4 -900 From -967 to -
842 

F: 5’-CCCCAGCATCCTTTGTGGAG-3’ R: 5’-GCCTCCAGACTCGTGGTAAA-3’ 
TSS From -66 to 

+48 
F: 5’-ACACACACACCAACCTCTCG-3’ R: 5’-GCAGGCTCAGGAGGAAGAAG-3’ 

+500 From +449 to 
+523 

F: 5’-GCCAGCTGGTTCTGAAGTAAG-3’ R: 5’-GACTGCCTGATATGGGGAAGAG-3’ 
Daxx TSS From -32 to 

+70 
F: 5’-CTTCCGGCTCTAAGCGGCCTG-3’ R: 5’-TCTGTTGTGGGGTCTGCGGT-3’ 

+1100 From +1058 
to +1163 

F: 5’-TGCTCAACCAGGGCCCTCCAA-3’ R: 5’-TCCGAGCCCCGTGTGGATGG-3’ 
8. Electromobility shift assay (I) 

Cells lysed in buffer C were incubated with 32P-labeled oligonucleotides representing 
the proximal HSE of the human HSPA1A (HSP70) promoter. The protein-DNA 
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complexes were analyzed on a native 4% polyacrylamide gel, and the protein-DNA 
complexes were visualized by autoradiography. 

9. Immunofluorescence (I) 

Transfected HeLa cells were cultured on coverslips for 48 h before treatments. Treated 
and untreated cells were fixed in 3.7% paraformaldehyde and permeabilized with 0.5% 
Triton-X in phosphate-buffered saline (PBS) for 12 min, followed by blocking with 5% 
bovine serum albumin (BSA) in PBS for 1 h at room temperature. The cells were 
incubated with rabbit anti-HSF1 (Holmberg et al., 2000) or mouse anti-myc (M4439; 
Sigma) antibodies overnight at 4°C, after which the unbound primary antibodies were 
washed off with PBS containing 0.1% Tween-20. After the washing step, the cells were 
incubated with secondary antibodies diluted 1:400 in 5% BSA-PBS for 1 h (donkey anti-
rabbit antibody–Alexa Fluor 568 for anti-HSF1 and goat anti-mouse antibody–Alexa 
Fluor 488 for anti-myc, both from Life Technologies). Coverslips were mounted in 
Vectashield mounting medium with DAPI (4,6-diamidino-2-phenylindole; Vector 
Laboratories) for DNA staining. Immunofluorescence was performed with LSM 780 
confocal microscope (Carl Zeiss, Inc.), and image analysis was performed using Fiji 
software (Schindelin et al., 2012). 

10. Nuclear fractionation and HDAC activity assay (II) 

8x106 MEFs were used for HDAC activity assay. Cells were collected in cold PBS, and 
nuclear fractionation was conducted using the NE-PER Nuclear and Cytoplasmic 
Extraction Reagents kit (Thermo Fisher Scientific) according to the manufacturer’s 
protocol. HDAC activity was measured using a commercially available, non-
radioactive HDAC activity assay kit (Active Motif), according to the manufacturer’s 
instructions. Briefly, 40 μg of nuclear lysates were incubated in HDAC assay buffer 
containing BOC-(Ac)Lys-pNi-troanilide for 60 min at 37°C. The reaction was stopped 
by adding the stop solution, and after adding the complete developing solution, the 
mixture was incubated for another 15 min at room temperature. Absorbance was 
measured at 405 nm using HIDEX Sense microplate reader. 

11. Quantitative real-time RT-PCR (I-II) 

Immediately after treatment, RNA was isolated with RNeasy Mini Kit (Qiagen) 
according to the manufacturer’s instructions and quantified using NanoDrop ND-1000 
spectrophotometer (Thermo Scientific). 1 μg of total RNA was reverse transcribed with 
iSrcipt kit (Bio-Rad). Kapa Probe Fast Abi Prism qPCR kit (Kapa Biosystems) and 
SensiFast SYBR Hi-ROX (Bioline Reagents) were used for qRT-PCR reactions that were 
performed with StepOnePlus or QuantStudio 12k Flex Real-Time PCR System. The list 
of the primers and probes used for qRT-PCR is shown in Table 2. Relative quantities 
of the target gene mRNAs were normalized against their respective 18S RNA 
(RNA18S5). All reactions were run in triplicate from samples derived from at least four 
biological replicates. 
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Table 2. Primers and probes used in qRT-PCR experiments. 

Forward primer (F), reverse primer (R), probe (P), dark quencher dye (BHQ). DNAJB1 
amplification was done using SYBR green method. 

Gene Primer and probe sequences 
RNA18S5 F: 5’-GCAATTATTCCCCATGAACG-3’ 

R: 5’-GGGACTTAATCAACGCAAGC-3’ P: 5’-FAM-TTCCCAGTAAGTGCGGGTC-
BHQ-3’ 

HSPA1A/B F: 5’-AGGTGCTGGACAAGTGCCAG-3’ R: 5’-AACTCCTCCTTGTCGGCCA-3’ P: 5’-FAM-
CATCTCCTGGCTGGACTCCAACACG-BHQ-3’ 

HSPB1 F: 5’-C ACTGGCAAGCACGAAGAAAG-3’ R: 5’-GCGTGTATTTCCGG GTGAAG-3’ 
P: 5’-FAM-ACCGAGAGATGTAGCCATGTT 
CGTCCTG-BHQ-3’ 

DNAJB1 F: 5’-CTATGGAGAGGAAGGCCTGAA-3’ R: 5’-GGGTCTCCGTGGAATGTGTA-3’ 
12. In vitro HDAC activity assay (II) 

The inhibitory effect of BGP-15 on the HDAC1, 4, 6, 10, and SIRT1 was determined 
using full-length recombinant HDACs and a fluorogenic substrate (both from BPS 
Biosciences) according to the manufacturer’s instructions. Briefly, the fluorogenic 
substrate was incubated with purified HDACs with various concentrations of BGP-15, 
TSA (for HDAC1, 4, 6, and 10) or nicotinamide (NAM) (for SIRT1) for 30 min at 37°C. 
The reaction was stopped by adding the developing solution, and the mixture was 
incubated for another 15 min at room temperature. Fluorescence intensity was 
measured with excitation and emission at a wavelength of 355/460 nm using HIDEX 
Sense microplate reader. Blank values were subtracted from the sample values and the 
samples without inhibitor were set to value 100. All reactions were run in quadruple 
using two different aliquots of inhibitors. 

13. Micrococcal nuclease (MNase) assay (II) 

MNase assay was modified from a previously described protocol (Elsing et al., 2014). 
1.5x107 MEFs were crosslinked with 1% formaldehyde by incubating cells for 10 min 
at 37°C, after which 125 mM glycine was added for 5 min at 4°C. Cell pellets were 
washed and resuspended in TM2 buffer (10 mM Tris [pH 7.5], 2 mM MgCl2, 1 mM 
DTT, 5 mM PMSF and 1x Pierce Protease Inhibitor). Samples were divided into two 
aliquots: one was digested with MNase (New England Biolabs) and the other was 
sonicated for 12 min using a Bioruptor (Diagenode). Samples were incubated with 
MNase at a final concentration of 6.3 U/μl for 10 min at 37°C, after which the reaction 
was stopped by adding 5% SDS and 50 mM EGTA. 0.2 M NaCl was added, and cross-
links were reversed by incubating samples at 65°C overnight. Samples were treated 
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with RNase A (6 μg/ml) and proteinase K (50 μg/ml). DNA was purified with phenol-
chloroform. Samples were analyzed by qPCR QuantStudio 12K Flex Real-Time PCR 
Systems. The list of primers used for qPCR is shown in Table 1. The enrichment of 
MNase-digested DNA was normalized to sonicated DNA. Values were compared with 
non-treated MNase resistance for the transcriptional start site (TSS) region of each of 
the analyzed loci which was set to value 1. 

14. Cell viability assay (II) 

MEFs were grown on 96-well white, clear bottom, tissue culture plates (Perkin Elmer) 
at density 5x104 cells per well. Cells were either exposed to heat shock at 42°C or 45°C, 
and analyzed immediately after heat shock or left to recover for 16 h at 37°C or left 
untreated. Culture media were aspirated and 1X Calcein AM (Invitrogen) diluted in 
PBS was added to the cells and samples were incubated for 30 min at 37°C. 
Fluorescence intensity was measured with excitation and emission at a wavelength of 
485/535 nm using HIDEX Sense microplate reader. Blank values were subtracted from 
the sample values and the viability of non-treated non-heat-shocked samples was set 
to value 100. All reactions were run in quadruple. 
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RESULTS AND DISCUSSION 

1. Phosphorylation as a regulatory mechanism of HSF1 transcriptional 
activity (I) 

HSF1 activation is a multistep process, which involves trimerization, translocation to 
the nucleus, gain of DNA-binding and transcriptional activity. Early on it was 
observed that in mammalian cells, HSF1 undergoes massive phosphorylation events 
upon stress which correlate with a gain of its transcriptional capacity (Kline and 
Morimoto, 1997; Sarge et al., 1993; Xia and Voellmy, 1997). Furthermore, HSF1 
phosphorylation upon stress can be easily detected using immunoblotting as a slower 
migrating HSF1 on the SDS-PAGE and is widely used as a marker for HSF1 activation. 
It has been shown, that using sodium salicylate can cause HSF1 to trimerize and bind 
to DNA, but it is transcriptionally inactive (Jurivich et al., 1995). Intriguingly, this 
salicylate-induced form of HSF1 was not phosphorylated like the heat-induced HSF1, 
indicating that transcriptional incompetency of salicylate-induced HSF1 may be due 
to lack of specific PTMs. In addition, mutations of specific phosphorylation sites within 
the RD cause the constitutively DNA-bound Gal4-HSF1 protein to become 
transcriptionally active in the absence of stress (Knauf et al., 1996). This suggests that 
HSF1 phosphorylation plays a role in a transition from inactive to transcriptionally 
active HSF1 protein. Although multiple studies have focused on understanding the 
nature of stress-inducible phosphorylation on HSF1 activity (Guettouche et al., 2005; 
Hietakangas et al., 2003; Holmberg et al., 2001; Xu et al., 2012), no clear answer to the 
role of HSF1 phosphorylation during its activation has been obtained. In this project, 
we tested whether the stress-inducible phosphorylation within the RD of HSF1 is 
necessary to gain its trans-activation capacity.  

1.1. Generation and characterization of a phosphorylation-deficient HSF1 mutant 

To address the question regarding the role of HSF1 phosphorylation during stress, we 
generated a phosphorylation-deficient mutant of human HSF1 (HSF1Δ~PRD), where 
all known 15 phosphorylation sites within the RD were mutated to non-
phosphorylatable alanines (Figure 12). We focused on the RD since this part of HSF1 
harbors ~70% of the HSF1 phosphorylation sites (Xu et al., 2012) and has been shown 
to be indispensable in the transition of inactive to transcriptionally active HSF1 (Green 
et al., 1995; Newton et al., 1996). 

Mutation of multiple residues within a protein can change its biochemical properties, 
such as stability and localization (Gromiha, 2007; Laurila and Vihinen, 2009; Yutani et 
al., 1987). Thus, before we performed the functional studies, we first addressed 
whether the removal of phosphorylation within the RD affects HSF1 expression, 
stability, and localization. To accomplish this, we expressed HSF1Δ~PRD, HSF1 Wt 
and an empty plasmid in hsf1-/- mouse embryonic fibroblasts (MEFs). In the majority 
of our experiments, we used hsf1-/- MEFs to prevent endogenous HSF1 interactions 
from influencing the experimental results. 
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Figure 12. A model of HSF1Δ~PRD, a phosphorylation-deficient HSF1 mutant. In HSF1Δ~PRD, 15 
phosphorylation sites in the regulatory domain (RD) were mutated from serine (S) and threonine (T) 
residues to alanines (A) as indicated. In addition, non-mutated, phosphorylation sites outside the RD 
are shown. Other HSF1 domains include the DNA-binding domain (DBD), heptad repeat domains (HR-
A/B and HR-C), and activatory domain (AD). The figure is not drawn to scale. 

We found that the generated mutant is expressed and that it migrates faster on the gel 
than HSF1 Wt in control conditions (I, Fig 1B, lane 5 vs. 7 and Fig 1C, lane 3 vs. 5). This 
indicates that the RD is heavily phosphorylated already in control conditions. 
Moreover, treatment of cell lysates with protein phosphatase did not result in further 
change in the migration pattern of HSF1Δ~PRD from unstressed cells (I, Fig 1C, lane 5 
vs 11) which differed from the results obtained for HSF1 Wt when the same treatment 
was applied (I, Fig 1C, lane 3 vs 9). It implies that during control conditions HSF1 is 
mainly phosphorylated within the RD. However, the presence of individual 
phosphorylated sites outside the RD cannot be excluded. We also observed that upon 
heat shock HSF1Δ~PRD migrates more slowly on the gel than in control conditions (I, 
Fig 1B, lane 7 vs. 8 and Fig 1C, lane 5 vs. 6). Treatment with protein phosphatase 
caused HSF1Δ~PRD from unstressed and stressed cells to migrate similarly (I, Fig 1C, 
lane 11 vs. 12), indicating that HSF1Δ~PRD retained some ability to undergo stress-
inducible phosphorylation. This is not unexpected, as there are known 
phosphorylation sites present outside the RD (Figure 12). Also, mutation of 
phosphorylation sites within the RD might lead to activation of unknown secondary 
phosphorylation sites within the RD. While we recognized that these other 
phosphorylation sites might influence experimental results, the fact that the RD has 
been shown to be critical for HSF1 activation and combined with our observation that 
HSF1Δ~PRD displayed a substantial reduction in phosphorylation under both stress 
and unstressed conditions were sufficient evidence for us to decide to proceed with 
further experiments.  

We also examined HSF1 protein turnover using the cycloheximide treatment, which 
prevents protein synthesis (Obrig et al., 1971), which is the most common approach to 
determine turnover or half-life of protein in cultured cells. The turnover of 
HSF1Δ~PRD was similar to that of HSF1 Wt (I, Fig 1D), showing that HSF1 
phosphorylation within the RD does not regulate its stability. This is most likely the 
case for HSF1 phosphorylation in general, since Raychaudhuri and co-workers have 
reported that HSF1 stability is regulated mainly through acetylation (Raychaudhuri et 
al., 2014). In their study, downregulation of acetyltransferase EP300 markedly reduced 
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HSF1 protein levels under control and stress conditions, suggesting that acetylation 
stabilizes HSF1 protein levels. 

In normal conditions, HSF1 can be detected both in the cytoplasm and nucleus. In 
response to stress stimuli, HSF1 accumulates in the nucleus, where it drives 
transcription of its target genes. It has been previously demonstrated that 
phosphorylation of HSF1 influences cellular localizations, where the phosphorylation 
of S320 by protein kinase A (PKA) retains HSF1 in the nucleus (Murshid et al., 2010). 
Furthermore, it was proposed that phosphorylation of S303 and S307 would allow for 
14-3-3 -mediated nuclear export of HSF1 (Wang et al., 2003c). However, these results 
are controversial, since another study reported no difference in subcellular localization 
of wild-type HSF1 and S303A HSF1 muntant (Hietakangas et al., 2003). In mammalian 
cells upon stress, HSF1 forms specific subnuclear structures, called nuclear stress 
bodies (nSBs) (Biamonti and Vourc’h, 2010). As shown previously, to form nSBs HSF1 
must be able to localize to the nucleus and be DNA-binding competent (Alastalo et al., 
2003). We used nSBs to test HSF1Δ~PRD ability to localize into the nucleus and to bind 
DNA under stress conditions. To accomplish that, we transiently expressed 
HSF1Δ~PRD, HSF1 Wt and an empty plasmid in HeLa cells, exposed them to an acute 
heat shock and, using immunofluorescence, we examined the subcellular localization 
of HSF1 by confocal microscopy.  

In unstressed HeLa cells, both HSF1 Wt and HSF1Δ~PRD were predominately 
localized in the nucleus (I, Fig 2). This is in agreement with previously published 
results from our laboratory, where HSF1 was observed predominantly in the nucleus 
already in control conditions (Alastalo et al., 2003). When exposed to heat stress both 
HSF1 Wt and HSF1Δ~PRD altered their localization pattern and formed nSBs (I, Fig 
2). Taken together, we demonstrated that HSF1 phosphorylation within the RD does 
not change the cellular localization of HSF1 under normal and stress conditions and is 
not required for formation of nSBs. These results introduce a discrepancy with 
previously published observations regarding the role of phosphorylation in the HSF1 
localization where the mutation of S320 results in export of HSF1 from the nucleus 
while mutation of S303 or S307 prevented HSF1 nuclear export. One possibility is that 
the previous studies utilized an HSF1 protein with either single or double point 
mutations, while our construct has 15 sites mutated simultaneously. Hence, it is 
plausible that in HSF1Δ~PRD the effect of the single site mutation is being negated by 
the mutation of the other site. Reintroduction of S320 and S303 or 307 into HSF1Δ~PRD 
could allow for validation of the previously reported effect of phosphorylation on 
HSF1 localization. 

1.2. DNA-binding capacity of HSF1 is not regulated by phosphorylation 

Previous studies showed that specific chemical compounds, such as sodium salicylate, 
can induce binding of HSF1 to DNA, without gain of its transcriptional activity 
(Jurivich et al., 1992). Salicylate-induced HSF1 is not phosphorylated in a manner 
similar to that observed for the HSR. However, there is still a change in 
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phosphorylation of HSF1 compared to control conditions (Jurivich et al., 1995). Thus, 
it is plausible that phosphorylation contributes to HSF1 DNA-binding activity. Using 
immunofluorescence, we observed that HSF1Δ~PRD is able to form nSBs (I, Fig 2), 
which indicated DNA-binding competency. However, it is possible that HSF1Δ~PRD 
is localized to the nSBs via endogenous HSF1. To test whether HSF1Δ~PRD is directly 
capable of binding DNA in the context of chromatin we performed ChIP in hsf1-/- MEFs 
expressing either HSF1 Wt, HSF1Δ~PRD or an empty plasmid. Using ChIP, we found 
that the amount of HSF1Δ~PRD bound to the promoter regions of HSPA1A and HSPB1 
upon acute heat stress were the same as HSF1 Wt (I, Fig 3A). This indicates that 
phosphorylation does not regulate HSF1 binding to DNA in either unstressed cells or 
in the early phase of the HSR.  

ChIP in transfected MEFs is technically challenging due to low protein concentration 
in cells, which requires a high number of cells for each experiment. Thus, in transfected 
MEFs EMSA, which measures the ability of protein to bind naked DNA containing 
specific regulatory sequences, allows for easier analysis of multiple time points and/or 
treatments. Using EMSA, we analyzed HSF1Δ~PRD DNA-binding competency during 
prolonged stress. For this purpose, we treated hsf1-/- MEFs expressing either HSF1 Wt, 
HSF1Δ~PRD or an empty plasmid with cadmium sulfate (60 μM CdSO4). Cadmium 
is a heavy metal, which has been shown to induce HSF1-dependent HSPs expression 
(Murata et al., 1999), and based on our observations hsf1-/- MEFs tolerate prolonged 
exposure to cadmium better than to heat stress. Whole cell extracts were incubated 
with the 32P-labeled oligonucleotides containing the proximal HSE of the HSPA1A 
promoter. During prolonged exposure to cadmium (up to 9 hours), the HSF1Δ~PRD 
DNA-binding pattern was similar to that of HSF1 Wt (I, Fig 3B). HSF1Δ~PRD and 
HSF1 Wt binding to HSE-containing oligonucleotides were also observed during the 
recovery from stress (I, Fig 3B), which indicates that the attenuation pattern in 
HSF1Δ~PRD is not altered. Taken together, our results show that phosphorylation 
within the RD does not affect HSF1 binding under normal or stress conditions or in 
the recovery from stress. 

In our study, we examined HSF1Δ~PRD binding capability to HSEs in general by 
EMSA and actual binding of HSF1Δ~PRD to HSPA1A promoter using ChIP. However, 
during heat shock HSF1 binds to over 1200 loci in K562 cells (Vihervaara et al., 2013), 
and to over 1500 loci in testis (Korfanty et al., 2014). Furthermore, in control conditions, 
HSF1 occupies 45 genomic loci in K562 cells (Vihervaara et al., 2013), while almost 1500 
loci in testis (Korfanty et al., 2014). These observations indicate selectivity in HSF1 
target sites in different tissues and conditions. Given recent advancements in the high-
throughput sequencing technologies, it would be beneficial to test HSF1Δ~PRD DNA-
binding on the genome-wide scale using ChIP-seq. This approach would reveal 
whether phosphorylation contributes to selecting the genes containing HSEs where 
HSF1 binds. Interestingly, in a recent study, the effect of phosphorylation on the DNA-
binding of the S. cerevisiae HSF1 (ScHSF1) was analyzed by ChIP-seq (Zheng et al., 
2016). They generated an HSF1 phosphorylation-deficient mutant, where 152 serine 
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and threonine (S/T) residues were mutated to alanines (all S/T residues in the protein 
except one). Using that mutant, they showed that phosphorylation-deficient ScHSF1 
displayed unaltered DNA-binding activity across the genome, yet, it is possible that 
HSF1 phosphorylation in mammals might affect HSF1-binding sites for other 
physiological functions of HSF1, such as development. 

1.3. Phosphorylation regulates the magnitude of HSR 

Having established that mutations of 15 phosphorylation sites do not change the 
biochemical properties of HSF1Δ~PRD, we proceeded to test whether stress-induced 
phosphorylation within the RD is required for HSF1 activation. We compared the 
mRNA levels of HSP70 (HSPA1A/B) and HSP25 (HSPB1) in MEFs expressing either 
HSF1 Wt or HSF1Δ~PRD. HSP70 and HSP25 levels were similar in MEFs expressing 
HSF1 Wt or HSF1Δ~PRD under control conditions, which indicates that HSF1Δ~PRD 
is not spontaneously activated (I, Fig 4A,B). Earlier studies suggested that removing 
certain phosphorylation sites from the RD would cause HSF1 activation without stress 
(Knauf et al., 1996). However, in those studies, authors used an HSF1 mutant, where 
both the HSF1 DBD and oligomerization domain had been replaced with the Gal4 
DBD. This mutant was constitutively bound to a promoter containing four repeats of 
the GAL upstream activation site (Keegan et al., 1986). Since HSF1Δ~PRD cannot bind 
HSE without stress (I, Fig 3A,B), we concluded that the loss of phosphorylation within 
the RD of full-length HSF1 does not lead to the spontaneous activation of HSF1.  

Next, we analyzed the ability of HSF1Δ~PRD to drive stress-inducible expression of 
HSPs. We exposed hsf1-/- MEFs expressing either HSF1 Wt or HSF1Δ~PRD to acute heat 
stress. To our surprise, HSF1Δ~PRD was capable of inducing expression of HSPs (I, 
Fig 4A). This shows that stress-inducible phosphorylation of HSF1 within the RD is 
not necessary for HSF1 to become active. Moreover, cells containing HSF1Δ~PRD 
displayed 2-fold higher levels of HSPs mRNA when compared with cells expressing 
HSF1 Wt. This suggests that bulk phosphorylation of HSF1 in the RD suppresses its 
trans-activation capacity.  

Elevated temperature is one of many stress stimuli which activate the HSR. It might 
be possible that HSF1 phosphorylation is essential for HSF1 activation in other types 
of stress, but not heat stress. Therefore, we repeated the experiment described above 
by exposing cells to heavy metal cadmium instead of heat shock. We found that 
HSF1Δ~PRD was also capable of inducing expression of HSPs, with HSP levels in cells 
expressing HSF1Δ~PRD being 2-fold higher than in cells expressing HSF1 Wt (I, Fig 
4B). Taken together, our results demonstrate that phosphorylation within the RD is 
not necessary for the HSF1-mediated activation of the HSR. Furthermore, it appears 
that the primary function of HSF1 stress-induced phosphorylation within the RD is to 
limit the magnitude of the HSR, given the higher HSP mRNA levels in cells expressing 
HSF1Δ~PRD.  

While the exact mechanism of how phosphorylation contributes to the trans-activating 
capacity of HSF1 is unknown, previous studies have indicated that phosphorylation 
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both positively and negatively contributes to HSF1-mediated gene expression 
(reviewed in Anckar and Sistonen, 2011). It is then plausible that the majority of 
phosphorylation sites within the RD are repressive in nature. It cannot be excluded 
that phosphorylation sites outside the RD are crucial for HSF1 activation. A study by 
Zheng and co-workers demonstrated that the phosphorylation-deficient ScHSF1 
remained fully stress-inducible (Zheng et al., 2016), which suggests that 
phosphorylation-independent HSF1 activation is likely a common phenomenon. 
However, in the same study, it was reported that the phosphorylation-deficient 
ScHSF1 was not capable of driving gene expression upon stress to the same extent as 
ScHSF1 Wt. We can only speculate on the mechanisms behind distinct trans-activation 
capacities of HSF1 in S. cerevisiae and mammals. One possible explanation is the 
existence of other HSF family members in mammals, such as HSF2, which can form 
heterotrimers with HSF1 (Sandqvist et al., 2009). For instance, HSF1-HSF2 
heterotrimers formed in the developing brain exposed to alcohol exhibit lower trans-
activation capacity compared to homotrimers alone (El Fatimy et al., 2014). Thus, it is 
possible that the functional outcome of phosphorylation on HSF1 transcriptional 
activity partially stems from controlling HSF1-HSF2 interactions and further studies 
should address this hypothesis. 

Interestingly, ScHSF1 mutant where all 116 S/T residues that fall outside of the DNA-
binding and trimerization domains were replaced with aspartate to mimic constitutive 
phosphorylation displayed enhanced trans-activation capacity under basal conditions, 
but not upon stress (Zheng et al., 2016). One might speculate that mimicking 
phosphorylation on the mammalian HSF1 would result in its spontaneous activation. 
This is plausible, but unlikely, given the fundamental differences between ScHSF1 and 
mammalian HSF1. ScHSF1 is transcriptionally active under normal conditions, where 
it is required to drive transcription of HSPs and either loss or amorphic mutations of 
ScHSF1 results in cell death (Solís et al., 2016). In contrast, mammalian HSF1 is not an 
essential protein under normal conditions (McMillan et al., 1998), and basal expression 
of HSPs occurs in an HSF1-independent manner (Mahat et al., 2016). Furthermore, 
mammalian HSF1 is not capable of replacing ScHSF1, due to its inability to trimerize 
and subsequent lack of DNA-binding capacity at the control conditions (Liu et al., 
1997). Only when mutations that force mammalian HSF1 into the constitutively 
trimeric state are introduced, mammalian HSF1 is able to replace ScHSF1 (Neef et al., 
2013). The mammalian HSF1 is under more strict control and requires more activation 
steps to become fully transcriptionally active. Thus, mimicking phosphorylation in 
mammalian HSF1 would not result in its activation, unless the circumstances for 
trimerization and DNA-binding activity would be bypassed. This hypothesis could be 
experimentally verified by exposing the HSF1 mutant that mimics constitutive 
phosphorylation to a sodium salicylate which induces binding of HSF1 to DNA, but 
not transcription of HSP genes. That should result in the inducible expression of HSPs 
by the HSF1 mutant mimicking constitutive phosphorylation in the absence of stress.  
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1.4. HSF1 activation threshold is defined by phosphorylation 

After we established that the HSF1 RD phosphorylation is not required for HSF1 
activation, a question remains how the lack of HSF1 phosphorylation can result in 
increased HSPs expression. It can either lower the threshold needed for HSF1 
activation or increase the rate of transcription by Pol II. We tested the effect of HSF1 
phosphorylation on the activation threshold. To do this, we exposed hsf1-/- MEFs 
expressing HSF1 Wt or HSF1Δ~PRD to the series of heat stress with temperatures 
ranging from 39°C to 41°C. It has been shown previously that moderate heat stress of 
40°C can also cause HSF1 activation, but less efficiently than at 43°C (Shinkawa et al., 
2011; Wang et al., 2003a). Exposure of up to a 60-minute heat shock at 39°C did not 
induce HSP70 in cells expressing either HSF1 Wt or HSF1Δ~PRD (I, Fig 5A). Using 
40°C heat stress, we observed a significant increase in HSP70 mRNA levels at a 60-
minute heat shock only in cells expressing HSF1Δ~PRD, whereas at 41°C both HSF1 
Wt and HSF1Δ~PRD were capable of inducing HSP70 mRNA (I, Fig 5A). However, in 
a 30-minute heat shock at 41°C, we observed increased levels of HSP70 mRNA only in 
cells expressing HSF1Δ~PRD. We further verified our hypothesis by exposing cells to 
different concentrations of cadmium. Both HSF1 Wt and HSF1Δ~PRD were capable of 
inducing HSP70 expression when cells were exposed to 60 μM cadmium (I, Fig 5B). 
However, when exposed to 40 μM cadmium, only HSF1Δ~PRD was capable of 
increasing HSP70 expression. We conclude that HSF1 phosphorylation status 
determines the activation threshold for HSF1 and that phosphorylation prevents HSF1 
activation in the presence of mild stress stimuli. Intriguingly, loss of HSF2 results in 
higher HSF1 binding and elevated HSP70 expression in MEFs exposed to mild stress 
at 40°C (Shinkawa et al., 2011), which corresponds to our finding that HSF1Δ~PRD has 
a lower threshold for activation. Thus, the formation of HSF1-HSF2 heterotrimers 
could serve as a buffer for controlling the severity of the stress needed for outright 
activation of the HSR. 

The stress-mediated transcription of HSPs is an extremely rapid and efficient process. 
It is established that in Drosophila, Pol II on the HSP70 gene is released into productive 
elongation every four seconds upon acute heat stress (Nechaev and Adelman, 2011). 
The exact kinetics of Pol II release in mammals is not known, but most likely it is not 
very different. It is possible that HSF1 phosphorylation affects the release speed of the 
Pol II into productive elongation. One way to measure the amount of transcriptionally 
engaged Pol II at the HSP promoters would be to perform native elongating transcript 
sequencing (NET-seq), which reveals the density of RNA polymerase across the 
genome (Churchman and Weissman, 2012). However, if the difference in Pol II 
amounts on the gene body is subtle, technical imperfections of ChIP, such as cross-
linking efficiency or antibody performance, might not be able to distinguish between 
these changes. Another way to determine Pol II release would be by directly 
measuring transcription rates, with either nuclear run-on for single genes or in a 
genome-wide approach using, for example, precision nuclear run-on and sequencing 
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assays (Kwak et al., 2013). This would allow for more precise quantitative and kinetic 
analyses of native transcript synthesis during the HSR.  

1.5. Phosphorylation-deficient HSF1 regulatory domain is capable of sensing stress 

Although the molecular basis of HSF1 activation has been studied in great detail, the 
mechanism by which cells mount the HSR in the first place is not well understood. It 
has been shown that HSF1 alone can form trimers and acquires DNA-binding capacity 
when exposed to heat, which demonstrates an intrinsic ability of HSF1 to sense stress 
(Goodson and Sarge, 1995; Hentze et al., 2016; Larson et al., 1995). A specific region of 
the HSF1 protein, subsequently reffered to as RD, was identified as responsible for 
keeping HSF1 inactive under normal conditions (Green et al., 1995; Newton et al., 1996). 
Phosphorylation has been proposed as one of the mechanisms allowing the RD to 
sense stress. This was evidenced by mutation of specific phosphorylation sites which 
greatly increased activity of the chimeric Gal4-HSF1 proteins under normal conditions 
(Knauf et al., 1996). Intriguingly, the HSF1 RD is capable of providing heat regulation 
for heterologous activation domains (AD), such as the VP16 AD (Newton et al., 1996). 
We, therefore, wanted to investigate whether the phosphorylation-deficient RD is able 
to provide heat inducibility for the VP16 AD in a similar manner as has been 
previously described. For this purpose, we generated chimeric constructs consisting of 
Gal4 DBD, RD (aa 220 to 389) from HSF1 Wt, HSF1Δ~PRD, and VP16 AD (I, Fig 6A). 
As a positive control, we used Gal4-VP16 which is a potent transactivator of genes 
containing Gal4-binding sites in their promoter regions (Sadowski et al., 1988). We co-
transfected the described constructs together with the Gal4-driven luciferase reporter 
gene into HeLa cells and measured the reporter activity.  

In agreement with previous results, insertion of the wild-type RD into Gal4-VP16 
resulted in decreased transcription of the reporter gene under normal conditions (I, 
Fig 6B). The presence of the phosphorylation-deficient RD had no effect on the reporter 
gene expression, since the luciferase activity was equal to that in cells expressing Gal4-
VP16. This indicated that indeed, the previously identified phosphorylation of S303 
and S307 is necessary for the repressive function of the RD under normal conditions 
(Knauf et al., 1996). However, this applies only to the constitutively DNA-bound 
protein, since we did not observe the similar effect for the full-length HSF1 (I, Fig 
4A,B). Next, we exposed cells to a 60-minute heat stress at 42°C followed by a 5-hour 
recovery. Repression of transcriptional capacity by the Wt RD was lifted upon heat 
stress, since the luciferase activity in cells expressing Gal4-VP16-HSF1 Wt 
corresponded to that observed in cells expressing Gal4-VP16 (I, Fig 6B). Intriguingly, 
luciferase activity in cells expressing Gal4-VP16 with the phosphorylation-deficient 
RD was even higher than in cells expressing Gal4-VP16. This result demonstrates that 
HSF1 RD deprived of phosphorylation is still capable of providing heat inducibility 
for the heterologous AD.  

The phosphorylation-dependent sumoylation of the HSF1 RD is one possible 
mechanism that would regulate the stress-sensing capacity of HSF1. HSF1 undergoes 
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sumoylation at K298 already in the first minutes of proteotoxic insult. In contrast to 
phosphorylation, sumoylation of HSF1 is a transient modification and the amount of 
sumoylated HSF1 decreases during stress (Hietakangas et al., 2003). Intriguingly, the 
severity of stress is positively correlated with the HSF1 desumoylation rate 
(Hietakangas et al., 2006). In the same study, it was shown that mutations in the HR-C 
domain, that force HSF1 to form trimers in the absence of stress, are sufficient to cause 
HSF1 sumoylation already under basal conditions. Thus, it is highly plausible that 
sumoylation of the RD in Gal4-VP16-HSF1 Wt under control conditions leads to an 
observed decrease in transcription of the reporter gene (I, Fig 6B). Concurrently, 
mutations of phosphorylation sites, including S303, in the Gal4-VP16- HSF1Δ~PRD 
prevent sumoylation and result in loss of RD-mediated repression on the VP16 AD 
without stress. The question remains, how phosphorylation-deficient RD retains 
activity to increase trans-activation capacity of VP16 AD in a heat-inducible manner. 
While the phosphorylation of S303 has been shown to be necessary for HSF1 
sumoylation, we cannot exclude that HSF1 can be sumoylated on K298 via different 
mechanisms. This notion is supported by previous findings using the Gal4-HSF1 
chimeric protein, where alanine mutations of K298 and E300, which are key residues 
in HSF1 sumoylation motif, completely abolished heat inducibility (Knauf et al., 1996). 
In turn, simultaneous mutation of S303 and S307 to alanines markedly increased 
transcriptional activity of Gal4-HSF1 chimeric protein without stress but did not result 
in complete loss of heat inducibility. However, another study showed that mutation 
of either K298 or S303 of HSF1 results in similar a de-repression of Gal4-HSF1 in the 
absence of stress (Hietakangas et al., 2006). Thus, mutation of K298 in the Gal4-VP16-
HSF1Δ~PRD chimeric protein would elucidate whether the residual sumoylation of 
the RD is responsible for the observed heat inducibility of the heterologous AD. 

While there is evidence to support the model for sumoylation of K298 as a stress 
sensing mechanism for HSF1, many details of this mechanism remain unclear. For 
instance, most of the experiments on HSF1 sumoylation rely on overexpressing both 
SUMO and HSF1 proteins, which indicates that only small fraction of endogenous 
HSF1 undergoes sumoylation. A previous study that revealed sumoylation as a 
repressive modification of HSF1 trans-activation capacity used only proteasome 
inhibition as a stress, and a limited number of HSPs genes were analyzed (Hietakangas 
et al., 2006). It would be of interest to investigate how the loss of HSF1 sumoylation 
affects the expression of genes regulated by HSF1 under various stress conditions and 
in the genome-wide scale using, for example, RNA sequencing technique. Thus, 
additional studies are needed to establish whether sumoylation could serve as a stress 
sensing mechanism. 

1.6. HSF1 phosphorylation from a clinical perspective in human malignancies 

A decade ago, fundamental discoveries about the importance of HSF1 in cancer were 
reported (Dai et al., 2007; Min et al., 2007). Dai and co-workers used a clinically relevant 
p53 mutation mouse model to show that mice lacking HSF1 have less solid tumors and 
increased survival when exposed to chemical skin carcinogenesis (Dai et al., 2007). 
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Similarly, Min and co-workers reported that in p53-/- mice, which typically develop 
lymphomas, the loss of HSF1 resulted in a marked reduction of expected lymphomas 
(Min et al., 2007). Further studies showed that cancer cells rely on HSF1 to maintain 
their malignant phenotype. Downregulation or inhibition of HSF1 has little effect on 
normal cells, but substantially reduce growth and survival of multiple cancer cell lines 
(Bustany et al., 2015; Dai et al., 2007; Dudeja et al., 2011; Heimberger et al., 2013; Shah et 
al., 2015; Shah et al., 2016). The combined results of these studies led to the emergence 
of HSF1 as an attractive therapeutic target to combat malignancy.  

It is unknown how HSF1 turns from the guardian of proteostasis in non-transformed 
cells to the promoter of malignancy. HSF1 phosphorylation, specifically at S326, has 
been used as a marker for HSF1 activation in human cancers (Mendillo et al., 2012; 
Shah et al., 2016). The observation that HSF1 can be phosphorylated on S326 directly 
by MEK (Tang et al., 2015) provides a link between aberrant alterations in the 
RAS/MEK signaling cascade and HSF1 activation in human malignancies, but only 
30% of human cancers carry activating mutations in components of the RAS/MEK 
signaling cascade (Fernandez-Medarde and Santos, 2011). The results presented in this 
study, specifically show that HSF1 can be activated without phosphorylation within 
the RD, including S326, suggest that other mechanisms than phosphorylation might 
drive HSF1 activation in cancer. Furthermore, we have to acknowledge the limitations 
of our study. We used only a single non-transformed cell line, and we cannot exclude 
the possibility that the observed results are cell line specific. Nonetheless, our major 
finding that phosphorylation is not required for HSF1 activation was independently 
confirmed in S. cerevisiae (Zheng et al., 2016). In addition, we used ectopically expressed 
HSF1 in cells devoid of endogenous HSF1. This setting prevents observations of long-
term effects of HSF1Δ~PRD on the cell activity. During the course of this study, the 
CRISPR/Cas9 system emerged as a powerful genome editing tool (Gasiunas et al., 
2012). Using CRISPR/Cas9 it is possible to introduce single point mutations or genomic 
rearrangements into a particular target gene. Taking advantage of the CRISPR/Cas9 
system allows for the generation of endogenously expressed phosphorylation-
deficient HSF1 protein in cell, tissue, and organism. This approach would enable 
evaluation of the function of HSF1 phosphorylation not only in the HSR but also in 
other physiological and pathological conditions, where HSF1 plays an important role. 

2. Molecular mechanisms of BGP-15-mediated chaperone co-induction 
(II)  

Increasing HSP levels by activating the HSR is a promising therapeutic strategy in 
protein-folding disorders. Many chemical compounds which are able to activate the 
HSR yield unwanted side effects, e.g. result in protein damage due to their electrophilic 
nature. Chaperone co-inducers potentiate a pre-existing HSR and enhance the 
expression of inducible molecular chaperones when combined with cellular stress 
events, such as heat shock. Two well-known chaperone co-inducers, resveratrol and 
bimoclomol have been shown to augment the HSR by prolonging HSF1 binding to 
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DNA (Vígh et al., 1997; Westerheide et al., 2009). BGP-15 is another example of a 
chaperone co-inducer, however, its precise mode of action remains unknown. BGP-15 
is a small molecule (350 Da) belonging to the group of hydroximic acids. It has been 
shown that BGP-15 intercalates into the plasma membrane where it stabilizes lipid 
rafts (Gombos et al., 2011). In cells, BGP-15 treatment decreases amounts of ROS and 
inhibits PARP1 (Racz et al., 2002; Sumegi et al., 2017). BGP-15 administration has been 
shown to ameliorate disease-related pathologies in animal models of Duchene’s 
muscular dystrophy, type II diabetes and ventilation-induced diaphragm dysfunction 
(VIDD) (Gehrig et al., 2012; Henstridge et al., 2014; Salah et al., 2016). In those 
pathologies, beneficial effects of BGP-15 have been associated with increased levels of 
HSPs. Moreover, BGP-15 has an excellent safety profile in human patients, as shown 
in a clinical trial for type II diabetes (Literáti-Nagy et al., 2009; Literáti-Nagy et al., 2010). 
In this study, we aimed to elucidate the molecular mechanisms by which BGP-15 
functions as a chaperone co-inducer. 

2.1. BGP-15 accelerates HSF1 activation  

The function of bimoclomol and resveratrol as chaperone co-inducers has been shown 
to rely on their ability to prolong HSF1 binding to DNA upon stress (Vígh et al., 1997; 
Westerheide et al., 2009). Resveratrol, due to its ability to activate SIRT1, maintains 
HSF1 in a DNA-binding competent state, by deacetylating the HSF1 DBD 
(Westerheide et al., 2009). Hence, we first addressed the question whether the BGP-15 
acts like resveratrol and bimoclomol during the HSR. For this purpose, we pretreated 
MEFs for 1 hour with 10 μM BGP-15, exposed them to 42°C heat shock up to 180 
minutes and measured HSPs expression by qRT-PCR and HSF1 binding to the HSP70 
promoter by ChIP. BGP-15 alone is not capable of inducing the HSR, which can be 
observed as unaltered levels of HSP70 and DNAJB1 mRNA under control conditions 
(II, Fig 1A). Upon stress BGP-15 co-induces HSPs expression when compared with 
non-treated cells, but only up to 90 minutes of heat stress after which BGP-15 was not 
able to further induce HSPs mRNA levels (II, Fig 1A). HSF1 binding analysis revealed 
that in cells exposed to 120 and 180 minutes of heat stress, similar amounts of HSF1 
were bound to the HSP70 promoter in both BGP-15-treated and non-treated cells (II, 
Fig 1B). However, with BGP-15 treatment we noticed a marked increase in HSF1 
binding at 60 minutes of stress when compared with the non-treated cells. These 
results suggest that BGP-15 does not co-induce the HSR by prolonging HSF1 activity, 
but it acts in the early phase of the HSR. 

We decided to further investigate HSF1-mediated HSPs expression and HSF1 binding 
in the early phase of the HSR. To accomplish this, we treated MEFs as above, but this 
time we exposed them to a shorter, i.e. 15- and 30-minute, heat stress. As expected, 
BGP-15 increased HSP70 and DNAJB1 expression at 30 minutes when compared with 
non-treated heat-shocked cells (II, Fig 1C). Importantly, the DNAJB1 mRNA levels 
were already higher after 15 minutes of heat stress in BGP-15-treated cells than in non-
treated cells. DNA-binding analysis of HSF1 showed that more HSF1 occupies the 
HSP70 promoter upon stress in cells pretreated with BGP-15 (II, Fig 1D). We concluded 
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that BGP-15 acts as a chaperone co-inducer via accelerating HSF1 activation in the 
event of proteotoxic stress. 

The observation that HSF1 binding to the HSP70 promoter at 90 minutes of heat stress 
in cells treated with BGP-15 is lower than in non-treated cells might indicate that BGP-
15 accelerates attenuation of HSF1. Another HSR co-inducer, TPA, which acts as a PKC 
activator, is known to cause accelerated activation and attenuation of HSF1 (Holmberg 
et al., 1997). However, the kinetics of HSF1-binding upon TPA exposure is different 
than reported above. In TPA-treated heat-shocked cells, HSF1 attenuation was already 
observed at 60 minutes of exposure to stress and could not be detected after 180 
minutes of heat stress (Holmberg et al., 1997). In the case of BGP-15 treatment, 
increased binding is maintained at 60 minutes of heat stress and HSF1-binding to DNA 
can also be observed at an 180-minute exposure to heat stress. The difference in the 
HSF1 binding kinetics might be the result of used methodology. The DNA-binding 
ability of HSF1 in TPA-treated cells was analyzed by Holmberg and co-workers (1997) 
using EMSA, which tests the ability of the whole cellular pool of HSF1 to bind “naked” 
DNA, while in our study we used ChIP which measures occupancy of HSF1 in the 
context of chromatin at a specific location on the genomic DNA. Nevertheless, the 
finding that HSF1 binding to the HSP70 promoter is similar in both pretreated and 
non-treated cells at 120 and 180 minutes of heat shock (I, Fig 1B), suggests that global 
HSF1 attenuation is not accelerated. What we observed in BGP-15-treated cells can be 
defined as an accelerated entry into the attenuation phase, but not as a complete 
attenuation. Another result that supports this observation is that the mRNA levels of 
HSPs after 180 minutes of stress are similar in both BGP-15-pretreated and non-treated 
cells. Taken together, we have shown that BGP-15 accelerates HSF1 activation and 
increases HSPs expression in the early phase of HSR.  

Induction of HSPs expression has been shown to exhibit a beneficial effect in various 
proteinopathies (reviewed in Kakkar et al., 2014). It has been speculated that the 
protein damage, which occurs in certain pathologies, might not be severe enough to 
reach the threshold needed for the HSR activation (Voellmy, 2004). Hence, we 
examined whether BGP-15 can activate the HSR in the context of mild stress. For this 
purpose, we exposed MEFs to a febrile temperature of 40°C for 15, 30 and 60 minutes 
and measured HSP70 mRNA levels. This temperature is capable of inducing the HSR, 
albeit kinetics and magnitude of the response are lower than at 42°C (II, Fig 1E vs. 
1C,D). For instance, 5-fold induction of HSP70 mRNA was observed after 30 minutes 
of heat stress at 40°C, whereas the exposure to 42°C led to a 20-fold induction after 
only 15 minutes of stress. Pretreatment of cells with BGP-15 accelerated HSF1-
mediated HSPs expression also at the febrile temperature, and elevated levels of 
HSP70 mRNA were detectable after only 15 minutes exposure to heat stress (II, Fig 
1E). Furthermore, no increase in HSP70 mRNA was detected at a 15-minute heat stress 
in non-treated cells. These results indicate that BGP-15 is capable of lowering the 
threshold for HSF1 activation and suggests a possible explanation for the increase in 
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HSPs levels observed upon BGP-15 treatment, as reported in previous studies of 
animal disease models (Gehrig et al., 2012; Henstridge et al., 2014; Salah et al., 2016).  

Figure 13. BGP-15 does not alter the 
phosphorylation status of HSF1. K562 
cells were either pretreated with 10 μM 
BGP-15 for 1 h or not and exposed to a 
43°C heat shock (HS) for 15 min (A), 30 
min (B) or 90 min (C). Samples were 
analyzed by using Western blotting. 
Hsc70 is shown as a loading control. All 
immunoblots shown for each panel 
contain the samples from the same 
membrane and were cropped to show 
only relevant data. 

 

 

In Study I, we showed that the HSF1 activation threshold is determined by the 
phosphorylation status of the HSF1 RD. Thus, it is possible that BGP-15 lowers the 
activation threshold of HSF1 via changes in the HSF1 phosphorylation. However, 
pretreatment of cells with BGP-15 did not modify the migration pattern of HSF1 on 
the SDS-PAGE under both control and stress conditions when compared to the non-
treated cells (Figure 13), which indicates that overall HSF1 phosphorylation is not 
altered. Yet, it is possible, but unlikely, that presence of BGP-15 in cells changes 
phosphorylation of specific amino acid residues in HSF1 which determines the 
activation threshold. Hence, a comparative phosphoproteomic analysis of HSF1 from 
BGP-15-treated and non-treated cells could identify any differentially phosphorylated 
sites. 

2.2. BGP-15 acts as an HDAC inhibitor 

The DNA-binding activity of HSF1 has been shown to be regulated in an HDAC-
dependent manner (Westerheide et al., 2009; Zelin and Freeman, 2015). Resveratrol acts 
as a chaperone co-inducer because of its ability to stimulate the activity of SIRT1, which 
belongs to class III HDAC (Howitz et al., 2003). However, a previous study showed 
that treatment with BGP-15 has no effect on sirtuins activity (Gombos et al., 2011). 
Thus, we decided to test whether BGP-15 can modulate the activity of class I and II 
HDACs. We pretreated MEFs for 1 hour with 10 μM BGP-15 and compared HDAC 
activity using a commercially available assay. As a positive control, we used cells 
pretreated for 4 hours with 1 μM TSA, a well-known class I and II HDAC inhibitor 
(Yoshidas et al., 1990). As expected, HDAC activity decreased in cells treated with TSA 
(II, Fig 2A). Surprisingly, treatment with BGP-15 also reduced HDAC activity, but the 
decrease was smaller when compared to the TSA treatment (15% vs. 30%). To date, 
although BGP-15 has been shown to interact with the lipid rafts in the plasma 
membrane (Gombos et al., 2011), there is no evidence that BGP-15 can enter the cell. To 
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test whether the BGP-15-mediated reduction of HDAC activity requires interaction 
with the plasma membrane, we performed an HDAC activity assay on isolated nuclei. 
Nuclear extracts from MEFs were treated with 10 μM BGP-15 or 1 μM TSA for 1 hour 
at 37°C, and HDAC activity was assessed. In this assay both TSA and BGP-15 reduced 
HDAC activity by 35%, which indicates that the BGP-15 is capable of inhibiting nuclear 
HDACs. 

Next, we examined whether BGP-15 is a direct HDAC inhibitor. We assessed HDAC 
activity using a fluorogenic acetylated substrate and purified HDACs belonging to 
class I (HDAC1), II (HDAC4, 6, and 10), and III (SIRT1). Class IV HDAC was not tested, 
since the only member of this class, HDAC11, is not expressed in MEFs (Gao et al., 
2002). As a positive control for HDAC inhibition, we used TSA for class I and II 
HDACs and nicotinamide (NAM) for class III HDACs (Bitterman et al., 2002). We 
found that BGP-15 is not capable of inhibiting HDAC in vitro, in contrast to TSA and 
NAM (II, Fig 2C,D). These results indicate that BGP-15 is an indirect HDAC inhibitor 
capable of inhibiting HDACs activity in cells.  

The mechanism by which BGP-15 reduces HDAC activity remains to be understood. 
HDAC activity can be regulated by controlling their expression levels in the cell. The 
members of a prominent Sp family of transcription factors have been shown to be the 
central regulators of HDACs expression (Liu et al., 2006; Schuettengruber et al., 2003; 
Zhang et al., 2010). For instance, Sp1 and Sp3 occupy the distal promoter of the HDAC1 
gene in mice and are required for its expression (Schuettengruber et al., 2003). 
Intriguingly, HDAC1 activity provides a feedback loop for controlling its expression; 
HDAC1 binds to its gene in the region containing Sp1 binding sites and inhibition of 
HDACs activity, including HDAC1 by TSA treatment or overexpression of HAT p300, 
results in increased expression of HDAC1 (Schuettengruber et al., 2003). Furthermore, 
binding of Sp1 and Sp3 is observed on the HDAC4 and HDAC7 promoters, and a 
decrease in Sp protein levels inhibits HDAC4 and HDAC7 expression (Liu et al., 2006; 
Zhang et al., 2010). It remains to be elucidated if BGP-15 regulates HDAC protein 
levels. Given the short time of BGP-15 pretreatment (1 hour), it is unlikely that the 
HDAC levels would be altered. This assumption could be tested by verification of 
HDAC protein levels using immunoblotting in cells treated with BGP-15. 

Class IIa HDACs consists of four members (HDAC4, 5, 7, and 9) that have been shown 
to be mainly regulated by its localization (reviewed in Di Giorgio and Brancolini, 2016). 
Class IIa HDACs are primarily active in the nucleus, thus their accumulation in the 
cytoplasm serves as a negative regulator of these proteins. Phosphorylation regulates 
nuclear localization of class IIa HDACs in a 14-3-3-dependent manner. For example, 
phosphorylation of HDAC4 and HDAC5 facilitates 14-3-3 interaction which masks the 
nuclear localization signal (NLS) and forces the cytoplasmic localization of these 
HDACs (Grozinger and Schreiber, 2000; Nishino et al., 2008). Redistribution of class IIa 
HDACs is a quick response that allows for a prompt regulation of HDACs activity. It 
may be possible that BGP-15 affects the HDACs cellular localization. While direct 
evidence is still missing, the observation that pretreatment with BGP-15 decreases 
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HDACs activity in whole cell lysates (II, Fig 2A), suggests that BGP-15 inhibits the 
enzymatic activity of HDACs.  

Specific multiprotein complexes, such as CoREST or nuclear receptor co-repressor 
(NCoR) complex, incorporate HDACs, as the central enzymatic component 
(Bantscheff et al., 2011). In addition, HDAC activity in multiprotein complexes is often 
dependent on the activity of other HDACs. For example, HDAC4 is essential for 
deacetylation activity and transcriptional repression of target genes by the NCoR–
SMRT–HDAC3 complex (Fischle et al., 2002). Thus, it is highly plausible that BGP-15 
targets non-HDAC subunits of the HDAC multiprotein complex, which interferes with 
their formation and activity. Future studies should address if BGP-15 interacts with 
any components of the HDAC multiprotein complexes. Adding a tag to BGP-15, e.g. 
biotin, would allow for immunoprecipitation of BGP-15 and identification of its 
cellular interaction partners via mass spectrometry. 

2.3. BGP-15 increases chromatin accessibility 

Inhibition of HDACs activity leads to a genome-wide alteration in gene expression 
(Chambers et al., 2003; Glaser et al., 2003; Peart et al., 2005; Rafehi et al., 2014). Use of 
HDAC inhibitors causes hyperacetylation of histones that neutralizes the lysine's 
positive charge on histones, which has the potential to weaken the interactions 
between histones and DNA (Bannister and Kouzarides, 2011). To test whether the 
BGP-15-mediated HDAC inhibition has an effect on the chromatin structure, we 
performed the micrococcal nuclease (MNase) DNA accessibility assay. The MNase is 
the most commonly used nuclease to assess nucleosome occupancy and chromatin 
accessibility and relies on the observation that DNA wrapped around the nucleosomes 
is resistant to MNase digestion (Nobile et al., 1986). Treatment with BGP-15 decreased 
the MNase resistance throughout the HSP70 promoter and coding region (II, Fig 3A). 
However, we cannot exclude the possibility that the observed acceleration of HSF1 
activation is a combinatory effect of BGP-15-mediated HDAC inhibition on both HSF1 
and chromatin. Performing EMSA and evaluating HSF1 binding to the “naked” DNA 
would provide evidence whether the intrinsic HSF1 DNA-binding activity is altered 
upon BGP-15 treatment.  

It is unlikely that changes in nucleosome occupancy would be limited to genes 
regulated by HSF1. Thus, we measured MNase resistance on two HSR-unrelated 
genomic regions: Notch4 (Neurogenic locus notch homolog protein 4) was chosen as 
a signaling protein known to affect gene expression (Chitnis and Balle-Cuif, 2016), and 
Daxx (Death domain-associated protein) was selected as an example of a general 
transcriptional regulator (Lindsay et al., 2008). Again, BGP-15 treatment reduced the 
MNase resistance across both analyzed genomic loci (II, Fig 3B), indicating that BGP-
15 enforces changes in the chromatin structure across the genome. It would be 
beneficial to assess the scale of BGP-15 mediated changes in the whole genome by 
utilizing high-throughput sequencing techniques, such as MNase-seq or Assay for 
Transposase-Accessible Chromatin with high throughput sequencing (ATAC-seq) 
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(Buenrostro et al., 2013; Cui and Zhao, 2012). The MNase-seq technique allows for 
genome-wide mapping of nucleosomes positioning and occupancy based on the 
digestion patterns generated by MNase (Cui and Zhao, 2012; Mieczkowski et al., 2016). 
The ATAC-seq is an alternative technique to MNase-seq to measure chromatin 
accessibility (Buenrostro et al., 2013). ATAC-seq uses Tn5 transposase to integrate Tn5 
transposons into the genome. Insertion of the DNA transposons occurs preferentially 
in the open chromatin regions (Gangadharan et al., 2010) and transposons mapping 
with the high-throughput sequencing allows for simultaneous interrogation of factor 
occupancy, nucleosome positions in regulatory sites, and chromatin accessibility in a 
genome-wide manner (Buenrostro et al., 2013). 

2.4. HDACs inhibitors act as chaperone co-inducers  

Assuming that BGP-15 chaperone co-inducing capacity stems from its ability to inhibit 
HDAC activity, other HDAC inhibitors should display similar properties. We tested 
that hypothesis by pretreating MEFs for 1 hour with BGP-15, TSA and another well-
defined HDAC inhibitor, valproic acid (VPA), (Göttlicher et al., 2002), followed by 
exposure to heat stress at 42°C for 30 and 60 minutes. We measured the mRNA levels 
of HSP70 and DNAJB1 to evaluate the HSR. We observed that treatment of cells with 
TSA and VPA did not result in upregulation of HSPs under normal conditions similar 
to the treatment with BGP-15 (II, Fig 4A) However, upon stress, all three HDAC 
inhibitors were able to increase levels of HSPs. Furthermore, HSP mRNA levels in cells 
treated with the potent HDAC inhibitors TSA and VPA, were higher than in cells 
treated with BGP-15, indicating that TSA and VPA had more potent chaperone co-
inducing properties. We then tested, whether enhancement of the HSR by HDAC 
inhibitors is capable of protecting cells from damages caused by acute stress. For this 
purpose, we measured the viability of the cells pretreated with HDAC inhibitors and 
exposed to acute stress at 42°C for 2 hours, followed by a 16-hour recovery. Enhanced 
HSPs expression caused by HDAC inhibitors increased cell survival both immediately 
after stress and during the recovery (II, Fig 4B). We also measured the cytoprotective 
effect of HDAC inhibitors in cells exposed to a severe heat stress, i.e. 45°C for 30 
minutes followed by a 16-hour recovery. Again, all three HDAC inhibitors exhibited a 
cytoprotective effect in cells exposed to extreme stress (II, Fig 4C). Taken together, our 
results show that HDAC inhibition enhances the HSR and increases cell survival in the 
events of protein-damaging stress.  

Based on our findings that BGP-15 acts as an HDAC inhibitor and increases chromatin 
accessibility, we propose a model where HDAC inhibition results in enhanced HSR in 
the event of proteotoxic insults (Figure 14). Since administration of BGP-15 alone is 
sufficient to impose changes in the chromatin structure, we propose that treatment 
with BGP-15 rewires chromatin to a state that is more favorable for transcription. In 
fact, HDAC inhibitors have been shown to increase Pol II occupancy at the paused 
gene (Wang et al., 2009), which suggests that BGP-15 and HDAC inhibitors, in general, 
facilitate accelerated HSF1 binding and stress-inducible expression of HSPs. 
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Figure 14. A model for chaperone 
co-inducing effect of HDAC 
inhibitors. Amount of protein 
damage in certain pathological 
conditions is not sufficient to trigger 
HSF1 activation and the HSR. 
Treatment with HDAC inhibitors 
(HDACi) results in chromatin 
opening, which lowers the 
threshold for HSF1 activation, 
allowing the inducible expression of 
HSPs. HATs – histone 
acetyltransferases, HDACs – histone 
deacetylases. 

Interestingly, the observation that treatment with HDAC inhibitors leads to an 
increase in expression of HSPs has already been reported in model organisms, such as 
Drosophila melanogaster (Zhao et al., 2006) and Xenopus laevis (Ovakim and Heikkila, 
2003). In D. melanogaster treatment with HDAC inhibitors, TSA and sodium butyrate 
(BuA) increased acetylation of histones H3 and H4 during basal and stress conditions 
(Zhao et al., 2006). Surprisingly, administration of HDAC inhibitors led to HSF1 
recruitment to the HSP70 loci under control conditions, which, in turn, increased 
HSP70 mRNA expression in the absence of stress. In addition, both TSA and BuA 
further increased HSP70 expression when organisms were exposed to heat stress. In 
X. laevis embryos treatment with HDAC inhibitors TPA, VPA, and BuA did not 
increase HSP70 and HSP30 mRNA under normal conditions (Ovakim and Heikkila, 
2003). Treatment of embryos with HDAC inhibitors enhanced the heat shock-induced 
accumulation of HSPs mRNA. These results indicate that HDAC inhibitors are able to 
increase HSPs expression upon stress across metazoans. 

2.5. Pharmaceutical use of HDAC inhibitors 

Elevated expression of HDACs has been reported in various forms of cancer (reviewed 
in West et al., 2014). For example, expression of HDAC1, 5, and 7 can serve as molecular 
biomarkers for tumors (Ozdağ et al., 2006). Overexpression of HDAC1 correlates with 
reduced survival of patients with lung adenocarcinoma (Minamiya et al., 2011), while 
increased HDAC2 levels result in a poor prognosis in prostate cancer (Weichert et al., 
2008). HDACs promote tumorigenesis through several different mechanisms. 
Acetylation of tumor suppressor p53 is critical for its stability, transcriptional activity 
as well as p53-dependent growth arrest and apoptosis (Tang et al., 2008). Deacetylation 
of p53 by HDACs decreases transcriptional activity of p53, which leads to upregulation 
of oncogenes and promotes tumor growth (Duan et al., 2005). Furthermore, increased 
HDAC activity is linked to the transcriptional repression of tumor suppressor genes, 
such as CDKN1A (reviewed in Glozak and Seto, 2007). Thus, HDAC inhibitors are 
widely accepted as anti-cancer drugs, and some of them, such as vorinostat and 
romidepsin, are already approved for use in cancer patients (Olsen et al., 2007; 
Whittaker et al., 2010).  
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The observation that HDAC inhibitors can act as chaperone co-inducers may have an 
implication for the use of HDAC inhibitors as anti-cancer drugs. Given the finding that 
HSF1 is transcriptionally activated in many cancers (Mendillo et al., 2012), further 
HSF1 activation by HDAC inhibitors may have negligible effects on its role in 
promoting tumorigenesis. However, administration of HDAC inhibitors in cases of 
tumors without spontaneous HSF1 activity might lead to HSF1 activation, which could 
severely hamper the outcome of the treatment. Hence, a combination of HDAC 
inhibitor therapy with HSF1 inhibitors could improve the efficacy of the treatment.  

Damages to the central nervous system (CNS), such as traumatic brain injury, 
ischemia, and hemorrhage lead to neurological disabilities and eventually to death 
(reviewed in Lo et al., 2003; and Rosenfeld et al., 2012). Multiple studies showed that 
HDAC inhibitors can protect neurons from death in the event of neurobiological 
damage as well as contribute to improved functional recovery of neurons (reviewed 
in Ziemka-Nalecz and Zalewska, 2014). The neuroprotective effect of HDAC inhibitors 
is associated with transcriptional changes in neurons. For instance, HDAC inhibitors 
enhance resistance to cell death by suppression of p53-dependent apoptosis through 
decreasing p53 protein levels in an acetylation-mediated manner (Brochier et al., 2013). 
Furthermore, use of HDAC inhibitors results in increased expression of many 
transcription factors, such as the brain-derived neurotrophic factor which regulates 
synaptogenesis and neurite outgrowth (Faraco et al., 2006; Hasan et al., 2013). The CNS 
damage results in upregulation of HSPs, however use of HDAC inhibitors further 
increases HSP levels upon damage (Lv et al., 2011; Sinn et al., 2007; Xuan et al., 2012). 
HSPs are thought to act as one of the major neuroprotective proteins, due to their anti-
apoptotic properties as well as via suppression of microglia/monocyte activation 
(reviewed in Yenari et al., 2005). Intriguingly, VPA-mediated neuroprotection against 
glutamate-induced cell death was lost if HSP70 induction was blocked (Marinova et 
al., 2009). Importantly, the increase in HSP levels that occurs even after the damage to 
neurons provides cytoprotection (Hoehn et al., 2001). Thus, our finding that HDAC 
inhibitors act as co-inducers of the HSR suggests a molecular mechanism of action for 
their HSP-mediated cytoprotective effect on challenged neurons.  

The threshold for the HSR activation in motor neurons is set much higher when 
compared with, for example, glial cells (Batulan et al., 2003). The finding that 
overexpression of HSF1 in motor neurons fails to rescue expression of HSPs upon 
stress (Batulan et al., 2003), indicates that other components than HSF1 are involved in 
the repression of the HSR in neurons. Our results are showing that HDAC inhibition 
lowers the threshold for HSF1 activation, might provide a strategy for activating HSF1-
mediated expression of HSPs in pathologies, such as neurodegeneration. VPA alone 
has been shown to induce HSP70 levels in SH-SY5Y human neuroblastoma cells (Pan 
et al., 2005), which supports the notion that HDAC inhibitors could increase HSP levels 
in neurons. However, recent studies have provided an alternative explanation for the 
lack of HSPs induction during the neurodegeneration. In cells expressing aggregation-
prone proteins, animal models of Parkinson’s and HD as well as in patient samples, 



 

69 
 

decreased levels of HSF1 protein have been observed (Gomez-Pastor et al., 2017; Kim 
et al., 2016). In HD, HSF1 phosphorylation at S303 and S307 leads to proteasomal 
degradation of HSF1 via E3 ubiquitin ligase FBXW7α-mediated ubiquitination 
(Gomez-Pastor et al., 2017). In Parkinson’s disease, HSF1 is ubiquitinated by E3 ligase 
NEDD4, which in turn, results in loss of HSF1 upon α-synuclein aggregation (Kim et 
al., 2016). Intriguingly, HSF1 degradation by NEDD4 is dependent on the HSF1 
acetylation status, since activation of SIRT1 by resveratrol prevented HSF1 
degradation in the presence of α-synuclein (Kim et al., 2016). Given that HSF1 interacts 
with members of class I, II, and III HDACs (Westerheide et al., 2009; Zelin and 
Freeman, 2015), and that acetylation status affects both protein levels and trans-
activation capacity of HSF1 (Kim et al., 2016; Raychaudhuri et al., 2014; Westerheide et 
al., 2009), further studies are needed to elucidate the functional outcome of HDAC 
inhibitors on HSF1 stability and activity in various neuropathies.  
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CONCLUDING REMARKS 
Since the start of my PhD thesis work, we can observe the growing interest towards 
understanding HSF1 and its complex role in biological processes. Multiple studies 
have presented evidence that HSF1 drives distinct transcriptional programs in stress, 
development, gametogenesis, and cancer. Yet, at the core of each of these programs, 
HSF1 is regulating expression of HSPs. While HSF1 is the best-studied member of the 
HSF family, many fundamental questions on how HSF1 and HSF1-mediated HSR are 
governed have remained unanswered. This thesis aimed to answer some of the 
longstanding questions about the regulation of the HSR. Our study, using a 
phosphorylation-deficient HSF1 mutant revealed that the stress-inducible 
phosphorylation of HSF1, in contrast to an original hypothesis, is dispensable for the 
HSR activation, but plays a pivotal role in fine-tuning the magnitude of the response. 
Furthermore, we show that the phosphorylation-deficient RD of HSF1 is still capable 
of sensing heat stress. Therefore, the search for understanding how the HSF1 and the 
HSR are activated in response to different stimuli should continue. 

Pharmacological control over the HSR is perceived as an effective strategy for 
combating various pathologies. Activation of the HSR in neurodegenerative diseases 
can counteract protein aggregation. Moreover, increased HSP levels have been shown 
to have beneficial effects in other proteinopathies, such as muscle dystrophy or during 
CNS damage. Our findings that BGP-15 is an HDAC inhibitor accelerates HSF1 
activation and lowers the threshold for the HSR initiation. However, it remains to be 
established how BGP-15 inhibits the activity of HDACs,ince since it is unable to inhibit 
the catalytic subunit of HDACs in vitro. Furthermore, our study reveals that HDAC 
inhibitors can function as potent chaperone co-inducers. Furthermore, we propose a 
molecular mechanism for HDAC inhibitors acting as chaperone co-inducers, through 
facilitating increasing chromatin accessibility for HSF1. These results warrant further 
studies that should identify which HDACs are crucial for determining chromatin 
landscape at the promoter region of HSP genes. 

In conclusion, this thesis expands knowledge of mechanisms regulating the HSR by 
providing additional information on two layers involved in mounting and fine-tuning 
the HSR, the phosphorylation of HSF1 and chromatin landscape (Figure 15). Although 
the results reported in this thesis cannot be directly translated into medical use, they 
provide the basis for further development of pharmaceuticals aimed to activate, 
enhance or repress the HSR. 
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Figure 15. Multiple layers of regulation of the HSR. Various protein-damaging stresses result in 
activation of the HSR via HSF1-mediated transcription of heat shock proteins (HSPs). 1. Activated HSF1 
forms trimers, binds DNA, undergoes extensive post-translational modifications, such as 
phosphorylation, and activates expression of HSPs. 2. While the stress-inducible phosphorylation of 
HSF1 is not required for HSF1 activation, phosphorylation fine-tunes the HSF1-driven response. 3. 
Chromatin landscape also defines the threshold and magnitude of the HSR. For example, chromatin 
opening by HDACs inhibitors does not alone activate the HSR, but co-induces HSPs expression initiated 
by other stimuli. The dashed blue line represents the nuclear envelope. 
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