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Abstract 

 

The KEAP1/NRF2/ARE pathway is at the forefront of cellular defense. 

Induction of this pathway is protective against various conditions of stress such 

as oxidative stress and exposure to electrophiles. Conversely, failure to 

upregulate the pathway leads to increased disease susceptibility and 

accelerated pathogenesis. Under basal conditions, transcription factor nuclear 

factor erythroid 2 p45-related factor 2 (NRF2) is targeted for ubiquitination and 

proteasomal degradation by a repressor protein Kelch-like (ECH)-associated 

protein (KEAP1), a substrate adaptor for Cullin 3-based E3 ubiquitin ligase. 

Inducers of the pathway chemically modify specific cysteines within KEAP1, 

leading to loss of repressor function, NRF2 accumulation and enhanced 

transcription of genes encoding a large network of cytoprotective proteins.  

 

The cyanoenones are the most potent NRF2 activators known. 

Cyanoenones bind to KEAP1 covalently and reversibly, and are suitable for 

chronic in vivo administration. However, the cysteine sensor for these 

compounds is unknown. Among the cysteine sensors of KEAP1, C151 in the 

BTB domain and C273 and C288 in the intervening region, are best 

characterized. In this study using KEAP1-knockout mouse embryonic fibroblasts 

(MEFs) rescued with wild-type (WT) KEAP1 or cysteine mutants, we tested a 

series of cyanoenones for their ability to modify specific cysteine sensors in 

KEAP1. We discovered that remarkably, all compounds of this class specifically 

target C151 regardless of their molecular shape or size. In addition, primary 

peritoneal macrophages (PMφ) derived from KEAP1C151S/C151S knock-in mice 
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generated using the CRISPR/Cas9 technology, had higher LPS-induced 

inflammatory responses than cells from WT animals. Furthermore, at nanomolar 

concentrations, the tricyclic cyanoenone TBE-31 strongly suppresses LPS-

induced inflammatory responses in primary PMφ cells, suggesting the potential 

for therapeutic use in inflammatory diseases.  

 

Another cytoprotective response is the heat shock response (HSR) which 

is activated when cells are exposed to stressors such as elevated temperatures, 

heavy metals and cytotoxic compounds. The HSR, mainly mediated by Heat 

Shock Factor 1 (HSF1), protects the integrity of the cellular proteome through 

the upregulation of a battery of genes involved in ameliorating proteotoxicity. 

Several small molecule activators of the KEAP1/NRF2/ARE pathway have been 

shown to activate HSR through the activation of HSF1. Work in this thesis 

focused on one such dual activator, the dietary agent phenethyl isothiocyanate 

(PEITC). We found that PEITC reacts with KEAP1 C151 to stabilize NRF2, and 

that it is able to activate the HSR by activating HSF1 through the inhibition of 

heat shock protein 90, the main negative regulator of HSF1. We further showed 

that PEITC activates p38 mitogen-activated protein kinases (MAPKs). In vitro, 

all members of the p38 MAPK family rapidly and stoichiometrically catalyze the 

phosphorylation of HSF1 on S326, a hallmark of HSF1 activation. The use of 

stable knockdown cell lines and inhibitors indicated that among the p38 MAPK, 

p38γ is the principal isoform responsible for the phosphorylation of HSF1 at 

S326 in cells. A protease-mass spectrometry approach confirmed S326 

phosphorylation, and unexpectedly, revealed that p38 MAPKs also catalyze the 

phosphorylation of HSF1 at S303/307, previously known repressive post-
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translational modifications. Thus, we identified p38 MAPKs as highly efficient 

catalysts for the phosphorylation of HSF1. Furthermore, our findings suggest 

that the magnitude and persistence of activation of p38 MAPKs are important 

determinants of the extent and duration of the HSR.  

 

In order to investigate the physiological significance of HSF1 

phosphorylation at S326, we used immunofluorescence and western blotting 

techniques. We found that mitotic cells have high levels of HSF1 pS326 

compared to interphase cells. Interestingly, our studies revealed that 

phosphorylated HSF1 at S326 is concentrated at the midbody of telophase 

cells, suggesting a potential role for HSF1 during the late-stage of cell division. 

Further studies are needed to define the role(s) of the HSF1 pS326 during the 

cell cycle. 
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Section 1: Introduction 

Chapter A 

NRF2, KEAP1 and their interaction 

 

1.A.1  Introduction 

 

Oxidation-reduction reactions, also known as redox reactions play a 

central role in numerous biological processes. Living organisms are constantly 

exposed to reactive oxygen species (ROS) (e.g. superoxide anion, peroxide, 

hydrogen peroxide, hydroxyl anion and singlet oxygen) or reactive nitrogen 

species (RNS) (e.g. nitroxyl anion, peroxyl nitrate, nitric oxide and nitrosyl cation) 

produced by both endogenous and exogenous sources. Oxidative stress is 

defined as the imbalance between the amount of oxidants and antioxidants, 

where the former is in excess, leading to the disturbance of the intracellular redox-

homeostasis and subsequent damage (Sies, 2015). Examples of exogenous 

oxidative stressors are electrophilic molecules, carcinogens such as DNA-

damaging agents, heavy metals and UV radiation. Endogenous stressors are 

usually produced by intracellular metabolic reactions during processes such as 

respiration and inflammation. Exposure to ROS/RNS or other chemically reactive 

species has been reported to damage cellular macromolecules such as DNA, 

proteins and cytoskeletal structures. As a consequence, chronic oxidative stress 

has been implicated in cancer (Mahalingaiah et al., 2015, Mehlman, 1992), 

diabetes (Ceriello, 2006, Bravi et al., 2006), neurodegenerative (Praprotnik et al., 

1996, Castellani et al., 1996), respiratory (Hector et al., 2014, Bast et al., 2010), 

cardiovascular (Bast et al., 2010, Costa et al., 2016) and inflammatory (Muntane 
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et al., 1995) diseases as well as aging (Fukagawa, 1999, Joseph and Roth, 

1992). In order to protect themselves from such insults, eukaryotic cells have 

developed several complex mechanisms to restore cellular redox homeostasis. 

One such mechanism is by inducing the production of anti-oxidant and 

cytoprotective proteins. This cytoprotective response is orchestrated by the 

transcription factor nuclear factor erythroid 2 p45-related factor 2 (NRF2) (Fig. 

A1).  

 

1.A.2  The NRF2/KEAP1/ARE pathway 

 

At basal conditions, NRF2 is negatively regulated by interaction with 

Kelch-like (ECH)-associated protein (KEAP1) (Fig. A1) (Itoh et al., 1999), a 

substrate adaptor protein for Cullin 3–RING (really interesting new gene)-box 

protein (Rbx)1-based E3 ubiquitin ligase, which uses a cyclical mechanism to 

continuously target NRF2 for ubiquitination and proteasomal degradation (Fig. 

A2A) (Baird et al., 2013, Kensler et al., 2007, Suzuki et al., 2013, Hayes and 

Dinkova-Kostova, 2014). Small molecules which activate NRF2 (termed 

inducers) block this cycle by modifying reactive cysteine sensors of KEAP1 

(Dinkova-Kostova et al., 2002, McMahon et al., 2010) or disrupting the KEAP1 : 

NRF2 binding interface (Fig. A2B) (Hu et al., 2013, Marcotte et al., 2013). 

Consequently, NRF2 is not degraded and free KEAP1 is not regenerated. The 

newly synthesized NRF2 accumulates, translocates to the nucleus and binds (as 

a heterodimer with a small Maf protein) to antioxidant response elements (ARE, 

5’-TGACnnnGC-3’) in the upstream regulatory regions of its target genes (Suzuki 

et al., 2013, Kensler et al., 2007, Hayes and Dinkova-Kostova, 2014). In addition 
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Figure A1. Schematic diagram of NRF2 and KEAP1 domains A) Schematic
diagram of NRF2 domains. NRF2 has seven functional domains, termed NRF2-
ECH homology (Neh)1–7 domains. The low-affinity “DLG” and the high affinity
“ETGE” motifs that bind KEAP1-Kelch domain are shown. Neh4 and Neh5 are
transactivation domains that recruit cAMP response element-binding (CREB)-binding
protein (CBP) and/or receptor-associated coactivator (RAC)3. NRF2 is also
negatively regulated by binding to retinoid X receptor alpha (RXRα), through the
Neh7 domain of the transcription factor. The Neh6 domain mediates interaction with
another negative regulator, the β-transducin repeat-containing protein (β-TrCP1), a
substrate adaptor for the S-phase kinase-associated protein 1 (Skp1)–Cul1–Rbx1
ubiquitin ligase complex. The “DSGIS” and “DSAPGS” motifs that bind β-TrCP1 are
shown. Neh1 contains the heterodimerisation domain which is responsible for binding
with small musculoaponeurotic fibrosarcoma (Maf) proteins, and is the site of binding
to antioxidant/electrophile response element (ARE/EpRE) sequences in DNA. The C-
terminal Neh3 region of NRF2 is a transactivation domain that recruits chromo-
ATPase/helicase DNA-binding protein (CHD)6. B) Schematic diagram of KEAP1
domains. KEAP1 is a member of the BTB-Kelch family of proteins. Members of this
family are able to bind to Cullin 3 through their BTB domain. KEAP1 is a multidomain
homodimeric protein which has five distinct domains: N-terminal region (NTR) (amino
acids 1−60), broad complex, Tramtrack, Bric-á-brac (BTB) (amino acids 61−179),
intervening region (IVR) (amino acids 180−314), Kelch domain (KELCH) (amino
acids 315−598), and the C-terminal region (CTR) (amino acids 599−624). The black
bars represent cysteine residues present in each of the proteins.

A

B
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Figure A2. The KEAP1/NRF2 pathway. (A) Monomeric NRF2 (purple) binds

sequentially to a free KEAP1 dimer (blue), a substrate adaptor protein for Cul3-based

E3 ubiquitin ligase (orange): first through the high-affinity “ETGE” motif (red sticks) to

form the open conformation of the KEAP1 : NRF2 protein complex, and then through

the low-affinity “DLG” motif (yellow sticks) to form the closed conformation of the

complex. In the closed conformation, NRF2 is targeted for ubiquitination and

degradation by the proteasome. Ubiquitinated NRF2 is released from KEAP1 and

degraded, free KEAP1 is regenerated and able to bind to newly-translated NRF2, and

the cycle of KEAP1-mediated degradation of NRF2 begins again. (B) Electrophiles
and oxidants (termed inducers and exemplified by the isothiocyanate sulforaphane)

activate NRF2 by reacting with cysteine sensors (green sticks) of KEAP1 and disrupt

the cycle by causing accumulation of the KEAP1 : NRF2 protein complex in the

“closed” conformation, without release of NRF2. Consequently, free KEAP1 is not

regenerated, and newly-synthesized NRF2 is stabilized. The transcription factor then

enters the nucleus, where it forms a heterodimer with a small Maf protein (green) to

drive transcription of downstream target genes [image drawn by Dr. Rumen Kostov

and taken from (Dayalan Naidu et al., 2015)].
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to KEAP1, the activity of NRF2 is also negatively regulated through glycogen 

synthase kinase (GSK)3/ β-transducin repeat-containing protein (β-TrCP)1-

mediated degradation (Chowdhry et al., 2013) or by interaction with retinoid X 

receptor (RXR)α (Wang et al., 2013a).  

 

1.A.3  Cytoprotective response of the NRF2/KEAP1/ARE pathway 

 

NRF2-dependent genes encode a large network of cytoprotective 

proteins, including those that are involved in the metabolism and transport of a 

wide array of endo- and xenobiotics, proteins that have antioxidant functions, as 

well as those that participate in the synthesis, utilization, and regeneration of 

glutathione and NAD(P)H (Dayalan Naidu et al., 2015).  The number of genes 

that are under the transcriptional control of NRF2 is fascinatingly large: a recent 

study integrating chromatin-immunoprecipitation with parallel sequencing (ChIP-

Seq) and global transcription profiling identified 645 basal and 654 inducible 

direct targets of NRF2, with 244 genes at the intersection (Malhotra et al., 2010).  

Moreover, the functional diversity of the NRF2-dependent cytoprotective proteins 

is extraordinary and provides the cell with multiple layers of protection (Dayalan 

Naidu et al., 2015).  Examples of NRF2-dependent proteins include: (i) 

antioxidant enzymes (e.g., heme oxygenase 1 (HO-1), NAD(P)H:quinone 

oxidoreductase 1 (NQO1), thioredoxin reductase); (ii) conjugating enzymes (e.g. 

glutathione S-transferases (GSTs) and UDP-glucuronosyltransferases); (iii) 

proteins that facilitate the export of xenobiotics and/or their metabolites (e.g., 

solute carrier- and ATP-binding cassette transporters); (iv) anti-inflammatory 

enzymes (e.g., leukotriene B4 dehydrogenase); (v) enzymes that participate in 
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the synthesis and regeneration of glutathione (e.g., x-CT, the core subunit of the 

cystine/glutamate membrane transporter, Ɣ-glutamate cysteine ligase catalytic 

(GCLC) and modulatory (GCLM) subunits, glutathione reductase); (vi) enzymes 

that are responsible for the synthesis of reducing equivalents (e.g., glucose 6-

phosphate dehydrogenase (G6PD), 6-phosphogluconate dehydrogenase (PGD), 

malic enzyme (ME)1); (vii) proteins that protect against metal overload (e.g., 

ferritin and metallothioneins); and (viii) proteins that participate in the repair and 

removal of damaged proteins (e.g., subunits of the 26S proteasome) (Dayalan 

Naidu et al., 2015). 

 

NRF2 activity profoundly affects the levels of the main intracellular small 

molecule antioxidant, reduced glutathione (GSH). NRF2 controls the gene 

expression of the two subunits GCLC and GCLM, the enzyme catalyzing the rate-

limiting step in the GSH biosynthesis (Wild and Mulcahy, 2000) as well as of the 

cystine/glutamate antiporter (SLC7A11, system xc
−) (Sasaki et al., 2002) that is 

responsible for the import of cystine, which in turn is converted to cysteine, a GSH 

precursor. Enhanced flux of glutamine into anabolic pathways under conditions 

of NRF2 activation (Mitsuishi et al., 2012) provides glutamate, the second GSH 

precursor; glutamate is also necessary for the import of cystine by system xc
−. 

Provision of the third GSH precursor, glycine, is facilitated by the transporter 

SLC6A9, another NRF2-regulated gene (Hirotsu et al., 2012). In addition to the 

biosynthesis, NRF2 also regulates the regeneration of GSH.  The transcription 

factor controls the expression of glutathione peroxidase (GPX), which during 

detoxification of peroxides oxidizes GSH to oxidized glutathione (GSSG). 

Subsequently, glutathione reductase (GSR), another NRF2 target, regenerates 
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GSH from GSSG using NADPH as a cofactor. The requirement for NADPH is 

provided by NRF2, which regulates the gene expression of the four principal 

NADPH-generating enzymes, i.e. G6PD, PGD, isocitrate dehydrogenase (IDH)1, 

and ME1 (Mitsuishi et al., 2012, Singh et al., 2013).  

 

1.A.4  KEAP1: The main negative NRF2 regulator 

 

In mammals, KEAP1 is a highly conserved 624-amino acid protein sharing 

approximately 90% sequence homology between species (Fig. A3). KEAP1 is 

mainly found in the cytoplasm as it is sequestered there due to its interaction with 

cytoskeletal actin filaments which prevent it from entering the nucleus (Kang et 

al., 2004). KEAP1 is also highly cysteine rich and the cysteines are highly 

conserved across the mammalian species. In humans there are 27 cysteine 

residues in KEAP1, whereas, in mouse there are 25 (Fig. A3), 9 of which (i.e., 

C23, C38, C151, C241, C273, C288, C297, C319, and C613) are flanked by basic 

amino acids.  The presence of neighboring basic amino acids is known to lower 

the pKa value of cysteine, favoring the formation of the thiolate anion at neutral 

pH, and thus increasing the cysteine reactivity (Snyder et al., 1981). Due to the 

presence of multiple cysteine residues, KEAP1 is able to function as an oxidative 

and electrophilic stress sensor and this is supported by experiments conducted 

by Dinkova-Kostova and colleagues where the authors discovered that several 

inducers of the KEAP1/NRF2/ARE pathway react with cysteine thiols in KEAP1 

to disrupt its binding to the Neh2 domain of NRF2 (Dinkova-Kostova et al., 2002).  
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SP|Q14145|KEAP1_HUMAN  MQPDPRPSGAGACCRFLPLQSQCPEGAGDAVMYASTECKAEVTPSQHGNRTFSYTLEDHT 60
SP|Q9Z2X8|KEAP1_MOUSE  MQPEPKLSGAPRSSQFLPLWSKCPEGAGDAVMYASTECKAEVTPSQDGNRTFSYTLEDHT 60
SP|P57790|KEAP1_RAT    MQPEPKPSGAPRSSQFLPLWSKCPEGAGDAVMYASTECKAEVTPSQDGNRTFSYTLEDHT 60
SP|Q684M4|KEAP1_PIG    MQPEPRPSGAGAHTQFLPLRSQRPEGAGDTVMYASTECKAEVTPSQHGNRTFSYTLEDHT 60
SP|Q5R774|KEAP1_PONAB  MQPDPRPSGAGACSRFLPLRSQCPEGAGDAVMYASTECKAEVTPSQHGNRTFSYTLEDHT 60
TR|H2QFB9|H2QFB9_PANTR MQPDPRPSGAGACCRFLPLQSQCPEGAGDAVMYASTECKAEVTPSQHGNRTFSYTLEDHT 60

***:*: ***    :**** *: ******:****************.*************
SP|Q14145|KEAP1_HUMAN  KQAFGIMNELRLSQQLCDVTLQVKYQDAPAAQFMAHKVVLASSSPVFKAMFTNGLREQGM 120
SP|Q9Z2X8|KEAP1_MOUSE  KQAFGVMNELRLSQQLCDVTLQVKYEDIPAAQFMAHKVVLASSSPVFKAMFTNGLREQGM 120
SP|P57790|KEAP1_RAT    KQAFGIMNELRLSQQLCDVTLQVKYEDIPAAQFMAHKVVLASSSPVFKAMFTNGLREQGM 120
SP|Q684M4|KEAP1_PIG    KQAFGIMNELRLSQQLCDVTLQVKYEDAPAAQFMAHKVVLASSSPVFKAMFTNGLREQGM 120
SP|Q5R774|KEAP1_PONAB  KQAFGIMNELRLSQQLCDVTLQVKYQDAPAAQFMAHKVVLASSSPVFKAMFTNGLREQGM 120
TR|H2QFB9|H2QFB9_PANTR KQAFGIMNELRLSQQLCDVTLQVKYQDAPAAQFMAHKVVLASSSPVFKAMFTNGLREQGM 120

*****:*******************:* ********************************
SP|Q14145|KEAP1_HUMAN  EVVSIEGIHPKVMERLIEFAYTASISMGEKCVLHVMNGAVMYQIDSVVRACSDFLVQQLD 180
SP|Q9Z2X8|KEAP1_MOUSE  EVVSIEGIHPKVMERLIEFAYTASISVGEKCVLHVMNGAVMYQIDSVVRACSDFLVQQLD 180
SP|P57790|KEAP1_RAT    EVVSIEGIHPKVMERLIEFAYTASISVGEKCVLHVMNGAVMYQIDSVVRACSDFLVQQLD 180
SP|Q684M4|KEAP1_PIG    EVVSIEGIHPKVMERLIEFAYTASISMGEKCVLHVMNGAVMYQIDSVVRACSDFLVQQLD 180
SP|Q5R774|KEAP1_PONAB  EVVSIEGIHPKVMERLIEFAYTASISMGEKCVLHVMNGAVMYQIDSVVRACSDFLVQQLD 180
TR|H2QFB9|H2QFB9_PANTR EVVSIEGIHPKVMERLIEFAYTASISMGEKCVLHVMNGAVMYQIDSVVRACSDFLVQQLD 180

**************************:*********************************
SP|Q14145|KEAP1_HUMAN  PSNAIGIANFAEQIGCVELHQRAREYIYMHFGEVAKQEEFFNLSHCQLVTLISRDDLNVR 240
SP|Q9Z2X8|KEAP1_MOUSE  PSNAIGIANFAEQIGCTELHQRAREYIYMHFGEVAKQEEFFNLSHCQLATLISRDDLNVR 240
SP|P57790|KEAP1_RAT    PSNAIGIANFAEQIGCTELHQRAREYIYMHFGEVAKQEEFFNLSHCQLATLISRDDLNVR 240
SP|Q684M4|KEAP1_PIG    PSNAIGIANFAEQIGCAELHQRAREYIYMHFGEVAKQEEFFNLSHCQLVTLISRDDLNVR 240
SP|Q5R774|KEAP1_PONAB  PSNAIGIANFAEQIGCVELHQRAREYIYMHFGEVTKQEEFFNLSHCQLVTLISRDDLNVR 240
TR|H2QFB9|H2QFB9_PANTR PSNAIGIANFAEQIGCVELHQRAREYIYMHFGEVAKQEEFFNLSHCQLVTLISRDDLNVR 240

****************.*****************:*************.***********
SP|Q14145|KEAP1_HUMAN  CESEVFHACINWVKYDCEQRRFYVQALLRAVRCHSLTPNFLQMQLQKCEILQSDSRCKDY 300
SP|Q9Z2X8|KEAP1_MOUSE  CESEVFHACIDWVKYDCPQRRFYVQALLRAVRCHALTPRFLQTQLQKCEILQADARCKDY 300
SP|P57790|KEAP1_RAT    CESEVFHACIDWVKYDCPQRRFYVQALLRAVRCHALTPRFLQTQLQKCEILQADARCKDY 300
SP|Q684M4|KEAP1_PIG    CESEVFHACINWVKYDCEQRRFYVQALLRAVRCHSLTPHFLQMQLQKCEILQSDSRCKDY 300
SP|Q5R774|KEAP1_PONAB  CESEVFHACINWVKYDCEQRRFYVQALLRAVRCHSLTPNFLQMQLQKCEILQSDSRCKDY 300
TR|H2QFB9|H2QFB9_PANTR CESEVFHACINWVKYDCEQRRFYVQALLRAVRCHSLTPNFLQMQLQKCEILQSDSRCKDY 300

**********:****** ****************:***.*** *********:*:*****
SP|Q14145|KEAP1_HUMAN  LVKIFEELTLHKPTQVMPCRAPKVGRLIYTAGGYFRQSLSYLEAYNPSDGTWLRLADLQV 360
SP|Q9Z2X8|KEAP1_MOUSE  LVQIFQELTLHKPTQAVPCRAPKVGRLIYTAGGYFRQSLSYLEAYNPSNGSWLRLADLQV 360
SP|P57790|KEAP1_RAT    LVQIFQELTLHKPTQAVPCRAPKVGRLIYTAGGYFRQSLSYLEAYNPSNGSWLRLADLQV 360
SP|Q684M4|KEAP1_PIG    LVKIFQELTLHKPTQVMPCRAPKVGRLIYTAGGYFRQSLSYLEAYNPSDGTWLRLADLQV 360
SP|Q5R774|KEAP1_PONAB  LVKIFEELTLHKPTQVMPCRAPKVGRLIYTAGGYFRQSLSYLEAYNPSDGTWLRLADLQV 360
TR|H2QFB9|H2QFB9_PANTR LVKIFEELTLHKPTQVMPCRAPKVGRLIYTAGGYFRQSLSYLEAYNPSDGTWLRLADLQV 360

**:**:*********.:*******************************:*:*********
SP|Q14145|KEAP1_HUMAN  PRSGLAGCVVGGLLYAVGGRNNSPDGNTDSSALDCYNPMTNQWSPCAPMSVPRNRIGVGV 420
SP|Q9Z2X8|KEAP1_MOUSE  PRSGLAGCVVGGLLYAVGGRNNSPDGNTDSSALDCYNPMTNQWSPCASMSVPRNRIGVGV 420
SP|P57790|KEAP1_RAT    PRSGLAGCVVGGLLYAVGGRNNSPDGNTDSSALDCYNPMTNQWSPCASLSVPRNRSGGGV 420
SP|Q684M4|KEAP1_PIG    PRSGLAGCVVGGLLYAVGGRNNSPDGNTDSSALDCYNPMTNQWSPCAPMSVPRNRIGVGV 420
SP|Q5R774|KEAP1_PONAB  PRSGLAGCVVGGLLYAVGGRNNSPDGNTDSSALDCYNPMTNQWSPCAPMSVPRNRIGVGV 420
TR|H2QFB9|H2QFB9_PANTR PRSGLAGCVVGGLLYAVGGRNNSPDGNTDSSALDCYNPMTNQWSPCAPMSVPRNRIGVGV 420

*********************************************** :****** * **
SP|Q14145|KEAP1_HUMAN  IDGHIYAVGGSHGCIHHNSVERYEPERDEWHLVAPMLTRRIGVGVAVLNRLLYAVGGFDG 480
SP|Q9Z2X8|KEAP1_MOUSE  IDGHIYAVGGSHGCIHHSSVERYEPERDEWHLVAPMLTRRIGVGVAVLNRLLYAVGGFDG 480
SP|P57790|KEAP1_RAT    IDGHIYAVGGSHGCIHHSSVERYEPDRDEWHLVAPMLTRRIGVGVAVLNRLLYAVGGFDG 480
SP|Q684M4|KEAP1_PIG    IDGHIYAVGGSHGCIHHNSVERYEPERDEWHLVAPMLTRRIGVGVAVLNRLLYAVGGFDG 480
SP|Q5R774|KEAP1_PONAB  IDGHIYAVGGSHGCIHHNSVERYEPERDEWHLVAPMLTRRIGVGVAVLNRLLYAVGGFDG 480
TR|H2QFB9|H2QFB9_PANTR IDGHIYAVGGSHGCIHHNSVERYEPERDEWHLVAPMLTRRIGVGVAVLNRLLYAVGGFDG 480

*****************.*******:**********************************
SP|Q14145|KEAP1_HUMAN  TNRLNSAECYYPERNEWRMITAMNTIRSGAGVCVLHNCIYAAGGYDGQDQLNSVERYDVE 540
SP|Q9Z2X8|KEAP1_MOUSE  TNRLNSAECYYPERNEWRMITPMNTIRSGAGVCVLHNCIYAAGGYDGQDQLNSVERYDVE 540
SP|P57790|KEAP1_RAT    TNRLNSAECYYPERNEWRMITPMNTIRSGAGVCVLHSCIYAAGGYDGQDQLNSVERYDVE 540
SP|Q684M4|KEAP1_PIG    TNRLNSAECYYPERNEWRMITPMNTIRSGAGVCVLHNCIYAAGGYDGQDQLNSVERYDVE 540
SP|Q5R774|KEAP1_PONAB  TNRLNSAECYYPERNEWRMITAMNTIRSGAGVCVLHNCIYAAGGYDGQDQLNSVERYDVE 540
TR|H2QFB9|H2QFB9_PANTR TNRLNSAECYYPERNEWRMITAMNTIRSGAGVCVLHNCIYAAGGYDGQDQLNSVERYDVE 540

********************* **************.***********************
SP|Q14145|KEAP1_HUMAN  TETWTFVAPMKHRRSALGITVHQGRIYVLGGYDGHTFLDSVECYDPDTDTWSEVTRMTSG 600
SP|Q9Z2X8|KEAP1_MOUSE  TETWTFVAPMRHHRSALGITVHQGKIYVLGGYDGHTFLDSVECYDPDSDTWSEVTRMTSG 600
SP|P57790|KEAP1_RAT    TETWTFVASMKHRRSALGIAVHQGRIYVLGGYDGHTFLDSVECYDPDTDTWSEVTRLTSG 600
SP|Q684M4|KEAP1_PIG    TETWTFVAPMKHRRSALGITVHQGRIYVLGGYDGHTFLDSVECYDPDTDTWSEVTRMTSG 600
SP|Q5R774|KEAP1_PONAB  TETWTFVAPMKHRRSALGITVHQGRIYVLGGYDGHTFLDSVECYDPDTDTWSEVTRMTSG 600
TR|H2QFB9|H2QFB9_PANTR TETWTFVAPMKHRRSALGITVHQGRIYVLGGYDGHTFLDSVECYDPDTDTWSEVTRMTSG 600

******** *:*:******:****:**********************:********:***
SP|Q14145|KEAP1_HUMAN  RSGVGVAVTMEPCRKQIDQQNCTC 624
SP|Q9Z2X8|KEAP1_MOUSE  RSGVGVAVTMEPCRKQIDQQNCTC 624
SP|P57790|KEAP1_RAT    RSGVGVAVTMEPCRKQIDQQNCTC 624
SP|Q684M4|KEAP1_PIG    RSGVGVAVTMEPCRKQIDQQNCTC 624
SP|Q5R774|KEAP1_PONAB  RSGVGVAVTMEPCRKQIDQQNCTC 624
TR|H2QFB9|H2QFB9_PANTR RSGVGVAVTMEPCRKQIDQQNCTC 624

************************

Amino acid sequence alignment of mammalian Keap1 using Clustal Omega 
Program

FIGURE A3

Amino acid sequence 
identity amongst these 
species is 92%

Figure A3. Amino acid sequence alignment of various mammalian KEAP1.
Alignment performed using the web-based Clustal Omega program found within
www.uniprot.org. The uniprot IDs are listed. Q14145 (Human), Q9Z2X8 (Mouse),
P57790 (Rat), Q684M4 (Pig), Q5R774 (Orangutan), H2QFB9 (Chimpanzee). The
highly conserved cysteine residues are highlighted in yellow.
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1.A.4.1 KEAP1 structure and its cysteine sensors 

 

KEAP1 is a member of the BTB-Kelch family of proteins which are named 

Kelch-like 1 to 42 (KLHL1-42). All members of this family are able to bind to Cullin 

3 through their BTB domain. KEAP1 is a multidomain homodimeric protein which 

has five distinct domains (Fig. A1B): N-terminal region (NTR) (amino acids 

1−60), broad complex, Tramtrack, Bric-á-brac (BTB) (amino acids 61−179), 

intervening region (IVR) (amino acids 180−314), Kelch domain (KELCH) (amino 

acids 315−598), and the C-terminal region (CTR) (amino acids 599−624).  

 

The BTB domain is required for KEAP1 dimerisation, and it has been 

reported that mutation of S104 to an alanine residue prevents its 

homodimerisation and causes NRF2 accumulation in the nucleus (Zipper and 

Mulcahy, 2002). There are three cysteines present in the KEAP1 BTB domain, 

C77, C151 and C171. Single mutants of each of the cysteines in the BTB domain 

to a serine behave like the wild-type (WT) KEAP1 in terms of the ability to repress 

NRF2-dependent gene expression (Zhang and Hannink, 2003). The KEAP1 

C151 is the most well-characterised in the literature. The KEAP1 C151S mutant 

under basal conditions is also able to mediate the degradation of NRF2, similarly 

to the WT protein (McMahon et al., 2010, Zhang and Hannink, 2003, Saito et al., 

2015). Zhang et al. found that the BTB domain of KEAP1 protected KEAP1 from 

ubiquitin-mediated degradation (Zhang et al., 2005). Interestingly, it has been 

shown by several groups that under basal conditions, when subjected to SDS-

PAGE, WT KEAP1 migrates as two distinct species, one at approximately 65 kDa 

and the other at 130 kDa and that the slow migrating species does not appear 
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with in the C151S mutant (Fourquet et al., 2010, Zhang and Hannink, 2003). 

Zhang and colleagues suggested that the slow migrating species of KEAP1 is 

due to the posttranslational modifications occurring on the protein, as the 

mutation of C151S prevents its occurrence. However, Fourquet et al. showed that 

the slower migrating KEAP1 species is non-inducible and redox insensitive and 

upon exposure to electrophiles, the intensity of the slower migrating species 

increased. The authors subsequently exposed induced samples to the reducing 

agent β-mercaptoethanol and observed a complete reduction in the intensified 

slower migrating species of KEAP1 hence suggesting that this species mainly 

comprises of the oxidized form of KEAP1 (Fourquet et al., 2010).  

 

Some of the well-known NRF2 inducers that modify C151 are the 

isothiocyanate sulforaphane (SFN), iodoacetamide (IAA), tert-butyl hydroquinone 

(tBHQ) and diethylmaleate (DEM) (McMahon et al., 2010, Takaya et al., 2012, 

Saito et al., 2015, Bryan et al., 2013). In 2010, using molecular modeling 

McMahon et al. postulated that the cysteine reactivity of C151 in KEAP1 was due 

to the presence of five proximate basic amino acid residues (His 129, Lys 131, 

Arg 135, Lys 150 and His 154) (McMahon et al., 2010), which have the ability to 

deprotonate the sulfhydryl group of C151 thus lowering its pKa. This results in the 

thiol group of C151 to exist as an anion under physiological pH conditions. 

Indeed, the authors discovered that KEAP1 bearing the triple mutations at 

K131M, R135M and K150M lost the ability to sense electrophiles that specifically 

targeted C151.  
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The crystal structure of the BTB domain of KEAP1 with the triterpenoid 

CDDO was solved in 2014 and deposited in the Protein Database Bank (pdb.org) 

with the accession number 4CXI using the Pymol software (Fig.A4A) (Cleasby 

et al., 2014). We measured the distances of the 5 positively charged amino acids 

mentioned that were adjacent to C151 and found that R135 had the closest 

proximity to C151 with a distance of 3.6Å (Fig. A4B), which further supports the 

findings reported by McMahon and colleagues (McMahon et al., 2010). 

 

To date, there is no crystal structure of the IVR domain of KEAP1 (aa 180 

to 315). The KEAP1 IVR domain, flanked by the N-terminal BTB domain and the 

Kelch domain at the C-terminus, contains 8 cysteine residues (cysteines 196, 

226, 241, 249, 257, 273, 288 and 297), of which, C273 and C288 are the most 

well characterised. Exposure to electrophiles or alkylating agents targeting the 

cysteines within the IVR domain, predominantly C273 and C288, leads to the 

inactivation of KEAP1 and subsequent activation of NRF2 (Dinkova-Kostova et 

al., 2002, Kobayashi et al., 2004, Wu et al., 2010). Single or double mutations of 

C273 or C288 to serine or alanine render KEAP1 inactive with respect to its 

repression and degradation of NRF2 (McMahon et al., 2010, Zhang and Hannink, 

2003, Kobayashi et al., 2004, Levonen et al., 2004), Wakabayashi et al. 2004). 

Since these C273S/A and C288S/A mutants inactivated KEAP1, they presented 

a difficulty to study the electrophiles that could potentially target these cysteines. 

Recently, Saito and colleagues showed that single or double mutation of C273 

and C288 to tryptophan or glutamic acid did not impede the KEAP1-mediated 

repression and degradation of NRF2 hence allowing to precisely identify 

electrophiles that are sensed by either or both of these residues (Saito et al., 

 17 



His 129

Lys 131

Arg 135

Lys150

His 154

Cys 151

PDB ID: 4CXI

Arg 135

Lys 131

His 129
His 154

Lys150Cys 151

7.1
Å

11.1
Å

5.6Å
3.6Å6.3Å

7.9Å

PDB ID: 4CXI

A

B

Figure A4. Structure of the human KEAP1 BTB domain. A) Cartoon
representation of the human KEAP1 BTB domain (grey). The basic amino acids
(His 129, Lys 131, Arg 135, Lys 150 and His 154) adjacent to the Cys 151
residue (green sticks) are represented with cyan coloured stick drawings.
Structure drawn using Pymol using the PDB accession 4CXI. B) The distances
calculated in angstroms (Å) between basic residues (His 129, Lys 131, Arg 135,
Lys 150 and His 154) and Cys 151.

FIGURE A4
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2015). In the report published by Saito et al. the authors showed that 15-deoxy-

Δ12,14-prostaglandin J2 (15d-PGJ2) is sensed specifically by C288. We performed 

molecular modeling of the amino acid residues comprising the IVR domain using 

the I-TASSER platform (Fig. A5), and found that it is comprised of 8 α-helices 

and that basic amino acids are found adjacent to C273 (i.e. R272 and H274) and 

C288 (i.e. K287), which could cause the deprotonation of the thiol groups, hence 

increasing their reactivity. 

 

The Kelch domain of KEAP1 is evolutionarily conserved and contains nine 

cysteine residues at amino acids 319, 368, 395, 406, 434, 489, 513, 518 and 583. 

The first crystal structure of the KEAP1 Kelch domain was solved at a resolution 

of 1.85Å in 2004 by Li and colleagues (Li et al., 2004). Several crystal structures 

of both the human and murine KEAP1 Kelch domains with different resolutions 

and in combination with compounds or short peptide sequences of the Neh2 

domain of NRF2 have since been reported (Lo et al., 2006, Tong et al., 2007, 

Komatsu et al., 2010, Fukutomi et al., 2014, Winkel et al., 2015, Davies et al., 

2016, Saito et al., 2016). The Kelch domain in KEAP1 contains six Kelch repeats 

that assembles into a six-bladed β-propeller structure (blades I-VI), where the C-

terminal residues form the first strand in the first blade. Four-stranded antiparallel 

β sheets (A-D) form one blade, where the shortest β sheet A is found at the 

central core (Canning et al., 2015, Li et al., 2004). The Kelch domain also 

contains double glycine repeats (DGR), which are located at the terminal end of 

the β sheets. In several reports within the literature, the Kelch domain and the 

CTR are collectively called the DGR.  
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FIGURE A5
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Figure A5. Modelled structure of the human KEAP1 IVR domain. Cartoon

representation of the I-TASSER program modelled human KEAP1 IVR domain

displaying 8 α-helices, amino acids 180 to 315 (grey). The basic amino acids (Arg

272 and His 274, pink) found adjacent to the Cys 273 residue (green) as well as the

hydrophobic Lys 287 (pink) residue found adjacent to Cys 288 (green) are

represented with coloured stick drawings.
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First discovered in 1999 by Itoh and colleagues, the N-terminal Neh2 

domain within NRF2 has been since reported by various groups to bind to the 

KEAP1 Kelch domain (Itoh et al., 1999). Using nuclear magnetic resonance 

spectroscopy, Tong et al. discovered that the Neh2 domain was intrinsically 

disordered (Tong et al., 2006). It was subsequently found that the evolutionarily 

conserved DLG (McMahon et al., 2004) and ETGE (Itoh et al., 1999) motifs within 

the NRF2-Neh2 domain (Fig. A1A) were responsible for binding to the KEAP1 

Kelch domains (McMahon et al., 2006, Tong et al., 2006). The DLG motif has a 

200-fold lower affinity binding constant to the Kelch domain of KEAP1 compared 

to the ETGE motif (Tong et al., 2007). When we compared the independently X-

ray crystallographically-resolved complexes of ETGE containing peptide-Kelch 

KEAP1 with the DLG containing peptide-Kelch KEAP1 by superimposing the two 

using the Pymol software, we discovered that that both the DLG and ETGE motifs 

occupy the Kelch domain pocket in a similar fashion (Fig.A6A and B). The most 

striking difference observed between the occupancy of the DLG containing 

peptide compared to the ETGE-containing peptide was that the N-terminus of the 

DLG peptide adopted an α-helical secondary structure (Fig. A6). The DLG and 

ETGE motifs flank a lysine-rich α-helix to allow for the conjugation of ubiquitin 

molecules by the activated E2-ubiquitin conjugating enzyme. To summarize, the 

dimer of KEAP1 binds to NRF2 through its Neh2 domain where one KEAP1 

monomer binds to the ETGE motif and the other binds to the DLG motif to serve 

as a substrate adaptor to mediate the proteasomal degradation of NRF2 through 

Cullin 3, a scaffolding protein for the E3 ubiquitin ligase complex.  
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Figure A6. Structure of the KEAP1 Kelch domain. Cartoon representation of
superimposed human KEAP1-Kelch domain (pale blue) complexed with the ETGE
(yellow) containing human NRF2 peptide sequence (amino acids 69 to 84) (blue)
(PDB ID: 2FLU) and the murine KEAP1-Kelch domain (pale pink) complexed with the
murine NRF2 peptide (amino acids 17-40) (pink) containing the DLG motif (green)
(PDB ID: 3WN7). A) shows the side view and B) shows the top view of the Kelch
domains of KEAP1.

FIGURE A6
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1.A.4.2 KEAP1-Cullin3 interaction 

 

The primary system for protein degradation in the cell is the ubiquitin-

proteasome system, where E3 ubiquitin ligases are essential components. 

Cullins are a family of hydrophobic proteins that confer substrate specificity by 

acting as scaffolds for E3 ubiquitin ligase complexes (Sarikas et al., 2011, 

Anderica-Romero et al., 2013). Thus far, in mammals, there have been seven 

Cullins (1, 2, 3, 4A, 4B, 5 and 7) identified. Cullin 3 is the only member of its family 

that is able to recognize BTB domains-containing proteins (Anderica-Romero et 

al., 2013). Since KEAP1 contains the BTB domain, in 2004, Kobayashi and 

colleagues hypothesized that under basal conditions, Cullin 3 could be mediating 

the degradation of NRF2 through binding of the substrate adaptor KEAP1 due to 

its ability to bind to proteins containing the BTB domain (Kobayashi et al., 2004). 

Indeed, they discovered that, in vivo, Cullin 3 was able to bind to KEAP1, 

however, it was surprising that the interaction between the two proteins was 

between the IVR domain of KEAP1 and the N-terminal domain of Cullin 3 instead 

of the BTB domain of KEAP1 (Kobayashi et al., 2004). Subsequently, at the 

beginning of 2005, in the same journal, Furukawa and Xiong, reported that 

KEAP1 and Cullin 3 binding occurs between the BTB-domain of the former and 

the N-terminal domain of the latter. Subsequently, it was discovered that Cullin 3 

homodimerisation requires the presence of its N-terminal domain and is 

dependent on its interaction with BTB domain containing substrates (i.e. KEAP1) 

which also are able to homodimerise at their BTB domains (Choo and Hagen, 

2012).  
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Using a quantitative fluorescence recovery after photobleaching (FRAP)-

based approach, Baird and Dinkova-Kostova, found that NRF2 inducers such as 

the semisynthetic triterpernoid CDDO, the isothiocyante sulforaphane and 

hydrogen peroxide do not affect the binding between ectopically expressed 

fluorophore-tagged KEAP1-EGFP and mCherry-Cullin 3, and suggested that 

conformational changes could inactivate their repressive functions, ultimately 

leading to activation of NRF2 (Baird and Dinkova-Kostova, 2013). Under basal 

conditions, the KEAP1-E3 ubiquitin ligase complex binds to one NRF2 molecule. 

A small protein, Nedd8 is covalently attached to a highly conserved lysine residue 

at the C-terminus region of Cullin 3. This leads to the reconfiguration of the 

KEAP1-Cullin 3-E3 ubiquitinating complex and allows for the association E2 

enzymes to come into contact with NRF2, leading to its polyubiquitination and 

subsequent degradation by the proteasome (Canning et al., 2013, Duda et al., 

2008, Saha and Deshaies, 2008). It could be envisioned that when this complex 

is exposed to electrophiles or reactive oxygen species, the polyubiquitination of 

NRF2 ceases due to chemical modification of the reactive ‘sensor’ cysteine 

residues in KEAP1, which disables its NRF2-repressor function. 

 

1.A.5  Concluding remarks 

 

More than 20 years of research conducted on the KEAP1/NRF2 pathway 

by various independent groups have highlighted the exceptional importance of 

these two proteins. The extraordinary ability of KEAP1 to sense a multitude of 

inducers that vary in shape, size and order of reactivity has led to an intricately 

complex ‘cysteine code’, which guarantees a finely tuned and tightly regulated 
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antioxidant response pathway. The induction of this pathway is the purpose of 

the small molecule NRF2 activators, which are currently in clinical trials. It is vital 

that further research is conducted to achieve a greater understanding of the 

detailed consequences of activating NRF2 by targeting of KEAP1 for the 

treatment and prevention of various diseases. 
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Section 1: Introduction 

Chapter B 

The cytoprotective role of the mammalian heat shock factor 1 

1.B.1 Introduction 

In the early 1960s, the Italian researcher Ferruccio Rittosa was studying 

the type(s) of nucleic acid that was being transcribed at the puffs in the 

chromosomes of the Drosophila salivary glands (Ritossa and Vonborstel, 1964), 

where these chromosome puffs were found to be transcriptionally active regions. 

By accident, one of his colleagues had increased the temperature of the incubator 

where he had kept his Drosophila larvae and during this time (Ritossa, 1996), 

Ritossa noticed a unique puffing pattern in the Drosophila polytene chromosomes 

(Ritossa, 1964) when they were exposed to heat, sodium salicylate or di-

nitrophenol. Subsequently, independent groups observed this phenomenon in 

other Drosophila tissues, and this ultimately led to the discovery of the heat shock 

proteins when the researchers Tissieres and Mitchell found these proteins to be 

upregulated during the chromosomal puffing that occurred upon heat stress 

(Tissieres et al., 1974).  

In all living organisms known to man, the cellular response to elevated 

temperatures is universal, and is triggered by a temperature increase of just a 

few degrees above the optimal temperature. All organisms are adapted to a 

precise range of temperatures for optimal function. Cells within these organisms 

possess intricate mechanisms that allow for adaptation and survival during 
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elevated temperatures. In humans, the core body temperature is normally around 

37 degrees Celsius (oC). However, temperatures above 41 oC induce the heat 

shock response (HSR), which is characterized by the activation of transcription 

of heat shock protein (Hsp) genes orchestrated by a family of transcription 

factors, within which heat shock factor 1 (HSF1) is most prominent. The HSR 

causes the elevation of the Hsps such as Hsp24, Hsp40, Hsp70 and Hsp90 most 

of which are molecular chaperones that function to prevent protein misfolding and 

aggregation within the cell. The HSR is a cytoprotective mechanism that is also 

stimulated upon cellular stresses such as hypoxia (Benjamin et al., 1990), 

fluctuations in intracellular pH (Jolly and Morimoto, 2000), proteotoxicity and 

exposure to heavy metals (Lee et al., 2002a, Saydam et al., 2003). Critically, in 

addition to providing an adaptive response to thermal stress resulting in 

thermotolerance, the HSR orchestrated by HSF1 has protective effects in 

numerous pathophysiological conditions, including ageing and 

neurodegenerative diseases (Aridon et al., 2011, Hoshino et al., 2011, Anckar 

and Sistonen, 2011, Morley and Morimoto, 2004). 

1.B.2 HSF family members 

To date, there are four known members belonging to the HSF protein 

family, of which HSF1, HSF2 and HSF4 (Schuetz et al., 1991, Nakai et al., 1997) 

have been identified and characterized in mammals, and HSF3 was initially 

identified in the avian species (Nakai et al., 1995). In unstressed cells, HSF1 is a 

monomer and in contrast, HSF2 exists as a dimer. Upon stress, HSF2 can either 

form a homotrimer or it can heterotrimerize with HSF1 in the nucleus and induce 
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the transcription of both the classical heat shock genes as well as non-classical 

heat shock genes such as the tandem satellite III DNA repeats (Sandqvist et al., 

2009, Ostling et al., 2007). A recent study has discovered that HSF1 and HSF2 

interact with each other through their coiled-coil domains adjacent to their DNA 

binding domains (Jaeger et al., 2016). Unlike HSF1, HSF2 expression is tissue- 

and cell-specific (Akerfelt et al., 2010). In the mouse, HSF2 plays a vital role in 

spermatogenesis, female fertility and early development (Wang et al., 2004a, 

Kallio et al., 2002). Kallio et al. discovered that HSF2-null (HSF2-/-) mice, 

although embryonically viable, display brain abnormalities, which are 

characterized by a reduced striatum and hippocampus; furthermore, HSF2-/- 

female mice produce eggs with meiotic defects (Kallio et al., 2002). Although 

much of the early research on HSF2 was focused on its role in development, a 

more recent study highlighted the link between HSF2 and neurodegeneration 

(Shinkawa et al., 2011). The researchers found that the loss of HSF2 in the R6/2 

Huntington’s disease mouse model exacerbates the aggregation of the 

polyglutamine protein leading to a decreased lifespan.  

HSF4 lacks the LZ4 domain that is required for the suppression of 

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

expressed in cells. HSF4 plays an important role in development and its 

expression is increased during lens development (Fujimoto et al., 2004). Many 

studies have shown that HSF4 is crucial for the development and maintenance 

of the lens as mutations in HSF4 (Fujimoto et al., 2008), particularly in the DNA-

binding domain are correlated with the development of cataracts in humans (Ke 

et al., 2006, Forshew et al., 2005, Smaoui et al., 2004, Bu et al., 2002). One of 
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the isoforms of HSF4, HSF4a, has been shown to negatively regulate HSF2 by 

downregulating the expression and inhibiting the transcriptional activity of HSF2 

at the hsp70 promoter via directly binding to HSF2 (Kim et al., 2012b). Loss of 

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

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

transcript levels suggesting that the transcription factor is regulated by chromatin 

remodelling, and that the importance of Snf2h in lens development might be in 

part mediated by HSF4 (He et al., 2016). 

The mammalian HSF1 orthologue in avian cells is functionally redundant, 

however, in chickens, HSF3 is the major heat shock transcription factor 

(Kawazoe et al., 1999). Furthermore, human HSF1 is able to rescue the induction 

of the classical heat shock responsive genes in the absence of chicken HSF3, 

although chicken HSF1 confers cellular cytoprotection when cells are exposed to 

stressors such as UV irradiation (Inouye et al., 2003) and is able to do so without 

inducing the classical heat shock genes, suggesting that chicken HSF1 also plays 

a vital role in other pro-survival pathways. In the chicken, HSF3 exists as a dimer 

in unstressed cells and is able to form homotrimers upon heat shock(Nakai et al., 

1995, Nakai and Ishikawa, 2000). The mouse HSF3 discovered in 2010 by 

Fujimoto et al. (Fujimoto et al., 2010) can activate the transcription of non-

classical heat shock genes, and its isoform mHSF3a, has the ability of protect 

cells from heat shock and proteotoxicity. Of note, although HSF3 is considered 

to be the avian ortholog of the mammalian HSF1, a recent study suggests that its 

involvement in the regulation of a number of febrile response mediators, such as 
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the interleukins IL-6. IL-1β, and activating transcription factor 3 (ATF3), have 

evolutionally diverged in mammalian and avian species (Prakasam et al., 2013). 

1.B.3 HSF1: Structure, Function and Regulation 

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

unstressed conditions, the mammalian HSF1 exists as a monomer more 

abundantly in cytoplasm relative to the nucleus (Fig. B1). The DNA-binding and 

transcriptional capacity of the transcription factor is suppressed at both the 

intramolecular level as well as the intermolecular level, where in the latter, 

molecular chaperones such as Hsp70 (Shi et al., 1998) and Hsp90 (Ali et al., 

1998) interact with HSF1 to inhibit its activation. Upon cellular tress, HSF1 

undergoes several activating post-translational modifications and also forms a 

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

shock elements (HSE) which contain the inverted repeats of the 

deoxyribonucleotides TTCnGAAnTTC that are found in the upstream regulatory 

regions of the hsp genes (Trinklein et al., 2004).  

Nuclear stress bodies (nSBs) are relatively large distinct structures (0.3 to 

3 μm in diameter) that are formed in the nucleus when the cell is exposed to 

stresses such as heat shock or heavy metals (Biamonti and Vourc'h, 2010). The 

formation of nSBs requires the transcriptionally active HSF1 to interact with 

pericentrometric tandem repeats of satellite III (sat II) sequences within the 9q12 

chromosomal locus leading to the transcription of non-coding single-stranded 

RNA molecules. Also, HSF1 binds to the histone acetyl transferase (HAT) CREB 
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Figure B1

Figure B1. The heat shock response. Various types of cellular stressors such as heat
and proteotoxicity can activate the heat shock response by causing the release of the
transcription factor HSF1 which is basally sequestered by the Hsp90 multi-chaperone
complex that also includes the co-chaperone Hsp70. In addition, the binding between the
leucine zipper (LZ) domains LZ1-3 and LZ4 is disrupted and the regulatory domain of
HSF1 becomes hyperphosphorylated at several serine residues within its regulatory
domain (RD), leading to HSF1 activation. The transcriptionally active HSF1 is then able
to enter the nucleus, homotrimerize and bind to the heat shock elements to induce the
transcription of its target genes. HSF1 that is basally present in the nucleus also
becomes activated upon stress and is able to homotrimerize to elicit the heat shock
response. In the attenuation phase of the heat shock response, nuclear Hsp70 binds to
the C-terminal transactivation domain (CTAD) of HSF1 to inhibit its function. During this
time HSF1 is also dephosphorylated and shuttles out of the nucleus, resumes its
inactivated form and is once again bound to the Hsp90- multichaperone complex.
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and causes the hyperacetylation of nucleosomes at the satellite III repeats, 

allowing RNA polymerase as well as several RNA-binding proteins to transcribe 

sat III mRNA transcripts. The mRNA and RNA-binding protein complexes 

generated are known as the perichromatin granules (PGs) and are generated in 

large clusters during stress forming mature distinct nSBs (Biamonti, 2004).  

Interestingly, at the nSBs, HSF1 and HSF2 form transcriptionally active 

heterocomplexes (Alastalo et al., 2003) and the formation of nSBs coincides with 

the nucleolar accumulation of Hsp70. Although, the function of the nSBs is 

currently quite unclear, it is interesting that upon stimulation, nSBs are formed as 

early as 5 minutes and they are able to last for several hours after the initial 

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

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

the binding of Hsp70 (Biamonti, 2004).  

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

into the functional significance of HSF1(Yan et al., 2002). HSF1-/- mice have 

altered redox homeostasis in the cardiac cells, and their mitochondria are highly 

susceptible to oxidative damage. By use of mouse embryonic fibroblasts (MEFs), 

it was found that HSF1 is essential for induction of the classical heat shock genes, 

and HSF1-/- MEFs are more sensitive to apoptosis during heat stress compared 

to their wild-type counterparts (Yan et al., 2002) showing the importance of HSF1 

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

contributes to the partial fetal lethality of the absence of the transcription factor. 

Male HSF1-/- mice are fertile, however the females with this genotype are sterile. 

HSF1 plays a vital role in oogenesis: HSF1 is highly abundant in the nucleus of 
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immature oocytes and plays an important role in the initial cleavage stages, 

hence explaining the infertility described in the HSF1-/- females (Christians et al., 

2000). 

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

regulated by multiple post-translational modifications (PTMs) such as 

sumoylation, acetylation and phosphorylation throughout its activation and 

attenuation cycle (Fig. B2). In an unstressed system, HSF1 is a monomeric 

phosphoprotein where it is phosphorylated on multiple serine residues (Sarge et 

al., 1993, Baler et al., 1993, Holmberg et al., 2001, Cotto et al., 1996), and is also 

negatively regulated at the intramolecular level due to the binding of the LZ1-3 

domain and the LZ4 domain. The LZ1-3 domain, or the oligomerization domain, 

due to its coiled-coil structure has the ability to form homotrimers (Rabindran et 

al., 1993, Farkas et al., 1998, Liu and Thiele, 1999). Upon stress, the 

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

interaction is established. The regulatory domain (RD) of HSF1 lies between the 

LZ1-3 and LZ4 domains. Its absence causes HSF1 to become transcriptionally 

active even in unstressed conditions, which highlights the role of the RD as a 

repressor of HSF1 activity and also as a stress sensor (Yoshima et al., 1998, 

Newton et al., 1996, Budzynski et al., 2015).  

During exposure to stress such as heat shock, HSF1 is 

hyperphosphorylated and this hyperphosphorylation of HSF1 increases the half-

life of the HSF1 trimers and prolongs its transactivating capabilities (Xia and 

Voellmy, 1997). The RD is subjected to many PTMs such as acetylation, 
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Figure B2. Schematic diagram of the structure and posttranslational
modifications of HSF1. HSF1 is posttranslationally modified by various

enzymes and these modifications can confer HSF1 to be either

transcriptionally active or inactive. The activating modifications (blue) are

phosphorylation (Ph) modifications on Ser residues 230, 326, and 419. The

repressive modifications (red) on HSF1 are acetylation (Ac) on Lys 80,

phosphorylation on Ser residues 121, 172, 303, 307 and 363 and sumoylation

(Su) on Lys 298. The enzymes that catalyze these modifications are listed

beside the respective residue modifications; DBD: N-terminal DNA-binding

domain, LZ: Leucine zippers LZ1-3 and LZ4, RD: Regulatory domain, and

CTAD: C-terminal transactivation domain. Trimerization of HSF1 occurs at the

LZ1-3 region, whereas at basal conditions, it is negatively regulated by LZ4.

Also, in unstressed systems the CTAD is negatively regulated by the RD.
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phosphorylation and sumoylation. In 2005, Guettouche and colleagues 

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

identified that HSF1 was phosphorylated on at least 12 serine residues, and 

interestingly, they did not detect phosphorylation on threonine or tyrosine 

residues (Guettouche et al., 2005); however, other groups have identified 

phosphorylation events occurring on such residues (Soncin et al., 2003, Olsen et 

al., 2006). Although most of the phosphorylations that occur within the RD are 

inhibitory, phosphorylations on serine 230 (Holmberg et al., 2001) and serine 326 

(Guettouche et al., 2005, Boellmann et al., 2004) are activating. Thus, the 

calcium/calmodulin-dependent kinase CAMKII phosphorylates HSF1 at serine 

230 during stress conditions, and mutation of this residue reduces the 

transcriptional capacity of HSF1(Holmberg et al., 2001). The phosphorylation of 

serine 326 of HSF1 allows DAXX to bind to HSF1 to enhance its transcription 

(Boellmann et al., 2004), and mutations of serine 326 have been shown to reduce 

the transcriptional activity of HSF1 by more than 70% (Guettouche et al., 2005, 

Boellmann et al., 2004).  

The kinases that phosphorylate HSF1 at S326 were proposed to be MEK 

(Tang et al., 2015) and mTOR (Chou et al., 2012). Experiments described in this 

thesis showed that all members of the p38 MAPK family have the ability to 

phosphorylate HSF1 at S326 in vitro and in cells, p38Ɣ was identified to be the 

primary kinase that phosphorylates HSF1 at this site (Dayalan Naidu et al., 2016). 

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

of HSF1 is required for sumoylation (conjugation of small ubiquitin modifiers 

(SUMO) 2/3) at lysine 298 (Hietakangas et al., 2003), and this mechanism was 
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first discovered in HSF1 where phosphorylation-dependent sumoylation motif 

(PDSM) characterized by the consensus sequence ΨKxExxSP (where Ψ is a 

branched hydrophobic amino acid and x is any amino acid) was identified 

(Hietakangas et al., 2006). Sumoylation at lysine 298 renders HSF1 

transcriptionally incompetent (Hilgarth et al., 2003). Brunet Simioni et al. found 

that the phosphorylation of serine 303 and 307 itself does not affect the 

transcriptional activity of HSF1; however, the phospho-S303-dependent 

sumoylation on lysine 298 blocks its transactivation capacity (Brunet Simioni et 

al., 2009).  

The DNA-binding domain (DBD) located at the N-terminal region of HSF1 

is highly conserved across species (Anckar and Sistonen, 2011) (Fig. B3). Within 

the HSF1 trimers, each of the DBD of the monomers recognizes the nGAAn 

sequence in the major groove (Cicero et al., 2001, Littlefield and Nelson, 1999). 

Phosphorylation of serine 121 by MAPK-activated protein kinase 2 (MAPKAPK2) 

at the DBD causes HSF1 to lose its transcriptional activity and promotes its 

binding to Hsp90, a negative regulator of HSF1 (Wang et al., 2006). In addition, 

acetylation on lysine 80 hinders the transcriptional capacity of HSF1, as 

mutagenesis studies in yeast have revealed a loss-of-function phenotype when 

lysine 80 was mutated (Hubl et al., 1994, Torres et al., 1995). Activation of the 

SIRT1 deacetylase prolonged the transcriptional competency of HSF1, whereas 

the decrease in SIRT1 accelerated the attenuation phase of HSF1. 

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

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

described above. The CTAD consists of two transactivation domains, TAD1 and 
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Figure B3. Structure of the DNA-binding domain (DBD) of human HSF1 (amino
acids 10-123). The domain is coloured according to the secondary structure of the
protein where the alpha helices and beta-sheets are represented by red and yellow
respectively. Amino acid residues Lysine 80 (K80) and Serine 121 (S121) are
represented as blue sticks. Figure drawn using Pymol using the PDB entry 2LDU.
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TAD2 (Newton et al., 1996). TAD1 (amino acids 401-420) is rich in hydrophobic 

amino acids and interacts with TATA-box binding protein associated factor TAF9 

in vitro, and mutations within the hydrophobic patch of TAD1 prevent HSF1 

transactivating capability (Choi et al., 2000). TAD2 contains both acidic and 

hydrophobic residues and is proline-rich. BRG1 belonging to chromatin 

remodeler SWI/SNF complex binds to HSF1 at the CTAD (Sullivan et al., 2001). 

It is likely that the CTAD could be the hub for interaction of transcriptional co-

factors and HSF1. Interestingly, Hsp70 binds to the CTAD of HSF1 (Abravaya et 

al., 1992), therefore, it could potentially negatively regulate HSF1 by disrupting 

the association of HSF1 with its transcriptional co-activators such as p300/CBP 

(Xu et al., 2008). Although it is clear from the literature that HSF1 and Hsp90 

interact (Zou et al., 1998, Ali et al., 1998, Shi et al., 1998), to our knowledge, the 

precise interaction site has not been mapped. 

1.B.4 Small molecule activators of HSF1 

1.B.4.1 Endogenous metabolites 

HSF1-mediated transcription can be induced by endogenously produced 

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

Examples include 4-hydroxy-2-nonenal, acrolein, 10-nitro-octadecenoic acid 

(nitro-oleic acid), and 15-deoxy-D12,14-prostaglandin J2 (15d-PGJ2) (Fig. B4). 

Nuclear accumulation of HSF1 and induction of Hsp70 and Hsp40, as well as of 

HSE-dependent luciferase reporter, have been observed when human colon 

cancer cells were exposed to 4-hydroxy-2-nonenal, and siRNA-mediated 
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silencing of HSF1 abolished this induction (Jacobs and Marnett, 2007). 

Treatment of human endothelial cells with 10-nitro-octadecenoic (nitro-oleic) 

acid, a nitrated product of oleic acid with cytoprotective activities, led to activation 

of the heat shock response (Kansanen et al., 2009). Induction of Hsp70 and 

Hsp40 also occurred when A549 human lung cancer cells were exposed to the 

electrophilic lipid peroxidation product acrolein (Thompson and Burcham, 2008). 

The DNA binding activity of HSF1 was increased and the expression of Hsp70 

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

ischemia-reperfusion injury (Zingarelli et al., 2004). In addition, high 

concentrations of 17 β-estradiol have been shown to activate HSF1 and induce 

Hsp70 (Knowlton and Sun, 2001, Hamilton et al., 2004). Unlike the other 

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

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

2-hydroxy- and 4-hydroxy-estradiol (Zhu and Conney, 1998), which might be the 

ultimate inducers. 

A striking common feature of these endogenous inducers is their 

electrophilicity. The role of this chemical property for inducer activity has been 

tested by use of structurally-related analogues. In contrast to the active 

electrophilic cyclopentenone 15d-PGJ2, which contain an α,β-unsaturated 

carbonyl moiety in its cyclopentane ring, other arachidonic acid metabolites which 

lack this electrophilic functional group, are inactive (Rossi et al., 1996, Elia et al., 

1999). Similarly, the non-electrophilic oleic acid is devoid of inducer activity, in 

sharp contrast to its electrophilic counterpart, nitro-oleic acid (Kansanen et al., 

2009). The importance of electrophilicity for inducer activity strongly suggests that 
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the primary protein targets contain reactive nucleophilic amino acids which act as 

sensors for inducers.  

As Hsp90 and Hsp70 are the major negative regulators of HSF1, it is 

possible that inducer binding to one or both of them interferes with their ability to 

form a complex with HSF1.  Indeed, covalent modification at cysteine 572 of 

Hsp90 by 4-hydroxy-2-nonenal has been detected in purified recombinant human 

Hsp90 (Carbone et al., 2005). Endogenous Hsp90 and Hsp70 were also modified 

upon exposure of cells to 4-hydroxy-2-nonenal (Jacobs and Marnett, 2007, 

Jacobs and Marnett, 2010), and to its azido- and alkynyl-tagged derivatives, as 

identified by click chemistry and ex vivo biotinylation (Vila et al., 2008). By use of 

noncovalent affinity capture with a biotinyl-geldanamycin probe, both Hsp90α and 

Hsp90β were isolated from human colorectal cancer cells, and histidine adducts 

that were endogenously formed by treatment with 4-hydroxy-2-nonenal were 

detected (Connor et al., 2011). Furthermore, modifications in Hsp90 and Hsp70 

by 4-hydroxy-2-nonenal have been reported to occur in rat liver in a model of 

alcoholic liver disease (Smathers et al., 2011). The same compound was also 

found to disrupt the interaction of ectopically expressed c-Myc-tagged Hsp70 with 

HSF1 and induce the HSR (Jacobs and Marnett, 2007). Interestingly, the yeast 

Hsp90 does not contain any cysteine residues, and C264 and C303 of the Hsp70 

chaperone Ssa1 serve as the sensors for electrophilic HSF1 activators, as 

demonstrated by mutagenesis analysis and click chemistry approach after 

treatment with an alkynyl-tagged derivative of 4-hydroxy-2-nonenal (Wang et al., 

2012). Together, these findings strongly suggest that modifications of the 
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negative regulators Hsp90 and/or Hsp70 may cause release of HSF1 and 

activation of HSF1-dependent transcription. 

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

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

case, HSF1 itself is the protein sensor as activation of murine HSF1 by H2O2 is 

dependent on cysteine 35 and cysteine 105, which form a disulfide bridge (Ahn 

and Thiele, 2003). The corresponding pair of cysteines (i.e., cysteine 36 and 

cysteine 103) in human HSF1 form an intermolecular disulfide bridge, promoting 

HSF1 trimerization and binding to the HSE (Lu et al., 2008). A subsequent study 

has shown that an intermolecular interaction between the aromatic residues 

tryptophan 37 and phenylalanine 104 supports the approach of cysteine 36 and 

cysteine 103 (Lu et al., 2009). In contrast, an intramolecular disulfide bridge 

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

inhibits trimerization and DNA binding of HSF1 (Lu et al., 2008). 

The signalling molecule nitric oxide has been reported to activate HSF1 

and induce Hsp70 in vascular smooth muscle cells (Xu et al., 1997). Interestingly, 

S-nitrosation at cysteine 597 of human Hsp90α inhibits the ATPase activity of the 

chaperone(Martinez-Ruiz et al., 2005), and substituting cysteine 597 with S-

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

conformational equilibrium of the chaperone, decreasing its activity (Retzlaff et 

al., 2009). It is therefore possible that HSF1 activation by nitric oxide is due to 

inactivation of Hsp90. 
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Activation of HSF1 can also be stimulated by electrophilic and reactive 

oxygen species which are formed during physiological and pathophysiological 

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

stimulation and mechanical stretching of smooth muscle cells result in HSF1 

hyperphosphorylation, nuclear translocation, and enhanced Hsp70 expression 

(Metzler et al., 2003). In addition, HSF1 activation has been implicated in the 

production of plasminogen activator inhibitor-1 after stimulation by glycated low 

density lipoproteins as well as by oxidized very low density lipoproteins in cultured 

vascular endothelial cells (Zhao and Shen, 2007, Zhao et al., 2008). Subsequent 

studies have shown that in this case, activation of HSF1 is mediated by induction 

of NADPH oxidase (Zhao et al., 2009, Sangle et al., 2010, Zhao et al., 2011). 

1.B.4.2 Phytochemicals 

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

hsp70.1pr-luc (stably transfected with a luciferase-encoding construct under the 

transcriptional control of the hsp70 promoter) identified the phytochemical 

celastrol as inducer of the HSR (Westerheide et al., 2004b). Celastrol is a quinone 

methide triterpenoid (Fig. B5) found in the Chinese plant Tripterygium wilfordii. 

In addition to the cervical cancer HeLa reporter cell line, celastrol activates the 

hsp70 promoter reporter in the breast cancer cell lines MCF7 and BT474, the 

nonsmall cell lung carcinoma cell line H157, and the neuroblastoma cell line SH-

SY5Y), and importantly, the magnitude of activation is comparable to that induced 

by heat shock (42 °C) (Westerheide et al., 2004b). In agreement, exposure to 

celastrol is protective against lethal heat stress, and to a similar extent as a 42 
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°C heat shock. Treatment with celastrol leads to hyperphosphorylation of HSF1, 

enhanced binding of HSF1 to the HSE, and transcriptional activation of 

endogenous heat shock genes (Westerheide et al., 2004b). Transcriptional 

profiling and biochemical studies suggest that inhibition of Hsp90 by celastrol 

may be the initial event that triggers dissociation of HSF1 from the protein 

complex (Hieronymus et al., 2006, Zhang et al., 2008, Chadli et al., 2010, Matts 

et al., 2011). This possibility is further supported by mechanistic studies showing 

that celastrol reacts with Hsp90 and inhibits the ATPase activity of the chaperone 

without affecting ATP binding (Zhang et al., 2009b).  

The tetranortriterpenoid gedunin (Fig. B5) from the Indian neem tree 

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

is less potent, but appears to use similar mechanisms by which it activates HSF1, 

i.e. inhibition of the function of the negative regulator Hsp90(Hieronymus et al., 

2006, Matts et al., 2011, Brandt et al., 2008). The use of a high content screening 

platform, an image-based, multiparametric assay which monitors the formation of 

HSF1/Hsp70 stress granules in heat-shocked HeLa cells (Au et al., 2008), 

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

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

subsequently confirmed to activate HSF1 and induce Hsp70 in an HSF-

dependent manner(Zhang et al., 2009a).   

Withaferin A (Fig. B5), a withanolide found in the Indian plant Withania 

somnifera, was identified in a screen of a library of more than 80,000 natural and 

synthetic compounds using a reporter cell line which expresses enhanced green 
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fluorescent protein (EGFP) under the transcriptional control of a minimal 

consensus HSE-containing promoter(Santagata et al., 2012). Like celastrol and 

gedunin, withaferin A also inhibits the function of Hsp90, and this inhibition may 

be responsible for activation of HSF1 (Yu et al., 2010, Grover et al., 2011). The 

same high-throughput screen confirmed that celastrol, withaferin A, gedunin are 

all inducers of the HSR, and identified several other natural products, such as the 

limonoids anthothecol, cedrelone, and the gedunin derivative 7-desacetoxy-6,7-

dehydrogedunin, as well as a fungal product, the macrocyclic lactone 

dehydrocurvularin among the active compounds (Santagata et al., 2012). 

Notably, all of these compounds have an α,β-unsaturated carbonyl functional 

group, emphasizing the importance of electrophilicity for inducer activity. 

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

dione, diferuloylmethane, Fig. B5], a polyphenol from the East Indian plant 

Curcuma longa,  has been shown to induce heat shock proteins in numerous cell 

culture and animal models (Kato et al., 1998, Chen et al., 2004, Shen et al., 2007, 

Kanitkar and Bhonde, 2008, Khan and Heikkila, 2011). The observed disruption 

of the binding of the Hsp90-p23 complex to its client protein p210 BCR/ABL, and 

the consequent degradation of the kinase in chronic myelogenous leukemia cells 

upon exposure to curcumin (Wu et al., 2006) suggests that, for this compound 

too, induction of heat shock proteins could be a consequence of inhibition of 

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

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

both animals and humans (Surh and Chun, 2007, Hatcher et al., 2008, Lao et al., 

2006). To date, there have been 91 different clinical trials registered evaluating 
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this polyphenol in a number of conditions, including mild cognitive impairment, 

Alzheimer’s disease, multiple myeloma, pancreatic cancer, colorectal cancer, 

and myelodysplastic syndrome (www.clinicaltrials.gov). 

Sulforaphane [1-isothiocyanato-(4R)-(methylsulfinyl)butane, Fig. B5] is an 

isothiocyante which is formed from a glucosinolate precursor (glucoraphanin) 

upon plant tissue injury. Cruciferous vegetables, such as broccoli (Brassica 

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

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

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

as in animals after a single oral dose of the isothiocyanate (Hu et al., 2006a, Gan 

et al., 2010, Sharma et al., 2010). Another isothiocyanate, phenethyl 

isothiocyanate which occurs in watercress, has also been shown to induce 

expression of heat shock proteins in cultured cells and animals(Hu et al., 2006b, 

Moon et al., 2011). Again, the available experimental evidence points to Hsp90 

as the target of sulforaphane which mediates HSF1 activation: (i) co-treatment 

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

allylamino 17-demethoxygeldanamycin (17-AAG); (ii) sulforaphane disrupts the 

interaction of Hsp90 with its co-chaperone Cdc37; (iii) synergistically with 17-

AAG, the isothiocyanate downregulates several Hsp90 client proteins, such as 

mutant p53, Raf-1, and Cdk4 (Li et al., 2011), (iv) Hsp90 is covalently modified 

by a sulfoxythiocarbamate derivative of sulforaphane both in vitro and in cells 

(Zhang et al., 2011, Zhang et al., 2014), and (v) the ability of sulforaphane to 

downregulate the activity of histone deacetylase (HDAC) (Myzak et al., 2004, 

Myzak et al., 2006b, Myzak et al., 2006a, Pledgie-Tracy et al., 2007, Gibbs et al., 
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2009) may further inhibit the activity of Hsp90 through altering acetylation of the 

chaperone. Indeed, inhibition or knock-down of HDAC6 leads to acetylation of 

Hsp90 and disruption of its chaperone function (Bali et al., 2005), and treatment 

with sulforaphane downregulates the activity of HDAC6, resulting in 

hyperacetylation of Hsp90 (Gibbs et al., 2009).  

In contrast to the electrophilic phytochemicals, the stilbene resveratrol 

(Fig. B5) appears to activate HSF1 by promoting the persistent DNA binding of 

the transcription factor and suppressing the attenuation phase of the HSR 

(Westerheide et al., 2009). In this case, the phytochemical functions by activating 

the predominantly nuclear NAD+-dependent deacetylase sirtuin-1 (SIRT1) and 

maintaining HSF1 in a deacetylated, DNA-binding competent state. Resveratrol 

directly activates SIRT1 through an allosteric mechanism resulting in the lowering 

of the Km for both the acetylated protein substrate and for the NAD+ cofactor 

(Howitz et al., 2003). Most small-molecule SIRT1 activators known to date are 

planar compounds comprised of multiple phenyl rings bearing hydroxyl groups 

(Howitz et al., 2003, Hubbard and Sinclair, 2014). Whether other phytochemicals 

which activate SIRT1, such as the flavonoid quercetin and the chalcone butein, 

have the same effect on HSF1 is presently unknown. 

1.B.4.3 Synthetic compounds 

The possibility of developing small molecule activators of the HSR as 

pharmacological agents for protection against human diseases, especially 

protein conformational diseases, has led to the development of several high-
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throughput screening strategies. Neef et al. reported the development of a 

humanized yeast-based high-throughput screen, which is insensitive to 

proteotoxic stress and Hsp90 inhibition, and identified two potent small-molecule 

activators of human HSF1 within a chemical library of over 10,000 compounds 

(Neef et al., 2010). These HSF1 activators (named HSF1A and HSF1C) are 

benzyl pyrazole derivatives (Fig. B6). The more potent compound, HSF1A, was 

then shown to activate HSF1 and induce Hsp70 in wild-type, but not HSF1-

deficient mouse embryonic fibroblast, as well as in HeLa cells. In contrast to the 

electrophilic HSF1 activators, pre-incubation with DTT had no effect on the 

inducer activity of HSF1A. HSF1A has been found to inhibit T-complex-protein-1 

(TCP1)-ring-complex/ chaperonin-containing TCP1 (TRiC/CCT)-HSF1-binding 

(Neef et al., 2014). 

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

screen (Calamini et al., 2012). It measures the activation of the HSR by cell-

permeable small molecules in HeLa cells stably transfected with a luciferase 

reporter gene under the transcriptional control of the proximal human HSP70.1 

promoter sequence. Approximately 900,000 compounds were screened, and 

~200 small molecule activators of the HSR were found. Electrophilicity is a 

common feature among many, although not all, active compounds. A 

cyclohexanone derivative (named compound A1) containing the electrophilic α,β-

unsaturated carbonyl groups is closely related to bis(benzylidene)acetone and 

bis(2-hydroxybenzylidene)acetone (Fig. B6), two structurally similar Hsp70 

inducers, which however differ substantially in inducer potency (Zhang et al., 

2011a). Inducer potency correlates with sulfhydryl reactivity: compared to the 
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hydroxylated analogue, bis(2-hydroxybenzylidene)acetone, the parent 

compound bis(benzylidene)acetone reacts more slowly with the sulfhydryl groups 

of glutathione and DTT (Dinkova-Kostova et al., 2001), and has lower potency in 

inducing Hsp70 (Zhang et al., 2011).  

The mildly-electrophilic sulfoxythiocarbamate analogues of the 

isothiocynate sulforaphane constitute another class of synthetic HSF1 activators. 

Sulfoxythiocarbamate alkyne (STCA) (Fig. B6), which forms stable adducts with 

sulfhydryl groups (Ahn et al., 2010), reacts with C412, C564, and C589/590 of 

recombinant Hsp90, and activates HSF1-mediated transcription of a luciferase 

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

different types, including MEFs, HeLa, and MCF-7 cells (Zhang et al., 2011, 

Zhang et al., 2014). Pyrrolidinedithiocarbamate and 1,2-dithiole-3-thione are two 

other activators of HSF1-mediated induction of Hsp70 (Stuhlmeier, 2000, Kwak 

et al., 2004), which have the ability to react with sulfhydryl groups (Zhang et al., 

1996). Activation of HSF1 and induction of the HSR has also been reported to 

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

case, the corresponding oxidized electrophilic metabolites are the ultimate 

inducers (Satoh et al., 2011). 

Notably, global transcriptional profiling and protein expression/proteomics 

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

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

activate transcription factor nuclear factor-erythroid 2 p45-related factor 2 (NRF2) 

which controls the gene expression of numerous cytoprotective antioxidant, drug-

51

Sharadha Dayalan Naidu


Sharadha Dayalan Naidu




metabolizing, anti-inflammatory, and metabolic proteins, providing an interface 

between redox and intermediary metabolism (Hayes and Dinkova-Kostova). In 

MEFs, induction of Hsp70 is dependent on HSF1, but independent of NRF2; 

conversely, transcriptional upregulation of the NRF2-dependnet enzyme NQO1 

occurs in the absence of HSF1, but requires functional NRF2 (Zhang et al., 2011). 

It is thus very likely that together, both HSF1- and NRF2-dependent responses 

mediate the overall cytoprotective effects (see below) of these compounds. 

1.B.5 HSF1 activates cytoprotective responses 

Transcriptional activation of HSF1 by heat shock results in enhanced 

expression of a large number of genes encoding proteins with versatile 

cytoprotective functions. Global transcriptional profiling, differential display, and 

proteomic approaches have revealed that, in different organisms, approximately 

50–200 genes are induced (Eisen et al, 1998, Hasch et al. 2000). These include 

the classical molecular chaperones that prevent unspecific aggregation of non-

native or partially misfolded proteins, proteolytic proteins that can eliminate or 

recycle irreversibly-damaged proteins which cannot be refolded by the 

chaperones, RNA- and DNA-modifying enzymes which participate in DNA 

damage repair, proteins involved in sustaining cellular structures such as the 

cytoskeleton and membranes, and proteins which participate in transport and 

detoxification. In addition, heat shock upregulates a number of metabolic 

enzymes ([e.g., ACAT2 (acetyl-CoA acetyltransferase), ALAS1 (aminolevulinate 

synthase), ChGn (chondroitin β-1,4-N-acetylgalactosaminyltransferase)] that are 
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needed to reorganize and maintain the energy supply of the cell. Induction of 

other transcription factors, kinases and phosphatases [e.g., RHOH (Ras 

homolog), PTPG1 (tyrosine phosphatase), RGS2 (regulator of G-protein 

signaling), IER5 (regulator of immediate early response)] also occurs following 

heat shock, and may further activate other stress response pathways, thus 

amplifying the initial signal. 

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

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

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

in DNA damage repair and cell metabolism, are somewhat slower (within hours) 

(Richter et al., 2010). Overall, induction of the HSR provides broad protection 

against stress of various different types, including and extending beyond heat 

shock. Furthermore, a recent study in C. elegans has also shown that HSF1-

mediated activation of Hsp90 in response to an imbalance in proteostasis in one 

tissue functions in a non-autonomous fashion to initiate a protective response in 

adjacent tissues and to restore the balance within the whole organism (van 

Oosten-Hawle et al., 2013). 

1.B.6 Crosstalk between HSF1- and NRF2-regulated cytoprotective

responses 

A number of studies suggest the existence of crosstalk between NRF2- 

and HSF1-regulated cytoprotective responses (reviewed in Dayalan Naidu et al., 

2015). The participation of both transcription factors has been implicated in the 
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regulation of gene expression of the rodent heme oxygenase 1 (HO-1, also 

known as Hsp32) (Prestera et al., 1995, Maines and Ewing, 1996), the murine 

and zebrafish Hsp70 (Almeida et al., 2010), and in the autophagy cargo protein 

sequestosome 1 (p62/SQSTM1) (Komatsu et al., 2010, Jain et al., 2010, Lau et 

al., 2010, Copple et al., 2010, Zhang et al., 2008). HSF1-mediated induction of 

p62 may activate NRF2 as p62, especially upon phosphorylation, can displace 

NRF2 from KEAP1 and activate it (Komatsu et al., 2010, Ichimura et al., 2013), 

leading to NRF2-dependent upregulation of p62 expression. In addition, both 

HSF1 and NRF2 regulate the expression of activating transcription factor 3 

(ATF3), a member of the mammalian activation transcription factor/cAMP 

responsive element-binding (CREB) protein family of transcription factors (Takii 

et al., 2010, Kim et al., 2010), and thus HSF1 and NRF2 have the ability to 

modulate gene expression indirectly. Finally, HSF1 and NRF2 affect the redox 

balance of the cell, promoting a more reduced environment. NRF2 controls the 

gene expression of both subunits (GCLC and GCLM) of Ɣ-glutamylcysteine 

ligase, the enzyme that catalyzes the rate-limiting step in the biosynthesis of 

glutathione (Wild and Mulcahy, 2000). In addition, the levels of glucose-6-

phosphate dehydrogenase (G6PDH), the rate-limiting enzyme in the pentose 

phosphate pathway, which is involved in the regeneration of NADPH that in turn 

is used by glutathione reductase to reduce oxidised glutathione (GSSG) to 

reduced glutathione (GSH), are increased by both activation of NRF2 (Mitsuishi 

et al., 2012, Lu and Wan, 2008) and upregulation of Hsp25/27 (Rajasekaran et 

al., 2007). Conversely, the enzyme activity of G6PDH and the GSH : GSSG ratio 

are decreased in the heart of HSF1-deficient mice compared to their wild-type 

counterparts (Yan et al., 2002). 
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Interestingly, methionine deprivation in HEK293 cells was recently shown 

to increase the expression of Hsp70 in an NRF2-dependent manner, but 

independently of HSF1 (Hensen et al., 2013a). Remarkably, in cells expressing 

an HSF1 mutant in which lysine 80 in the DNA binding domain is substituted with 

glutamine (HSF1 K80Q), thus impairing DNA binding, heat shock caused a 

delayed upregulation of Hsp70 and HO-1 at 24 h, when the primary 

transcriptional response to the heat shock in HSF1 wild-type expressing cells was 

largely attenuated; this delayed secondary response was found to be mediated 

by NRF2 (Hensen et al., 2013b), suggesting the possibility that upregulation of 

the NRF2-dependent antioxidant response may be partially compensating for 

HSF1 dysfunction. In agreement, the basal levels of HO-1 are higher (Zhang et 

al., 2011) and its induction is dramatically enhanced, from 12- to 130-fold 

(Calamini et al., 2012), in HSF1-knockout cells compared to their wild-type 

counterparts.  

1.B.7 HSF1 and neurodegenerative diseases 

Imbalances in protein homeostasis (termed proteostasis), oxidative stress 

and chronic inflammation are common features of many neurodegenerative 

diseases. Attenuation of HSF1 during ageing has been proposed to be an 

"upstream" event in the series of processes leading to synaptic dysfunction and 

cognitive impairment (Perez et al., 2014). Prominent among the protein 

conformational diseases are those which arise as a result of accumulation of 

misfolded polyglutamine expansion-containing proteins, such as the androgen 

receptor (AR), huntingtin (HTT), tau, α-synuclein, and Cu/Zn superoxide 
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dismutase (SOD1). These proteins adopt alternate folded states that have the 

propensity to self-associate and aggregate, leading to cytotoxicity. 

Genetic or pharmacological induction of the HSR is an attractive strategy 

for restoring the cellular proteostasis as it results in enhanced expression of 

chaperones that are involved in ensuring the correct folding of proteins and in 

facilitating the degradation of abnormal proteins. Indeed, induction of the HSR, 

and especially Hsp70, is protective in numerous cell culture and animals models 

of protein conformational diseases (Morimoto, 2011). A recent study has reported 

an association between the expression levels of HSF1 and the accumulation of 

the pathogenic form of the AR in a mouse model of spinal and bulbar muscular 

atrophy, an adult-onset motor neuron disease caused by the expansion of a 

polyglutamine repeat in the AR (Kondo et al., 2013). In comparison with HSF1 

wild-type animals expressing the human AR with 97 polyglutamine repeats (AR-

97Q), their heterozygous HSF1-knockout counterparts accumulate high AR 

levels in both neuronal and non-neuronal tissues, and display exacerbated 

neuromuscular phenotype. Importantly, lentiviral-mediated delivery of HSF1 into 

the brain increases HSF1 expression and lowers the pathogenic AR 

accumulation and neuronal brain atrophy. 

In Drosophila models of Huntington's and other polyglutamine protein 

conformational diseases, polyglutamine toxicity is synergistically suppressed by 

co-expression of Hsp70 and Hsp40 (Warrick et al., 1999, Kazemi-Esfarjani and 

Benzer, 2000, Chan et al., 2000). Protection can be also achieved by 

pharmacological induction of the HSR. Thus, in cells ectopically expressing a 
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fusion protein of polyglutamine and the yellow fluorescent protein (Q57-YFP), 

treatment with the HSF1 activator celastrol prevented the aggregation of the 

fusion protein and the associated cytotoxicity (Zhang and Sarge, 2007). Similarly, 

in a yeast model, curcumin inhibited the formation of Q72-GFP protein 

aggregates, and furthermore, this polyphenol was able to disrupt pre-formed 

Q72-GFP aggregates (Verma et al., 2012). Deoxygedunin, deacetoxy-7-

oxogedunin, and deacetylgedunin, were all shown to activate HSF1, induce 

Hsp70, and improve cell survival in HeLa cells transiently transfected with a 

polyglutamine-expanded toxic isoform (Q103) of huntingtin as well as in an MG-

132-induced protein misfolding neuronal cell culture model (Zhang et al., 2009a). 

The synthetic cyclohexanone derivative compound A1 and a barbituric 

acid scaffold-containing compound, named ML346 (Fig. B5) (Calamini et al., 

2010) were shown to be protective in two models of Huntington’s disease. Thus, 

in PC12 cells conditionally expressing human huntingtin exon 1 containing an 

expansion of 74 glutamines fused to green fluorescent protein (HTTQ74-GFP), 

compound A1 and ML346 reduced the formation of HTTQ74-GFP protein 

aggregates, without altering the amounts of HTTQ74-GFP protein. Furthermore, 

in C. elegans expressing expanded polyglutamines (35 glutamines fused to 

yellow fluorescent protein, or polyQ35-YFP), the same compounds suppressed 

polyQ35-YFP aggregation and prevented polyQ35-mediated toxicity, almost 

completely restoring motility to that of wild-type animals. Similarly, the benzyl 

pyrazole HSF1A induced Hsp70 and reduced protein aggregation and 

cytotoxicity in HTTQ74-GFP expressing PC12 cells (Neef et al., 2010). 
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Using two mouse models of Huntington’s disease, R6/2 exon 1 transgenic 

(Mangiarini et al., 1996) and HdhQ150-knockin (Lin et al., 2001, Woodman et al., 

2007) mice, Labbadia et al. (Labbadia et al., 2011) reported that pharmacological 

activation of HSF1 with a brain-permeable Hsp90 inhibitor was beneficial and led 

to a significant phenotypic improvement. However the beneficial effects are 

transient, because alterations in chromatin architecture during disease 

progression leads to reduced binding of HSF1 to DNA, and impairing the HSR. It 

is tempting to speculate that similar chromatin alterations could be responsible, 

at least in part, for the observed decline in the HSR with ageing. 

Curiously, a recent study has shown that although the HSR is triggered by 

genetic (overexpression) or pharmacological HSF1 activation, this results in a 

decrease, and not an increase, in the concentration threshold leading to protein 

aggregation of mutant polyglutamine-expanded fragments of the huntingtin 

protein (Bersuker et al., 2013). This finding suggests that rather than promoting 

refolding of the mutant protein, activation of the HSR may mediate its degradation 

or clearance, resulting in decreased aggregate formation or increased aggregate 

turnover. Whether this is indeed the case for mutant huntingtin (and possibly 

other polyglutamine-expanded mutant proteins) remains to be established. 

In rodent models of Alzheimer's disease, genetic or pharmacological (by 

using the inducers celastrol or curcumin) upregulation of HSF1 is protective 

against the amyloid-β-associated pathologies, improving memory, learning, and 

psychomotor activity (Allison et al., 2001, Paris et al., 2010, Pierce et al., 2013). 

By inhibiting Hsp90, 17-(allylamino)geldanamycin (17-AAG) activates HSF1, 

58



inducing transcription of heat shock and synaptic proteins in primary neurons, 

and attenuates amyloid-β-mediated synaptic toxicity as well as memory loss in 

mice (Chen et al., 2014). In a mouse model of Parkinson’s disease, celastrol 

protected against the neurotoxicity of 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP); the same study also found protection by celastrol 

against 3-nitropropionic acid-mediated neurotoxicity (Cleren et al., 2005). The 

protective effects of curcumin have been demonstrated in numerous models of 

both Alzheimer's disease and Parkinson’s disease, and these, along with the 

limitations in translating the findings to human populations, have been extensively 

reviewed (Darvesh et al., 2012, Chin et al., 2013, Lee et al., 2013). The 

experimental evidence is further supported by epidemiological studies, such as 

the Indo-US Cross National Dementia Study, which have linked high curcumin 

consumption with lower prevalence of Alzheimer's disease and other types of 

dementia (Chandra et al., 1998). Although curcumin is able to cross the blood-

brain barrier, it has low bioavailability; to overcome this limitation 

nanotechnology-based delivery systems are being developed. Thus, curcumin-

encapsulated nanoparticles have recently been generated and shown to reverse 

learning and memory impairments in an amyloid-β-induced rat model of 

Alzheimer's disease (Tiwari et al., 2014). 

Mutations in the Cu/Zn superoxide dismutase gene (SOD1) are 

responsible for 20% of the familial forms of amyotrophic lateral sclerosis (ALS). 

In vitro, the small heat shock proteins αB-crystallin and Hsp27 suppress SOD1 

aggregation (Yerbury et al., 2013). In the G93A SOD1 transgenic mouse model 

of ALS, neuronal cell death, weight loss, and motor performance were all 
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improved by celastrol, and furthermore, disease onset was delayed (Kiaei et al., 

2005). In the same mouse model, resveratrol decreased the acetylation of HSF1 

and increased the levels of Hsp25 and Hsp70 in the spinal cord, and delayed the 

onset of disease and extended survival (Han et al., 2012). In the SOD1 

H46R/H48Q transgenic ALS mice expressing mutant SOD1, over-expression of 

human HSF1 upregulated the expression of Hsp70 and αB-crystallin in spinal 

cord, and increased the solubility of mutant SOD1 (Lin et al., 2013). Furthermore, 

HSF1 over-expression was protective against weight loss, and led to a delay in 

disease onset and increased survival. 

Of note, it was recently reported that HSF1 is a critical factor for neuronal 

cell survival and, furthermore, protects neurons against degeneration caused by 

non-proteotoxic as well as proteotoxic stress independently of its ability to 

trimerize and induce transcription of genes encoding heat shock proteins (Verma 

et al., 2014). Whilst the detailed mechanism remains to be established, it is 

interesting that the broad-spectrum HDAC inhibitor trichostatin A abolishes 

HSF1-mediated protection, whereas knockdown of HSF1 abrogates 

neuroptotection by SIRT1, suggesting that HSF1 and SIRT1 cooperate in 

neuronal protection. Another recent study has uncovered a role for HSF1 in 

increasing fetal cortical tolerance to prenatal environmental stressors, such as 

alcohol, maternal seizure, and methylmercury, and thus protecting against 

neuropsychiatric diseases (Hashimoto-Torii et al., 2014). 
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1.B.8 HSF1 and cardiovascular disease 

The role of HSF1 in cardiovascular disease is both duration- and context-

dependent. Whereas transient activation of HSF1 is beneficial in ischemic heart 

disease, constitutive excessive production of heat shock proteins, especially 

small heat shock proteins, and the associated redox imbalance may also be a 

causative factor for certain heart conditions, such as cardiomyopathy. HSF1-

mediated induction of the HSR has been implicated in the protective effects of 

17β-estradiol against ischemia/reperfusion injury (Knowlton and Korzick, 2014). 

Activation of HSF1 is observed after ischemia/reperfusion (Nishizawa et al., 

1996). This activation, and the subsequent induction of Hsp70 and Hsp90, is 

mediated by reactive oxygen species (Nishizawa et al., 1999). Elevated heat 

shock protein levels in the heart are associated with reduction in infarct size and 

enhanced recovery after ischemia (Currie et al., 1988, Currie and Karmazyn, 

1990, Currie et al., 1993, Donnelly et al., 1992, Karmazyn et al., 1990, Hutter et 

al., 1994, Locke et al., 1995). Part of the protective effect of HSF1 involves 

activation of Akt and inactivation of Jun N-terminal kinase and caspase 3 (Zou et 

al., 2003). Hsp70 itself has cardioprotective effects against myocardial 

dysfunction after ischemia/reperfusion by improving the mitochondrial function 

and preventing apoptosis (Marber et al., 1995, Trost et al., 1998, Suzuki et al., 

2002). Cardiomyocyte apoptosis triggered by ischemia/reperfusion is also 

suppressed by overexpression of Ca2+/calmodulin-dependent protein kinase 

(CaMK)II-deltaB which leads to phosphorylation of HSF1 and induction of Hsp70 

(Peng et al., 2010). HSF1 and heat shock proteins are important for stabilization 

of the restored sinus rhythm after mitral valve surgery (Cao et al., 2011). The 
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cardioprotective effects of HSF1 are not solely due to induction of heat shock 

proteins, and HSF1 also protects the heart against ischemia as well as pressure 

overload by its ability to promote angiogenesis (Zou et al., 2011, Kubo et al., 

2012). Overexpression of HSF1 attenuates cardiomyocyte cell death via 

inhibiting TNFα-mediated NFκB activation (Wu et al., 2013). Interestingly, 

transplantation of stem cells which had been subjected to heat shock was 

recently shown to have beneficial effects after myocardial infarction, attenuating 

cell death and fibrosis in the ischemic heart (Feng et al., 2014).  

It is well established that the ability to mount the HSR decreases with age 

(Liu et al., 1989, Choi et al., 1990, Fargnoli et al., 1990, Blake et al., 1991, Heydari 

et al., 1993, Nitta et al., 1994). In comparison with hearts from adult mice, HSF1 

activation and Hsp70 expression are reduced following heat stress in hearts from 

aged animals, even though the myocardial levels of the HSF1 protein are similar 

between aged and adult animals (Locke and Tanguay, 1996). A recent study has 

challenged these findings, and has shown that, compared to young mice, the 

protein levels of HSF1 in heart, but not in any other tissues, are dramatically 

reduced in old animals, although the HSF1 mRNA levels do not differ (Carnemolla 

et al. 2014). This is accompanied by lower levels of heat shock proteins, 

suggesting that if this is also the case in humans, the compromised expression 

of heat shock proteins in the heart may be a contributing factor for the cardiac 

amyloid deposits that are frequently observed in humans over 80 years old 

(Carnemolla et al., 2014, Dungu et al. 2012). Curiously, whereas the HSR 

decreased with age in hepatocytes from F344/Jcl rats, increased HSR was 

reported to occur in rats of the F344/DuCrj strain (Takahashi et al., 2002b), and 
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it is of interest that compared to F344/Jcl rats, F344/DuCrj animals have lower 

blood glucose levels and enhanced insulin secretion in an oral glucose tolerance 

test (Nagakura et al., 2001), suggesting a link between the HSR and glucose 

metabolism. Interestingly, following myocardial infarction, the induction of Hsp70 

by heat stress is impaired in the failing heart, and it was found that the nuclear 

translocation of HSF1 was attenuated, whereas phosphorylation at Ser303 

(Marunouchi et al., 2013b) and the amount of HSF1 bound to the Hsp90 

chaperone complex were increased (Marunouchi et al., 2013a). Treatment with 

the Hsp90 inhibitor 17-AAG led to dissociation of HSF1 from Hsp90, induction of 

Hsp70, and preservation of cardiac function (Marunouchi et al., 2013a), 

suggesting the possibility of using Hsp90 inhibitors as therapeutic agents for 

heart failure following myocardial infarction. 

The HSR also plays an important role in vascular health. In vascular 

smooth muscle cells, nitric oxide activates HSF1 and induces the expression of 

Hsp70 (Xu et al., 1997). In addition to heat shock proteins, exposure of 

endothelial cells to heat shock increases the expression of thrombomodulin 

(Conway et al., 1994). Thrombomodulin is expressed on the luminal surface of 

endothelial cells and forms a complex with thrombin, modifying its function to 

activate the anticoagulant protein C. Curiously, statins cause nitric oxide-

dependent dissociation of HSF1 from Hsp90, nuclear translocation of HSF1, and 

binding to heat shock elements in the promoter of thrombomodulin (Fu et al., 

2008, Uchiyama et al., 2007). These findings implicate HSF1 in the protective 

effects of statins in the vascular endothelium, beyond their cholesterol-lowering 

activity. 
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However, HSF1 activation and small heat shock protein induction can also 

have deleterious consequences for the cardiovascular system (Mehlen et al., 

1995, Brewer et al., 2013). Paradoxically, the double knockout of αB-crystallin 

and Hsp25 is protective against acute heart ischemia/reperfusion injury 

(Benjamin et al., 2007). Accumulation of Hsp27, but not Hsp70 or Hsp90, in the 

heart has been reported in humans with dilated cardiomyopathy and end-stage 

heart failure (Knowlton et al., 1998). An increase in the levels of Hsp27 also 

occurs during ischemic heart failure in rats (Tanonaka et al., 2003). In mice, 

overexpression of Hsp25 has been implicated in the cardiomyopathy and 

congestive heart failure caused by the chemotherapeutic agent doxorubicin: it 

was shown that doxorubicin treatment causes oxidative stress, activation of 

HSF1 and induction of Hsp25, followed by p53 activation and increase in the 

levels of the pro-apoptotic protein Bax, ultimately contributing to the death of 

cardiomyocytes in the failing heart (Vedam et al., 2010). 

Transgenic mice overexpressing cardiac-specific loss-of-function mutant 

human αB-crystallin (hR120GCryAB) (Bova et al., 1999, Perng et al., 1999) have 

increased activity of glucose 6-phosphate dehydrogenase (G6PDH) and altered 

glutathione metabolism, and develop cardiomyopathy (Rajasekaran et al., 2007, 

Rajasekaran et al., 2008). Overexpression of R120G αB-crystallin triggers the 

HSR, inducing Hsp25 and antioxidant responses, including increased activity of 

G6PDH. In turn, the G6PDH-generated NADPH is used by glutathione reductase 

to reduce oxidised glutathione (GSSG), leading to increased levels of reduced 

glutathione (GSH). This is in agreement with earlier studies showing that the 
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levels of reactive oxygen species were decreased and GSH was elevated upon 

expression of the human and Drosophila Hsp27, and human αB-crystallin in 

murine fibroblasts (Mehlen et al., 1996), and that the presence of large 

aggregates of Hsp27 caused increase in the levels of G6PDH (Mehlen et al., 

1997). Conversely, HSF1-knockout mice, which have lower cardiac expression 

of Hsp25 and αB-crystallin, have decreased GSH : GSSG ratio (Yan et al., 2002). 

The demonstration that G6PDH deficiency rescues the cardiomyopathic 

phenotype of the hR120GCryAB transgenic mouse established the central role 

of this enzyme in the disease pathogenesis (Rajasekaran et al., 2007). The 

development of a model of R120G αB-crystallin expression in Drosophila further 

revealed, that similar to G6PDH, mutants or RNAi-mediated knockdown of 6-

phosphogluconate dehydrogenase, isocitrate dehydrogenase, and malic 

enzyme, the other major NADPH-generating enzymes, decreased the ratio of 

reduced to oxidized glutathione (GSH : GSSG) and suppressed the R120G αB-

crystallin-mediated pathology, confirming the link with NADPH and glutathione 

metabolism (Xie et al., 2013).  

Critically, increased NRF2 activity upregulates the gene expression of all 

of the four NADPH-generating enzymes (Thimmulappa et al., 2002, Lee et al., 

2003, Wu et al., 2011, Mitsuishi et al., 2012, Lu and Wan, 2008) as well as of Ɣ-

glutamylcysteine ligase and glutathione reductase, the enzymes involved in the 

biosynthesis and regeneration of GSH (Wild and Mulcahy, 2000). Curiously, 

stable transfection of human Hsp27 in murine fibroblasts lowers the levels of iron 

(Arrigo et al., 2005). Although the underlying reasons for this are not understood 

at present, it is of interest that a microarray analysis of cardiac tissue of transgenic 
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mice overexpressing the human R120G αB-crystallin has revealed upregulation 

of expression of the iron-storage protein ferritin (Rajasekaran et al., 2008), 

another NRF2-dependent protein (Thimmulappa et al., 2002, Pietsch et al., 

2003). It has been also shown that R120G αB-crystallin overexpression promotes 

formation of reactive oxygen species and sequesters KEAP1 in protein 

aggregates, thereby activating NRF2 (Rajasekaran et al., 2011). It is thus highly 

likely that activated NRF2 is ultimately responsible for the increased levels of 

NADPH and GSH. Together, these findings establish a tight connection between 

the HSR and the redox state of the cell, whereby increased expression of small 

heat shock proteins activates NRF2 and tilts the balance towards a more reduced 

state (i.e., increased GSH : GSSG ratio), a condition termed reductive stress 

(Rajasekaran et al., 2011, Brewer et al., 2013).  

1.B.9 HSF1 and cancer 

The HSR elicited by HSF1 in normal cells is a cytoprotective mechanism 

to ensure cell adaptation and survival during stressful conditions. On the other 

hand, in cancer, the HSF1 promotes malignant phenotypes as cells become 

addicted to the cytoprotective mechanisms it provides. Interestingly, using a 

chemical skin carcinogenesis mouse model, Dai and colleagues (Dai et al., 2007) 

found that HSF1-/- mice had a significantly lower tumour burden at 24 weeks 

compared to their wild-type counterparts; in addition, mice lacking HSF1 survived 

for a longer time. They also found that the lack of HSF1 in mice carrying the 

mutant p53 R172H allele were resistant to the tumourigenic effect of mutant p53 

and survived much longer compared to the HSF1+/+ mice with the similar p53 
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background (Dai et al., 2007). When subjected to a variety of stresses, including 

the exposure to inhibitors of Hsp90, the activation of the heat shock response by 

HSF1 causes the elevation of the molecular chaperones such as Hsp27 

(Schepers et al., 2005, Gorman et al., 2005) Hsp70 (Mosser et al., 2000, Garrido 

et al., 2003) which confer cytoprotection through their anti-apoptotic roles. On the 

other hand, small molecules that directly inhibit Hsp90 at its N-terminal ATP-

binding pocket (Lesko et al., 2007, Nimmanapalli et al., 2001) (e.g. geldanamycin, 

17-AAG, 17-DMAG) or possess the ability to modify its cysteine residues (Zhang 

et al., 2014)  (e.g. the isothiocyanate analogue, sulfoxythiocarbamate alkyne) 

have been shown to cause apoptosis in cancer cells. 

Inhibition of Hsp90 results in: 1) destabilisation and degradation of its 

oncogenic client proteins such as HER2 (Peng et al., 2005) and RAF1 (Schulte 

et al., 1995), 2) release of HSF1 from the Hsp90 protein complex, and 3) 

transcriptional activation of heat shock genes, and the subsequent elevation of 

the respective proteins. Cancer cells are intrinsically stressed, hence the 

requirement for the elevated expression and activation of HSF1 to provide them 

with anti-apoptotic proteins which are also molecular chaperones that help aid 

the stability of the mutated and aberrantly expressed oncogenic proteins within 

the cell that facilitates its survival. Many tumours have elevated expression of 

HSF1 and express high levels of Hsp90. As Hsp90 functions as a molecular 

chaperone to prevent protein misfolding and aggregation, cancer cells use the 

chaperone to stabilize multiple oncoproteins and prevent them from being 

degraded. Hence the elevation of Hsp90 by HSF1-mediated HSR allows for 

oncoprotein addiction. Thus, Hsp90, in recent years is actively being pursued as 
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a drug target in cancer. However, inhibition of Hsp90 often increases the stability 

of the HSF1 trimers and hence allows the heat shock response to continue. HSF1 

is also a crucial transcriptional regulator of numerous genes that are essential for 

cell survival during conditions of stress by helping to coordinate fundamental 

cellular pathways such as glucose metabolism. 

Recent research has allowed scientists to use HSF1 as a prognostic 

marker for breast cancer (Santagata et al., 2011). Increased nuclear HSF1 levels 

correlate with a poor prognosis in breast, colon and lung cancer (Mendillo et al., 

2012, Dai et al., 2012). Furthermore, it is becoming increasingly clear that HSF1 

is able to support malignant human cancers by orchestrating a transcriptional 

program beyond the HSR (Mendillo et al., 2012). It can be said that, HSF1, in 

cancer cells, is an essential promoter and regulator of oncogenesis. Hence, in 

addition to targeting Hsp90, inhibiting HSF1 could, in theory, improve the 

effectiveness of Hsp90 inhibitors. Several studies and clinical trials have shown 

synergistic effects when Hsp90 inhibitors are used in concert with conventional 

chemotherapeutic compounds that inhibit the transcriptional activation of HSF1. 

In a Phase I clinical trial, 17-AAG was given in combination with cisplatin and 

gemcitabine to patients with solid refractory tumours, and anti-tumour activity was 

observed (Hubbard et al., 2011). 

Santagata and colleagues discovered that inhibition of protein translation 

in malignant cells reduced the activation of HSF1 (Santagata et al., 2013) 

providing an insight that a close relationship exists between the translational 

machinery and the transcriptional programme orchestrated by HSF1. The group 
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screened more than 300,000 compounds in search for HSF1 inhibitors, and 

successfully identified one compound, the naturally occurring rocaglamide A 

(Santagata et al., 2013). A series of natural and synthetic derivatives of 

rocaglamide A were then tested, and a very potent inhibitor of HSF1 was 

identified and named Rohinitib, which has an IC50 value of approximately 20 nM 

(Santagata et al., 2013). Recently, it was discovered that EP300/CREB, a histone 

acetyl transferase, was responsible for stabilization of HSF1 though acetylation 

of several of its lysine residues; knockdown of this enzyme by RNAi resulted in 

destabilisation of HSF1 (Raychaudhuri et al., 2014). This finding raises the 

possibility of targeting HSF1 by inhibiting the cellular processes that lead to 

stabilisation of HSF1 in cancer.  

1.B.9.1 HSF1 and chemoresistance 

Of late it has emerged that HSF1 plays a major role in maintaining 

chemoresistance. Desai et al. (Desai et al., 2013) found that when breast cancer 

cells were treated with the clinically approved chemotherapeutic drug carboplatin, 

which induces autophagy and inhibits cell proliferation, the administration of the 

drug was able to significantly increase these processes when HSF1 was knocked 

down. Autophagy is a cytoprotective process in response to stress such as 

starvation, hypoxia as well as exposure to chemotherapeutic agents. It is also a 

catabolic process by which cellular material such as organelles and several 

proteins are sequestered and degraded intracellularly within double-membrane 

structures known as autophagolysosomes to provide building blocks for protein 

synthesis and energy in the form of ATP. This process is orchestrated mainly by 
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the autophagy related genes (ATGs). Samples from breast cancer patients 

showed that higher expression levels of ATG7 correlated with poor prognosis. 

ATG7 is instrumental in autophagosome formation (Komatsu et al., 2005). HSF1 

was found to be activated upon carboplatin exposure and to induce the 

transcription of ATG7 and furthermore, the knockdown of HSF1 prevented the 

induction of ATG7, suggesting a role of HSF1 in regulating cytoprotective 

autophagy which promotes cancer cell survival (Desai et al., 2013).  

Local hyperthermia combined with administration of cisplatin has been 

used to treat patients with cervical cancer with positive outcomes (de Wit et al., 

1999, Wust et al., 2002, Takahashi et al., 2002a).  A study by Rossi et al. (Rossi 

et al., 2006) showed that loss of HSF1 in the human cervical cancer derived cells 

increased the sensitivity of cell death by apoptosis during a combined exposure 

to heat shock and cisplatin. These authors also found that when they co-

expressed Hsp27, Hsp70 and Hsp90 in cells lacking HSF1, under similar 

conditions of combined exposure to heat shock and cisplatin, apoptosis was 

partially inhibited. Hence, this study further solidifies the role of HSF1 as a 

promoter of chemoresistance in cancer cells. 

1.B.10 HSF1 and cell division 

One of the most evolutionarily conserved processes is the cell division 

cycle. The cell cycle is characterised by four main phases: 1) cell growth, 2) DNA 

duplication 3) separation of duplicated DNA to the daughter cells, and 4) cell 

division. The cell division cycle itself can be divided into four main phases: Gap1 
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Figure B7. Control of cell cycle progression by cyclin-CDK complexes. The activation
of these cyclin-CDK complexes are required during these stages of the cell cycle in order
to act as a checkpoint and promote transition into the next stage.
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(G1), Synthesis (S), Gap2 (G2) and Mitosis (M) (Fig. B7). It is during the G1 

phase that cells commit to enter M phase, where the cell grows in size and is 

highly metabolically active, however, at this stage the DNA is not duplicated. 

During S phase, the DNA is replicated. The S phase is followed by the G2 phase 

where the cell continues to grow and prepare itself for transition into the M phase. 

The M phase is divided into four main stages, prophase, metaphase, anaphase 

and telophase, and it is followed by cytokinesis where two daughter cells are 

produced with identical genetic information (Fig. B8).  

The cell cycle is tightly controlled. Cyclin-dependent kinases are serine-

threonine kinases that exist as monomers, but form heterocomplexes with cyclins 

in order to be activated. CDK inhibitors (CDKi) are proteins that inhibit the function 

of the CDKs and are also essential regulators of the cell cycle. The activity of the 

CDKs fluctuate depending on the stages of the cell cycle. Cyclin-CDK complexes 

govern various stages of the cell cycle and function as important checkpoints to 

maintain the integrity of the cell division cycle (Fig. B7). Cancer cells differ greatly 

from normal cells in numerous ways (Hanahan and Weinberg, 2011), and one of 

the hallmarks of cancer is the presence of imbalanced chromosomes, known as 

aneuploidy. Overexpression of HSF1 inhibits mitotic exit, where cells are arrested 

in the G2/M phase due to the dysregulation of the metaphase-anaphase 

transition, ultimately increasing the chances of chromosomal abnormalities (Lee 

et al., 2008b). The authors show that the regulatory domain of HSF1 (amino acids 

212-380) binds directly to Cdc20 and inhibits the anaphase-promoting complex 

(APC). HSF1 overexpression also caused increases in aneuploidy and 

multinucleation of mouse tumour (RIF) cells (Lee et al., 2008b). In support of this 
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Figure B8

Figure B8. Different phases during mitosis. (Taken from the website
http://www2.le.ac.uk/departments/genetics/vgec/schoolscolleges/topics/cellcycle-
mitosis-meiosis. Accession date: 1st August 2016)
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finding, overexpression of a dominant negative HSF1 (DN-HSF1), where LZ-4 of 

the C-terminal transactivation of HSF1 had been deleted, inhibits aneuploidy in 

prostate cancer (PC-3) cells. Overexpression of WT-HSF1 in PC-3 cells has been 

shown to regulate the degradation of Cyclin B1, where Cyclin B1/CDK1 complex 

promotes and regulates entry into mitosis (Wang et al., 2004b). DN-HSF1 

overexpression prevents cyclin B1 degradation in cells undergoing mitosis, hence 

inhibiting mitotic exit, and could be one of the reasons why aneuploidy is 

decreased in cells overexpressing DN-HSF1 (Wang et al., 2004b).  

HSF1 also plays a major role in gametogenesis (Le Masson et al., 2011, 

Nakai et al., 2000, Metchat et al., 2009, Wang et al., 2004a). Nakai and 

colleagues found that male mice expressing an active form of HSF1 in the testis 

were infertile due to the meiotic cells being arrested at the pachytene stage which 

ultimately resulted in apoptosis of the germ-line cells  (Nakai et al., 2000). Le 

Masson and colleagues showed that oocytes from HSF1-deficient mice displayed 

chromosomal abnormalities. They also performed a comparative transcriptomic 

analysis on WT, HSF1
-/-

 and HSF2
-/-

 oocytes and identified that HSF1 and HSF2 

regulated 1665 and 959 genes, respectively. Of these genes, 262 were regulated 

by both HSF1 and HSF2 suggesting their overlapping function or their roles as 

co-activators or co-repressors of these genes (Le Masson et al., 2011). Further 

analysis also showed that unlike HSF2, HSF1 was involved in the regulation of 

75 genes that were involved in the cell cycle and the authors discovered that 

HSF1 regulated several meiotic genes (Le Masson et al., 2011). Intriguingly, in 

normally cycling cells exposed to heat stress, HSF1 was found to be bound to 

1207 loci, however in mitotic cells exposed to heat stress, HSF1 was only able to 
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bind to 35 loci which mainly consisted of promoters of chaperones and proteins 

involved in mRNA translation (Vihervaara et al., 2013). Collectively, these data 

suggest that HSF1 plays a vital role in cell division, however it could have 

divergent roles in mitosis and meiosis. 

Loss of HSF1 blocked meiosis, and it was shown that this was due to the 

persistent activation of the spindle assembly checkpoint (SAC) (Le Masson et al., 

2011). The SAC is vital for monitoring the integrity of chromosomal segregation 

during mitosis or meiosis, where it controls the onset of anaphase until all the 

kinetochores on the chromosomes have been attached to the spindle fibres 

(Lara-Gonzalez et al., 2012). The effect of HSF1 on cell division has not only 

been observed in mammalian cells but also in yeast where it was discovered that 

the temperature sensitive HSF1 mutant displayed defects in spindle pole body 

duplication causing defects in cell division (Zarzov et al., 1997). Another study 

found that during mitosis, HSF1 was localised to the centrosome and also to the 

spindle poles during metaphase (Lee et al., 2008a), and the authors identified 

PLK1 as the kinase that mediated the phosphorylation of serine 216 at the 

DSGXXS motif of HSF1 during mitosis. This phosphorylated motif is recognised 

by the ubiquitin ligase complex SKP1-CUL1-F-BOX protein (SCF) bound to the 

E3 ubiquitin ligase β-TrCP (SCFβ-TrCP), which targets S216-phosphorylated HSF1 

for degradation during mitosis. Interaction of HSF1 with Cdc20 prevents the 

recruitment of SCFβ-TrCP and as a result, inhibits the transcription factor’s 

degradation. 
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1.B.11 HSF1 turnover: Stability and degradation 

Proteotoxic insults destabilise the cellular protein homeostasis by causing 

the misfolding and aggregation of proteins which deteriorates the overall health 

of the cell. Upon exposure to proteotoxic stress, HSF1 potentiates the 

transcription of a battery of molecular chaperone genes that aid in ameliorating 

the overall protein health and hence allowing the cells to adapt to the stress. The 

regulation of HSF1 with respect to its post-translational modifications has been 

well-studied in the field, however there is relatively less research done to uncover 

the mechanisms that govern the turnover of HSF1. The endogenous HSF1 

protein has a relatively long half-life spanning from 13.6 h to 20 h (Kourtis et al., 

2015, Yang et al., 2008, Seo et al., 2006). Unlike the long half-life of the protein, 

the half-life of HSF1 mRNA is approximately 100 mins (Kim et al., 2012a). It is 

highly likely that the reason for HSF1 being such a long-lived protein is to be 

readily available in the event of exposure to cytotoxic stress so that it is able to 

exert its cytoprotective effects immediately. The histone acetyltransferase E1A 

Binding Protein P300 (EP300) promotes the stability of endogenously expressed 

HSF1 through acetylation on several of its lysine residues (i.e., K208 and K298) 

hence preventing it from being targeted for proteasomal degradation 

(Raychaudhuri et al., 2014). Also, EP300 maintains HSF1 stability irrespective of 

its phosphorylation status (Raychaudhuri et al., 2014). One of the first insights 

regarding HSF1 turnover was provided by a study published in 2001 by Bonelli 

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

late passage human fibroblast (HF) cells displayed reduced HSF1 levels 
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compared to early passage serum-starved HF cells (Bonelli et al., 2001). This 

finding is further supported by a recent publication showing that HSF1 

degradation increases dramatically post-heat shock and furthermore, RNAi-

mediated depletion of the proteasomal subunit PSMA7, prolonged the Hsp70 

mRNA production by approximately 5 h under conditions of heat shock 

suggesting that the HSR is attenuated by the proteasome (Raychaudhuri et al., 

2014). Interestingly, Riluzole which is the only FDA-approved drug for the 

treatment of the neurodegenerative disease Amyotropic Lateral Sclerosis (ALS), 

is able to dramatically increase the protein half-life of endogenous HSF1 from 

13.6 h to 69.3 h (Yang et al., 2008), allowing greater activation of the HSR in 

cancer and neuronal cells (Yang et al., 2008, Liu et al., 2011). Furthermore, 

silencing LAMP2A using RNAi, curbed the turnover HSF1 in the presence of 

Riluzole which suggests that the compound could potentially block the clearance 

of HSF1 through chaperone-mediated autophagy (CMA) as LAMP2A is an 

essential potentiator of this process (Yang et al., 2008).  

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

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

mediate the degradation of HSF1, namely, filamin interacting protein 1-like 

(FILIP-1L) and the E3 ligases, SCFβ-TrCP, F-Box and WD Repeat Domain 

Containing 7 (FBXW7) and neural precursor cell-expressed developmentally 

downregulated gene 4 (NEDD4). FILIP-1L was identified as a binding partner of 

HSF1 through a yeast-two-hybrid screen (Hu and Mivechi, 2011). The 

downregulation of FILIP-1L has been implicated in various human tumours and 
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has also been linked with hypermethylation at the FILIP-1L promoter and also 

global DNA methylation (Burton et al., 2011, Lu and Hallstrom, 2012). Hu and 

Mivechi discovered that overexpression of FILIP-1L leads to the decrease in 

HSF1 levels and as a consequence inhibits the transcription of HSF1 target 

genes. Also, they found that FILIP-1L acts as an adaptor protein for HSF1 to allow 

for binding to hHR23A, an ubiquitin receptor protein that functions to transfer 

ubiquitinated proteins to the 19S proteasomal subunit (Hu and Mivechi, 2011).  

As described in the previous section, phosphorylation of HSF1 at S216 

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

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

life (Lee et al., 2008a). FBXW7 is the substrate recognition component of the SCF 

ubiquitin ligase complex and in humans it functions as a tumour suppressor as it 

mediates the degradation of many proto-oncogenes such as MYC, NOTCH and 

JUN  (Welcker and Clurman, 2008). FBXW7 binds to its substrates via their 

phosphodegron motifs which are called Cdc4 phosphodegrons (CPDs) where 

phosphorylation within the phosphodegrons has to occur in order for binding to 

take place (Welcker and Clurman, 2008). In most cases, FBXW7 substrates such 

as the ones mentioned above are phosphorylated by GSK3 within the 

phosphodegron. Interestingly, a recent article has linked the protein stability of 

HSF1 to FBXW7α; the authors reported that the SCFFBXW7 complex targets the 

degradation of HSF1 through direct binding at the phosphodegron motif spanning 

S303 and S307, where GSK3 and ERK1 phosphorylate these sites respectively 

(Kourtis et al., 2015). The phosphorylation of serine 303 and serine 307 is 
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required for the binding of FBXW7α to HSF1, and loss of FBXW7α causes 

persistent nuclear accumulation and activation of HSF1. In human melanoma 

cells, FBXW7α is downregulated, and Kourtis and colleagues showed that HSF1 

accumulation and activation drives the metastatic potential (Kourtis et al., 2015). 

GSK3 is activated under low-serum or serum-starved conditions (Sutherland, 

2011, Hetman et al., 2000, Sato et al., 2009). Taken together, the observations 

by Bonelli et al. and Kourtis et al. suggest that during serum-starvation heat shock 

could cause the activation of GSK3 and subsequent phosphorylation of HSF1 at 

the S303 and S307 phosphodegron to allow for SCFFBXW7-mediated degradation 

of the transcription factor (Bonelli et al., 2001, Kourtis et al., 2015).  

In contrast to cancer cell models, there have been numerous reports 

linking the loss of HSF1 to the promotion of neurodegenerative diseases (Jiang 

et al., 2013, Kondo et al., 2013). α-Synucleinopathies represent progressive 

neurodegenerative diseases such as Parkinson’s Disease (PD), multiple system 

atrophy (MSA) and dementia with Lewy bodies (DLB) (Fellner and Stefanova, 

2013, McCann et al., 2014) where there is accumulation of α-synuclein in the 

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

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

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

decrease in HSF1 protein levels of more than 70% compared to WT α-synuclein 

whilst not affecting the HSF1 mRNA levels (Kim et al., 2016). WT α-synuclein 

caused the decrease of HSF levels in the nucleus unlike the mutant A53T α-

synuclein which decreased HSF1 levels in both the nucleus and cytoplasm (Kim 
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et al., 2016). A53T α-synuclein overexpression increased the amount of 

ubiquitinated HSF1, the authors had previously identified the E3 ligase NEDD4 

levels to be elevated in brains from PD patients (Kwak et al., 2012), leading them 

to overexpress NEDD4 in neuronal cells where they observed a prominent 

decrease in HSF1 protein levels (Kim et al., 2016). The authors also found that 

loss of NEDD4 or the overexpression of HSF1 led to the display of a 

neuroprotective phenotype against α-synucleinophathy (Kim et al., 2016).  

1.B.12 Concluding remarks 

HSF1 orchestrates a comprehensive transcriptional program that includes 

genes encoding chaperones which prevent protein misfolding and aggregation to 

maintain cellular proteostasis, as well as proteins which take part in the repair 

and clearance of damaged macromolecules and maintain cellular metabolism. 

Together with transcription factor NRF2, activation of HSF1 allows adaptation 

and survival under conditions of electrophilic, oxidative, inflammatory, and 

thermal stress due to the extraordinary functional diversity of their downstream 

target genes. Small molecule activators of HSF1 and/or NRF2 have shown 

protective effects in numerous animal models of chronic disease, including 

neurodegenerative disease, cardiovascular disease, and cancer. However, 

although the functions of both HSF1 and NRF2 are undoubtedly broadly 

cytoprotective, the consequences of their activation are both context- and 

duration-dependent and may have not only beneficial, but also negative effects 

for the organism, such as promoting cardiomyopathy or accelerating tumour 
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growth. This dichotomy should be very carefully considered when these 

transcription factors are being targeted for disease prevention or treatment. 
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Section 1: Introduction 

Chapter C 

p38 mitogen-activated protein kinases 

1.C.1 Introduction 

Eukaryotic cells have evolved ways to be able to respond quickly to 

external or internal stimuli by being able to sense, transmit the signals and 

coordinate the appropriate responses. Examples of these stimuli are in the form 

of growth factors, nutrients, cytokines, toxins, and physical changes such as 

osmolarity and oxygen levels. The signal transduction occurs through a subset of 

proteins known as kinases, which control the functional properties of their 

substrates by catalysing phosphorylation reactions. In the human genome, there 

are more than 600 putative kinase genes (Cheng et al., 2014). To date, 518 

human kinases have been described, and of these, only approximately 50% have 

been studied (Johnson and Hunter, 2005, Jacoby et al., 2015). Kinases belonging 

to the mitogen-activated protein kinase (MAPK) family are among the most well-

studied protein kinases. MAPK signalling pathways play major roles in various 

cellular processes such as immunity, inflammation, development, cell 

differentiation and cancer. MAPKs operate through a three-tiered signalling 

cascade, where the top tier is comprised of a MAPK kinase kinase (MAP3K) 

which when activated by phosphorylation, usually by autophosphorylation, 

phosphorylates and activates the middle tier MAPK kinase (MAP2K) which 

ultimately phosphorylates the MAPK belonging to the final tier. Subsequently, the 

phosphorylation activated MAPK is then able to phosphorylate its substrate(s). 
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There are four main subfamilies belonging to the MAPK superfamily and they are 

c-JUN NH2-terminal kinases or stress-activated protein kinases (JNK/SAPK), 

extracellular signal regulated kinases (ERKs), ERK5/big MAP kinase 1(BMK1) 

and p38 MAPKs (Zarubin and Han, 2005, Manna and Stocco, 2011). 

 

1.C.2  p38 MAPKs 

 

To date, in mammalian cells, four main isoforms of p38 MAPKs encoded 

by different genes have been identified: p38α, p38β, p38Ɣ and p38δ (Fig. C1A). 

p38α and p38 β are more closely related to each other sharing 75% of amino acid 

sequence identity, whereas p38Ɣ and p38δ share 64% amino acid sequence 

homology. All four isoforms share approximately 45% amino acid sequence 

identity and their relative amino acid sequence identity is listed in Fig. C1B. p38α 

was the first out of the four isoforms to be isolated and most of the literature on 

the p38 MAPKs focuses on this particular isoform. p38α was initially isolated as 

a 38-kDa protein that was phosphorylated on its tyrosine residue when cells were 

exposed to lipopolysaccharide (LPS) or hyperosmolarity (Han et al., 1994). Also, 

in the same year, p38α was identified as a protein that was bound to pyridinyl 

imidazole class of compounds that were found to inhibit the production of the 

cytokines, interleukin 1 (IL-1) and tumour necrosis factor (TNF) in various cell 

types when exposed to inflammatory stimuli (Lee et al., 1994). This finding paved 

the way in the drug development field in search of p38αinhibitors for the treatment 

of inflammatory diseases, with SB203580, a compound belonging to the pyridinyl 

imidazole class, being one of the most widely studied p38α inhibitors (Lee et 
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p38 MAPK 

isoform

Other 

names

No. of amino 

acids

Observed

molecular 

wt (kDa)

Gene

expression 

in tissues

p38α MAPK14, 
SAPK2A 

360 38 Most tissues

p38β MAPK11, 
SAPK2B

364 39 Most tissues

p38Ɣ MAPK12,
SAPK3

367 43 Skeletal

p38δ MAPK13,
SAPK4

365 40 Lung, Kidney, 
Testis, 

Pancreas &
Small 

intestines

p38α p38β p38Ɣ p38δ

p38α - 75.5 60.2 58.5

p38β - 61 57.4

p38 Ɣ - 63.9

p38δ -

Sequence identity between the p38 MAPK isoforms (%)Characteristic properties of the p38 MAPK isoforms

Overall sequence identity between all four p38 MAPK 
isoforms is 45.1 %

FIGURE C1

BA

Figure C1. p38 MAPK isoforms. 1A) Characteristic properties of the p38
isoforms. B) Table showing the sequence homology between the different
p38 MAPK isoforms, the percentages shown are derived from aligning the
p38 isoform sequences in the uniprot.org website.
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al.,1994). Structural and crystallographic studies have identified that pyridinyl 

imidazole compounds competitively bind the ATP-binding pocket of p38α.  

Several years after the isolation of p38α, the other three isoforms were 

characterised. Due to the central role of p38 MAPKs in transducing inflammatory 

responses, there has been extensive research performed on them. Furthermore, 

since its discovery, efforts were made to develop and identify selective and potent 

p38 inhibitors. However, since it was discovered that p38 MAPKs have more than 

100 substrates (Trempolec et al., 2013) which are involved in cellular pathways 

other than inflammation, it has become clear that inhibiting p38 inadvertently 

causes unwanted side effects, hence restricting the clinical application of this 

approach (Gurgis et al., 2014). 

 

1.C.3  Structure of p38 MAPKs 

 

The structures of human p38α (ter Haar et al., 2007), β (Roy et al., 2015) 

and δ (Patel et al., 2009) have been solved by X-ray crystallography. All isoforms 

of p38 contain a glycine-rich phosphate-anchoring domain containing the 

consensus sequence Gly-X-Gly-X-X-Gly at the N-terminus (aa 31-36) which is 

followed by the ATP-binding region (aa 42-52). The phosphorylation or activation 

lip of the protein contains the amino acids 170-185 (Wilson et al., 1996, 

Badrinarayan and Sastry, 2011). Within the activation lip, p38 is activated upon 

phosphorylation at T180 and Y182 at the highly conserved amino acid sequence 

Thr180-Gly181-Tyr182 (Wilson et al., 1996, Badrinarayan and Sastry, 2011). The 

linker consisting of the amino acids Asp168-Phe169-Gly170 also known as the DFG 

loop adopts two different conformations: 1) ‘DFG-in’ and 2) ‘DFG-out’. When p38 
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assumes the ‘DFG-in’ conformation, the ATP-binding pocket is exposed and 

phosphotransfer can be catalysed, whereas, when p38 adopts the ‘DFG-out’ 

conformation, the hydrophobic pocket that was previously occupied by Phe169 is 

revealed, rendering the kinase inactive (Young, 2013, Badrinarayan and Sastry, 

2011) (Fig. C2). Unlike ATP-competitive inhibitors such as the pyridinyl imidazole 

class of inhibitors like SB202190, a compound belonging to the diaryl urea class, 

BIRB796, allosterically binds to and inhibits the function of all isoforms of p38 as 

it forces p38 to adopt the ‘DFG-out’ conformation (Cuenda and Rousseau, 2007, 

Cuadrado and Nebreda, 2010).  

 

Interestingly, p38Ɣ is the only isoform that at the end of its C-terminus 

contains a 5 amino acid sequence KETPL which is a PDZ (PSD-95, discs large, 

zona occludens 1) binding domain where the consensus sequence for this 

domain is KETXL where X can be any amino acid (Hasegawa et al., 1999). The 

PDZ binding domain on p38Ɣ allows it to bind to substrates containing the PDZ 

domain and strikingly many of the p38Ɣ-specific substrates such as α 1-

syntrophin, myogenic differentiation 1 (MyoD1) and disks large homolog 1 

(DLG1) contain the PDZ domain (Escos et al., 2016). 

 

1.C.4  p38 MAPK signalling 

 

The expression pattern of the p38 isoforms differs greatly in terms of tissue 

distribution. Although, p38α and p38β are ubiquitously expressed in most tissues, 

p38β has been found to be highly expressed in the brain (Lawson et al., 2013), 

whereas, p38Ɣ is expressed mainly in skeletal muscle tissues and p38δ is mainly 
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ATP-binding

Phosphate anchor

DFG loop

Phosphoactivation site
T180-G181-Y182

D169-F170-G171

Activation lip

Kinase Domain

31 36

42 52

1 360

N-terminal C-terminal

Schematic diagram of p38α
FIGURE C2

Figure C2. Schematic diagram of the p38α structure. The phosphate anchor (yellow), ATP-binding site (orange), flanking kinase domain (green) and
the activation lip (blue) are labelled with the corresponding amino acid numbering.
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expressed in the testis, pancreas, kidney and small intestine (Fig. C1A). The 

activation of the p38 signalling pathway through environmental stimuli has been 

observed in various species such as the budding yeast Sacchromyces cerevisiae 

(Hog1) (Posas et al., 1996), the round worm Caenorhabditis elegans (pmk1, 

pmk2 and pmk3) (Berman et al., 2001), the fruit fly Drosophila melanogaster 

(p38a, p38b and p38c) (Stronach and Perrimon, 1999) and in the African clawed 

frog Xenopus laevi (p38) (Keren and Bengal, 2010). In the yeast, HOG1 is a 

crucial regulator of adaptation and survival upon exposure to osmotic stress (Kim 

and Shah, 2007). Deletion of HOG1 in yeast exposed to high osmolarity confers 

lethality (Lee et al., 2002b). Also HOG1 is activated upon exposure to 

environmental stressors such as heat shock (Winkler et al., 2002). In mammalian 

systems, p38 has been found to be activated by osmotic shock, heat stress, 

ultraviolet (UV) radiation and exposure to endotoxins (e.g. LPS) as well as 

inflammatory cytokines (IL-1 and TNF-α) and growth factors (e.g. NGF and GM-

CSF) (Lee and Young, 1996, ten Hove et al., 2007, Zhang et al., 2001, Seo et al., 

2002, Xing et al., 1998, Winkler et al., 2002, Lee et al., 1994, Han et al., 1994). 

The ability of p38 MAPK pathway to sense and be activated by numerous forms 

of stimuli demonstrates that this pathway is highly sensitive and complex. The 

four p38 MAPK isoforms are differentially activated by their upstream kinases 

MAP2Ks which themselves are activated by their upstream kinases, the MAP3Ks 

(Fig. C3). 
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FIGURE C3

Figure C3. p38 MAPK signalling cascade showing the substrate specificities for the individual isoforms. Diagram taken from Escos et al. 2016.
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1.C.4.1 p38 MAPK signalling cascade 

 

The MAP3Ks bring about specificity for a stimulus-dependent triggering of 

the MAP2K-MAPK signalling cascade as well as have a role in determining cell 

fate (Craig et al., 2008, Escos et al., 2016). The main MAP3Ks that play a vital 

role in MKK3/4/6-p38 MAPK activation are Thousand-and-one amino acid kinase 

1 and 2 (TAO1 and TAO 2), Apoptosis signal-regulating kinase 1 (MEKK5/ASK1), 

Mixed-lineage kinases 2 and 3 (MLK2 and MLK3), TGF-β activated kinase 1 

(TAK1) and MAPK/ERK kinase kinases (MEKK) (Escos et al., 2016) (Fig. C3). 

All the MAP2Ks or MAP kinase kinases (MKKs) upstream of p38 MAPKs 

phosphorylate p38 at the TGY motif found within the activation loop. MKKs 

contain a D-domain docking site for binding to various MAPKs such as JNK family 

and p38 MAPKs (Sharrocks et al., 2000). All isoforms of the p38 MAPKs have 

been reported to be activated by MKK3 and MKK6 in vitro and in vivo, however, 

the p38 isoforms are differentially activated by MKK3 and MKK6 in response to 

different stress stimuli (Brancho et al., 2003, Remy et al., 2010). Interestingly, 

MKK4 is able to activate all three isoforms of the JNK family of MAPKs as well as 

two isoforms of p38 MAPKs (α and β) (Deacon and Blank, 1997, Whitmarsh and 

Davis, 2007). These findings suggest that the MKKs are differentially regulated 

in order to provide an organised and synchronised p38 MAPK signalling cascade. 

 

The scale and extent of p38 activation is vital in determining its effects on 

the cell. Within a few minutes upon stimulation, p38 MAPKs are rapidly activated, 

and depending on the cell type and stimulus, this activation could be transient or 

persistent, suggesting that p38 activation is tightly controlled under basal 
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conditions. p38 isoforms have various substrates that play an important role in 

cellular processes such as apoptosis, transcription, cell growth, cell division, 

protein transport and secretion, protein chaperoning, cytoskeletal organisation, 

protein degradation. The p38 MAPK isoforms have overlapping substrates as 

well as unique substrates (Fig. C3). 

 

One of the first p38 MAPK substrates to be identified was MAPK-activated 

protein kinase 2 (MAPKAPK2 or MK2). MK2 when activated by p38, as able to 

activate various signals through the modulation of its substrates. MK2 is involved 

in cellular processes such as the inflammatory response, apoptosis and cell 

division. As mentioned earlier, since p38 inhibitors have failed in the clinical 

setting due to the presentation of high liver toxicity and unwarranted side-effects 

in patients, inhibitors targeting its downstream substrates are highly sought after. 

Activated MK2 is essential for the production of the pro-inflammatory cytokines 

TNFα, IL-1α, IL-1β, IL-6 (Castillo et al., 2016). MK2-/- mice have reduced 

production of pro-inflammatory cytokines and macrophages compared to their 

wild-type counterparts and are protected from developing neoplasms in a 

colorectal cancer model. MK2 phosphorylation by p38 allows for phosphorylation 

of heat shock protein 27 (Hsp27) which is found complexed to protein kinase B 

(AKT). Upon phosphorylation by MK2, Hsp27 dissociates from AKT. Hsp27 is 

known to be able to protect cells against oxidative damage caused by reactive 

oxygen species (ROS) which could be produced by environmental stimuli such 

as cytokines, heat stress and hypoxia (Zheng et al., 2006). Hsp27 decreases 

ROS levels by increasing intracellular glutathione levels and decreasing 

intracellular iron levels (Arrigo et al., 2005). Tristetrapolin (TTP), a protein that 
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functions to destabilise mRNA stability has been found to be inactivated through 

phosphorylation of the p38-MK2 signalling cascade suggesting a role in for the 

p38 MAPKs in mRNA processing. Other p38 MAPK substrates include 

transcription factors such as activating transcription factor 2 (ATF2), proto-

oncogene c-Fos (FOS), transcription factor MafA (MafA) which are involved in 

pathways regulating DNA-damage response, cell proliferation and insulin 

regulation, respectively (Trempolec et al., 2013). Other substrates of the p38 

MAPK pathway include the cell cycle regulator Cyclin D3 (Casanovas et al., 

2004), the structural proteins Stathmin (Parker et al., 1998, Mizumura et al., 2006) 

and tau (Zhu et al., 2000, Reynolds et al., 1997) and RNA splicing factor 45 

(SPF45) (Al-Ayoubi et al., 2012).  

 

1.C.5 Some of the pathophysiological impacts of p38 MAPK 

signalling 

 

1.C.5.1 Specific roles and functional redundancies 

 

Each of the p38 isoforms have their unique substrates, and their substrate 

specificities are also cell and context dependent. However, the p38 isoforms 

share many substrates which suggests functional redundancies due to their high 

sequence homologies. In vivo knockout models have shed light on the functional 

redundancies of the p38 MAPKs. Thus far, only p38β, p38Ɣ and p38δ-knockout 

mouse models have been generated and they all exhibit a normal phenotype. On 

the contrary, p38α-knockout mice display embryonic lethality at midgestation due 

to placental defects, suggesting a role for p38α in embryonic development. These 
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placental defects could not be rescued by a knock-in allele of p38β under the 

control of the p38α promoter, implying that these isoforms are not completely 

functionally redundant. Interestingly, tissue-specific p38α knockouts in mice have 

implicated the kinase in cardiomyocyte proliferation (Engel et al., 2005), liver 

gluconeogenesis (Jing et al., 2015) and hepatocyte proliferation (Tormos et al., 

2013). Although, p38β-knockout mice are viable, several studies have emerged 

implicating the requirement of this isoform for bone mineralisation. Micro CT 

scans have shown that bones of four-week old p38β-knockout mice present with 

osteopenia (Greenblatt et al., 2010). Interestingly, p38β deficiency in osteoblasts 

showed defects in late stage of differentiation, whereas, p38α deficiency in the 

same system exhibits defects in both early and late stages of osteoblast 

differentiation (Greenblatt et al., 2010, Rodriguez-Carballo et al., 2016). Murine 

embryos deficient in both p38α and β displayed spina bifida, exencephaly and 

heart defects, and these phenotype were not observed in the single knockout 

embryos of either isoforms (del Barco Barrantes et al., 2011), suggesting that 

during embryonic development, p38α and β are functionally redundant. 

 

The generation of single and double p38Ɣ or/and p38δ knockout mice has 

provided answers regarding the functional roles and redundancies of these 

isoforms. It has been reported that p38Ɣ/δ -double knockout mice-derived 

macrophage and dendritic cells have an impaired innate immune response when 

challenged with endotoxins such as LPS (Escos et al., 2016). In addition, the 

p38Ɣ/δ-double knockout mouse displays cardiac hypertrophy (Gonzalez-Teran 

et al., 2016a). Since p38Ɣ is mainly and highly expressed in skeletal tissues, and 

is induced during muscle differentiation, it is not surprising that the double 
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knockout of Ɣ and δ isoforms display heart defects. Indeed, p38Ɣ is an important 

factor for adult muscle differentiation and regeneration (Lassar, 2009). Studies 

conducted in p38δ-deficient mice have shown that this isoform, which is highly 

expressed in the lungs, is important for recruitment of neutrophils to sites of 

inflammation in the lung (Ittner et al., 2012).  

 

There are publications showing that loss of p38Ɣ or/and p38δ confers 

protection in several disease models. Sumara et. al. showed that the loss of p38δ 

promotes insulin secretion in pancreatic β cells and enhances glucose tolerance 

(Sumara et al., 2009). The authors found that pancreatic β cells from p38δ-null 

mice contain profoundly activated protein kinase D (PKD) which promotes insulin 

exocytosis in these cells (Sumara et al., 2009). Furthermore, mice lacking both 

p38Ɣ and δ in their myeloid cells are resistant to the development of non-alcoholic 

fatty liver disease (NAFLD), glucose intolerance and triglyceride accumulation in 

the liver (Gonzalez-Teran et al., 2016b). The authors show that this protection is 

mediated by impaired recruitment of neutrophils to the liver, which as a 

consequence prevents inflammation and the development of liver steatosis 

(Gonzalez-Teran et al., 2016b). Using the two-stage 7,12-

dimethylbenz(a)anthracene (DMBA)/12-O-tetradecanoylphorbol-13-acetate 

(TPA) skin carcinogenesis protocol, it was found that both p38δ-knockout and 

p38Ɣ/δ-double knockout mice have a reduced susceptibility to tumour formation 

which could be due to defects in mounting inflammatory and proliferative 

responses (Schindler et al., 2009, Zur et al., 2015). Recently, Yin and colleagues 

showed that intestinal epithelial cell specific knockout of p38Ɣ leads to inhibition 

of inflammation and tumouriginesis in a colitis-associated colon cancer model 
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(Yin et al., 2016). Global knockdown of both p38Ɣ and p38δ is also protective in 

this model (Del Reino et al., 2014). 

 

1.C.6  Conclusions 

 

There have been a plethora of reports implicating the importance of p38 

MAPKs in cellular pathways such as proliferation, differentiation, apoptosis, cell 

survival, development, senescence, inflammation and aging (Fig. C4). Notably, 

the p38 inhibitors that have been used in clinical trials primarily target the α and 

β isoforms, and such inhibitors have failed due to toxicities and importance of 

these pathways. Inhibiting their substrates such as MK2 as mentioned earlier 

seems to be a better option as it provides a more linear approach. Also, it is 

important to note that targeting p38Ɣ and δ could be another possibility since in 

the last decade there has been significant progress in the understanding of the 

roles of these two isoforms. p38Ɣ and δ have been shown to be vital regulators 

of inflammation, and the development of drugs that specifically target them might 

ameliorate inflammatory disease pathogenesis. Interestingly, it was recently 

found that the use of relatively specific p38δ inhibitors reduced the amount of 

mucus production in human bronchial epithelial cells (Escos et al., 2016). It will 

be fascinating to understand more about the mechanism behind how the Ɣ and 

δ p38 MAPK isoforms govern innate immunity. This will ultimately lead to the 

search for highly selective inhibitors which could be of therapeutic use for the 

treatment of inflammatory diseases. 
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FIGURE C4

Figure C4. The physiological roles and pathological implications of p38 MAPKs. Diagram taken from Cuenda and Rousseau, 2007.

 96 



Section 2: Materials and Methods 

 

2.1  Materials 

All general chemicals and reagents were of analytical grade and obtained from 

either Sigma-Aldrich (Dorset, United Kingdom) or MERCK Millipore 

(Massachusetts, USA). PEITC was prepared as a stock solution in acetonitrile 

and diluted 1:1,000 in the cell culture medium before treatment. The 

concentration of the solvent was maintained at 0.1% (v/v) in all wells. The p38α/β 

MAPK inhibitor SB202190 was purchased from SYNkinase (Parkville, Australia). 

The pan p38 inhibitor BIRB0796 was purchased from Axon Medchem 

(Groningen, Netherlands). The JNK inhibitor JNK-In-8 was a kind gift from Dario 

Alessi (University of Dundee). The GST-tagged recombinant NRF2 NEH6+ 

protein was a kind gift from Professor. John D. Hayes. 

 

2.2   Cell culture 

MDA-MB-231 cells were from ATCC. HeLa-HSE-luc cells (Calamini et al., 2012) 

were a generous gift from Richard I. Morimoto (Northwestern University, USA). 

MCF7 cells were a kind gift from Dr. Mark Saville (University of Dundee, UK). 

HeLa cells were a generous gift from Dr. Sonia Rocha (University of Dundee, 

UK). Mouse embryonic fibroblasts (MEF) from wild-type or HSF1-knockout mice 

were isolated as described previously (Xiao et al., 1999). The human epidermoid 

cancer cell line A431 and the production and transduction of lentivirus short 

hairpin RNA to generate stable clones, which do not express p38Ɣ or p38δ, have 

been described (Zur et al., 2015). All cell lines were maintained at 5% CO2 in air 

at 37°C and were cultured in Dulbecco's Modified Eagle Medium (DMEM) 
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(Invitrogen) supplemented with 10% (v/v) heat-inactivated FBS (Invitrogen) 

unless specified. The medium in which HeLa-HSE-luc cells were grown also 

contained 100 µg/mL G418 (Invitrogen), whereas the medium for MEF cells was 

additionally supplemented with non-essential amino acids (Invitrogen) and 50 

U/ml penicillin/streptomycin (Invitrogen). 

 

2.3   Western blotting sample preparation 

Cells grown in 6-well plates were washed twice with phosphate buffered saline 

(PBS) and lysed in 150 μl of either RIPA buffer [50 mM Tris-Cl pH 7.5, 150 mM 

NaCl, 0.5% (w/v) sodium deoxycholate, 1% IGEPAL (v/v), 0.1% SDS (w/v) and 1 

mM EDTA), containing 1 protease inhibitor cocktail tablet (Roche) per 10 ml of 

buffer] or SDS-lysis buffer [50 mM Tris-Cl pH 6.8, 2% (w/v) SDS, 10% (v/v) 

glycerol and 0.005% bromophenol blue). The lysates derived from RIPA buffer 

were transferred into 1.5-ml Eppendorf tubes which were placed on a rotator at 

4°C for 30 min. The cell debris was then removed by centrifugation at 16,300 x g 

for 10 min at 4°C, and the supernatant was transferred to a new tube. The lysates 

derived from the SDS-lysis buffer were subjected to sonication at 20% amplitude 

for 20 sec. The BCA assay (Thermo) was used to determine protein 

concentrations.  

 

2.4   Western Blot Analysis 

2.4.1   SDS-PAGE gel electrophoresis 

For this technique, unless specified, equal amounts of sample lysates (5 μg – 20 

μg protein) were incubated with sodium dioecyl sulphate (SDS) lysis buffer (13.3 

mM Tris HCL pH 6.8, 6% (v/v) Glycerol, 1% (w/v) SDS, 1.2% (v/v) β-
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Mercaptoethanol and 0.1% w/v Bromophenol Blue). The samples, along with a 

prestained standard protein marker (Invitrogen), were loaded onto SDS-

polyacrylamide (ProtoGel 30%, National Diagnostics) gels prepared in the 

laboratory, and separated by electrophoresis (SDS-PAGE) using 80V for 30 

minutes and 120V for 1 hour. The gel was run using the gel running buffer (25 

mM Tris, 192 mM Glycine, 0.1% (w/v) SDS) and the system used was purchased 

from the manufacturer Biorad. 

 

2.4.2  NuPAGE gel electrophoresis 

For this technique, unless specified, equal amounts of sample lysates (5 μg – 20 

μg protein) were incubated with SDS-lysis buffer. The samples along with a 

prestained standard protein marker (Pageruler, Invitrogen) were loaded onto 

precast 4-12% gradient or 10% NuPAGE gels and separated by electrophoresis 

using 80V for 15 minutes and 150V for 1 hour. The gel was run using the gel 

running buffer (1 X MOPS buffer, Invitrogen) and the gel-running system used 

was purchased from the manufacturer Invitrogen. 

 

2.4.3  Wet transfer 

The proteins from the gel were transferred onto 0.45 μm nitrocellulose membrane 

(NC) (Amersham Biosciences) using the wet transfer system following the 

manufactuer’s instructions (Critereon, Biorad). The transfer buffer (25 mM Tris, 

192 mM glycine and 20% (v/v) methanol) was used to transfer the proteins from 

the gel to the NC membrane at 100V for 30 or 45 minutes for 0.75 mm or 1.00 

mm thick gels respectively. Once the proteins were transferred from the gel to 

the NC membrane, the latter was blocked using 10% w/v milk (Marvel) prepared 
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in 0.1% PBS containing 0.1% Tween 20 (PBS-T) for 30 min at a constant agitation 

of 70 rpm on a shaker (SSM1, Stuart). 

 

 

2.4.4  Immunoblotting 

All the antibodies were prepared in 10% (w/v) milk (Marvel) dissolved in PBS-T 

(0.1% (v/v) Tween 20 dissolved in PBS) and contained within a 50 ml centrifuge 

tubes. Next, the NC membrane was added to the preferred primary antibody 

contained in the falcon tube. The 50 m tubes containing the primary antibody and 

the NC membrane were placed on a rotator (SRT6, Stuart) for an overnight 

incubation (16-24 h) at 4oC or 2 h at room temperature (RT).  

 

After the incubation with the primary antibodies, the membrane was washed 

thrice every 15 minutes in PBS-T. The NC membrane is incubated with its 

respective secondary antibody (Section 2.3) for 45 minutes at RT.  Next, the 

membrane was washed with PBS-T for three times every 15 minutes. Enhanced 

chemiluminescence (ECL) stock A (2.5 mM Luminol (Fluka), 100 mM Tris HCL 

pH 8.5, 0.4 mM p-coumaric acid) and B (0.0192% H2O2 and 100 mM Tris HCL 

pH 8.5) are mixed at a 1:1 ratio. 1 ml of ECL (A+B) was required for one 

membrane. The ECL solution was spread onto the NC membrane evenly. A 

developing cassette containing a transparent plastic film was used for the 

membranes to be placed beneath it. In the dark room, the membranes were 

exposed to an X-ray film, which were developed using the machine (Compact X4, 

Xograph). 
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2.5   Primary antibodies 

Table displaying the specifications of the primary antibodies used. 

 

Antibody dilution solutions are as follows: 

PBST: 0.1% (v/v) Tween 20 dissolved in PBS 

PBST-milk: 5% milk (Marvel) (w/v) dissolved in PBST   

PBST-BSA: 1% bovine serum albumin (BSA) dissolved in PBST 

PBS-NGS: 2.5% (v/v) normal goat serum (NGS) in PBS 

TBST: 0.1% (v/v) Tween 20 dissolved in TBS 

PBST-milk: 5% milk (Marvel) (w/v) dissolved in TBST   

 

2.6    Nuclear-cytoplasmic separation 

MDA-MB-231 cells (106 per dish) were plated in 6-cm dishes and treated for the 

indicated periods of time with 0.1% (v/v) acetonitrile or PEITC. The REAP method 

described by Suzuki et al. was used to obtain separate cytoplasmic and nuclear 

fractions (Suzuki et al., 2010). In short, cells were washed twice with ice-cold 

phosphate buffered saline (PBS, pH 7.5), collected in 500 μl of ice-cold PBS, 

Antibody Name Species Type Dilution Diluted in Company Country APPLICATIONS
Hsp70 Mouse Monoclonal 1:1,000 PBST-MILK StressMarq York, UK WB
Hsp90 Mouse Monoclonal 1:5,000 PBST-MILK BD Biosciences New Jersey, USA WB
HER2 Rabbit Polyclonal 1:500 PBST-MILK Millipore California, USA WB
RAF1 Rabbit Polyclonal 1:200 PBST-MILK Santa Cruz California, USA WB
HSF1 Rabbit Polyclonal 1:1,000 PBST-BSA Enzo Life Sciences Exeter, UK WB
HSF1 Mouse Monoclonal 1:1,000 PBST-BSA Santa Cruz California, USA WB, IP, IF
HSF1 pS326 Rabbit Monoclonal 1:10,000 PBST-BSA Abcam Cambridge, UK WB
p38 MAPK Rabbit Polyclonal 1:1,000 PBST-BSA Cell Signaling Massachusetts, USA WB
pp38 MAPK Rabbit Polyclonal 1:1,000 PBST-BSA Cell Signaling Massachusetts, USA WB
p38α MAPK Rabbit Polyclonal 1:1,000 PBST-BSA Cell Signaling Massachusetts, USA WB
p38β MAPK Rabbit Polyclonal 1:1,000 PBST-BSA Cell Signaling Massachusetts, USA WB
p38Ɣ MAPK Rabbit Polyclonal 1:1,000 PBST-BSA DSTT Dundee, UK WB
p38δ MAPK Rabbit Polyclonal 1:1,000 PBST-BSA Cell Signaling Massachusetts, USA WB
MK2 pT334 Rabbit Polyclonal 1:1,000 PBST-BSA Cell Signaling Massachusetts, USA WB
S6 pS235/236 Rabbit Polyclonal 1:1,000 PBST-BSA Cell Signaling Massachusetts, USA WB
ERK1/2 Rabbit Monoclonal 1:800 PBS-NGS Cell Signaling Massachusetts, USA IF
JNK1/2 Rabbit Polyclonal 1:1,000 PBST-BSA Cell Signaling Massachusetts, USA WB
pJNK1/2 Rabbit Polyclonal 1:1,000 PBST-BSA Cell Signaling Massachusetts, USA WB
pERK1/2 Rabbit Polyclonal 1:1,000 PBST-BSA Cell Signaling Massachusetts, USA WB
GAPDH Rabbit Polyclonal 1:5,000 PBST-MILK Sigma Dorset, UK WB
β-actin Mouse Monoclonal 1:10,000 PBST-MILK Sigma Dorset, UK WB
HRP-β-actin Mouse Monoclonal 1:40,000 PBST-MILK Sigma Dorset, UK WB
α-tubulin Mouse Monoclonal 1:5,000 TBST-MILK Cell Signaling Massachusetts, USA WB, IF
NRF2 Rat Monoclonal 1:100 TBST Yamamoto Lab Sendai, Japan WB
KEAP1 Rat Monoclonal 1:100 TBST-MILK Yamamoto Lab Sendai, Japan WB
HA Rat Monoclonal 1:1,000 TBST-MILK Roche California, USA WB
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transferred to Eppendorf tubes, and subjected to centrifugation at 10,000 x g for 

30 sec at room temperature. Next, the supernatant was discarded and the pellet 

was resuspended in 450 μl of ice-cold 0.1% IGEPAL (v/v) in PBS. The lysates 

were then subjected to a further centrifugation at 10,000 x g for 30 sec at room 

temperature. The supernatant was collected as the cytoplasmic fraction. One 

volume of 5X sample SDS loading buffer [250 mM Tris-Cl pH 6.8, 10% (v/v) 

sodium dodecyl sulphate, 50% (v/v) glycerol and 0.025% (w/v) bromophenol 

blue] was added to four volumes of the cytoplasmic fraction and the samples 

were heated for 5 min at 100oC and subjected to SDS/PAGE. The remaining 

pellet containing the nuclear fraction was washed twice with ice cold 0.1% 

IGEPAL (v/v) in PBS and dissolved in 1X sample loading buffer [50 mM Tris-Cl 

pH 6.8, 2% (v/v) sodium dodecyl sulphate, 10% (v/v) glycerol and 0.005% (w/v) 

bromophenol blue] and heated for 5 min at 100oC. The nuclear fractions were 

sonicated before subjecting them to SDS-PAGE. 

 

2.7    Quantitative real-time PCR  

The primers and probes for quantifying the levels of the mRNA species were from 

Applied Biosystems (hspa1a: Mm01159846_s1; HER2: HS01001580_m1 and 

RAF1: HS00234119_m1). Cells (2 x 105 per well) were seeded in 6-well plates. 

After 24 h, the cells were exposed to vehicle (0.1% acetonitrile) or PEITC for a 

further 8 (MEFs) or 16 h (MEFs and MDA-MB-231 cells).  After cell lysis, total 

RNA was extracted using RNeasy Kit (Qiagen Ltd.), and 500 ng total RNA was 

reverse transcribed into cDNA with Omniscript Reverse Transcription Kit (Qiagen 

Ltd.). Real-time PCR was performed on Applied Biosystems 7900HT Fast Real-

Time PCR System. The data were normalized using β-actin (mouse ACTB, 
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Applied Biosystems, Mm00607939_s1) as an internal control. Real-time PCR 

experiments shown in Section 3, Chapter 1 were performed in Professor 

Masayuki Yamamoto’s Lab in Sendai, Japan. 

 

2.8   Luciferase assay 

HeLa-HSE-luc cells (105 per well) were seeded in each well of a 24-well plate, 

and 24 h later treated with PEITC or 0.1% (v/v) acetonitrile vehicle for 8-, 16-, 24-

, or 48 h. Cells were washed twice with 0.1% PBS, and 100 µl of 1X reporter lysis 

buffer (Promega) was added to each well. The plate was placed at -20°C for a 

minimum for 2 h, and then transferred to thaw on a shaker at room temperature 

for 30 min. Cell lysates were collected into Eppendorf tubes and subjected to 

centrifugation at 15,000 x g for 2 min at 4°C. Luciferase activity was measured in 

10 µl of cell lysate in opaque 96-well plates (Corning) using a microplate-reader 

based luminometer (Orion II, Berthold), and normalized for protein concentration 

determined by the Bradford’s assay (BioRad). 

 

2.9    ATP-binding assay 

MDA-MB-231 cells (0.5 x 106 per dish) were seeded in 6-cm dishes. After 24 h, 

the cells were treated for a further 24 h with 0.1% acetonitrile as the vehicle 

control for sulfoxythiocarbamate alkyne (STCA, 75 µM) and PEITC (20 µM) 

treatments, or with 0.1% DMSO as the vehicle control for the geldanamycin (GA, 

1 µM) and celastrol (CL, 0.8 µM) treatments. Cells were harvested by scraping 

into 300 µl of lysis buffer [10 mM Tris pH 7.5, 150 mM NaCl, 0.25% IGEPAL, with 

one protease inhibitor tablet (Roche) per 10.0 ml of buffer], frozen, thawed, and 

lysed for 30 min at 4°C. ATP-agarose beads (Jena Bioscience) were washed with 
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the incubation buffer (10 mM Tris pH 7.5, 150 mM NaCl, 20 mM MgCl2, 0.05% 

IGEPAL, 1 mM DTT). Cell lysates (200 µg total protein) were added to a 

suspension of 30 µl of beads in 1.25 ml of buffer, and the samples were incubated 

rotating overnight at 4°C. The beads were collected by centrifugation and washed 

three times with the incubation buffer. 5 X SDS loading buffer (10 µl) and 

incubation buffer (40 µl) were added to the beads, and the samples were 

incubated for 5 min at 100°C. The beads were pelleted by centrifugation, and the 

supernatants were collected and subjected to western blot analysis. 

 

2.10   Detection of HSF1 trimerization 

MDA-MB-231 (2 x 106 per dish) cells were grown on 10-cm dishes for 24 h and 

treated with 0.1% acetonitrile or 20 μM PEITC for a further 3 h. Cells were then 

washed twice with PBS. 10 ml of 0.4% paraformaldehyde (w/v) in PBS (0.4% 

PFA-PBS) was added to the dishes over 10 min, where fresh 0.4% PFA-PBS was 

added every 5 min. Next, the PFA-PBS was removed and the reaction was 

quenched with the addition of 3 ml of ice-cold 1.25 M Glycine-PBS. After washing 

twice with PBS, nuclear and cytoplasmic fractions were obtained. Cells were 

lysed in buffer A [10 mM KCl, 5 mM MgCl2, 50 mM Tris-Cl pH 7.5, 0.5% (v/v) 

IGEPAL, 1 mM DTT, one EDTA-free complete mini protease inhibitor cocktail 

tablet (Roche) and one phos-STOP tablet (Roche) per 10 ml of buffer]. The 

lysates were subjected to centrifugation at 1,000 x g for 5 min at 4oC. The 

supernatant containing the cytoplasmic fraction was transferred to a fresh 

Eppendorf tube where one volume of 5X SDS sample loading buffer was added 

to four volumes of the cytoplasmic fraction. The pellet containing the nuclear 

fraction was washed three times with the buffer A before dissolving it in 1X 
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sample loading buffer [50 mM Tris-Cl pH 7.4, 2% (w/v) SDS, 10% (v/v) glycerol, 

and 0.005% (w/v) bromophenol blue]. The nuclear fractions were subjected to 

sonication. Both the cytoplasmic and the nuclear fractions were subjected to 

SDS-PAGE before immunoblotting. 

 

2.11   Co-immunoprecipitation 

MDA-MB-231 cells (4 x 106 per dish) were grown on 10-cm dishes for 24 h, and 

the treated with 0.1% DMSO or 20 μM PEITC for 45 min. The dishes with cells 

were placed on ice and washed twice with ice-cold PBS. Protein G Dynabeads 

(30 μl slurry, from Invitrogen) were washed twice for 5 min with PBS and 

incubated with 1 μg of mouse monoclonal HSF1 antibody (Santa Cruz) for 1 h at 

room temperature, after which the beads were washed three times every 10 min 

with PBS. Cells were lysed with 1.0 ml ice-cold CO-IP buffer (150 mM NaCl, 50 

mM Tris-Cl, pH 7.4, 1 mM EDTA, 1% IGEPAL, 0.1% w/v sodium deoxycholate) 

supplemented with one EDTA-free protease cocktail inhibitor tablet (Roche) and 

one phosphatase inhibitor tablet (PhoSTOP Roche). Cell lysates were passed 

through a 23-gauge needle 10 times before they were clarified by centrifugation 

at 4°C for 30 min at 16,000 x g. Fifty μl of the clarified lysate (IP sample) was 

transferred to a fresh Eppendorf tube to serve as an input sample. To pre-clear 

the IP sample, 30 μl of Protein G Dynabeads slurry was washed twice for 5 min 

with PBS, and the beads were added to each of the IP sample (containing 0.8-

1.0 mg protein), and incubated for 1 h at 4°C on a tube rotator. Subsequently, the 

Protein G Dynabead-antibody conjugate was added to the pre-cleared IP sample 

and incubated for 16 h at 4°C on a tube rotator. The immunoprecipitated 

complexes were washed three times with ice-cold CO-IP buffer every 10 min, and 
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were eluted from the beads by adding 70 μl of 1X LDS buffer (Invitrogen) and 

heating the sample at 70°C for 10 min. After cooling, 7 μl of sample reducing 

agent (SRA, Invitrogen) was added to the sample, and incubated for 15 min at 

room temperature. Immuproprecipitated proteins (35 μl) were resolved by 

electrophoresis. Antibodies against Hsp90 (monoclonal, BD Biosciences) and 

HSF1 (rabbit polyclonal, Enzo Life Sciences) were used for detection of the 

respective proteins. 

 

2.12  Generation of p38δ and p38Ɣ stable knockdown cell lines 

p38δ and p38Ɣ expression was reduced by RNA interference using Mission 

shRNA constructs (Sigma; plasmid clone IDs TRCN0000006145 and 

TRCN0000006147 for p38Ɣ and TRCN0000000827 and TRCN0000009979 for 

p38δ. A lentivirus containing the control pLKO.1 or the shRNA plasmids was used 

to infect MDA-MB-231 cells. To produce the virus, HEK293T cells were 

transfected using Lipofectamine 2000 (Invitrogen) with empty pLKO.1-puro 

vector or the shRNA constructs against p38Ɣ or p38δ together with the packaging 

vectors (psPAX2 and pMD2.G) in serum-reduced medium. On the following day, 

the medium was replaced with complete DMEM, and after 24 h, the lentivirus-

containing supernatant was collected, filtered, and used to transduce MDA-MB-

231 cells. Cells containing the shRNA plasmid were selected, expanded and 

maintained with supplementation of puromycin (2 mg/ml) for approximately three 

weeks, during which time cell lysates were collected every three to four days to 

ensure the respective p38 expression levels were reduced throughout the 

selection period. 
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2.13  Expression and purification of recombinant  

   hexahistidine-tagged HSF1 

Full-length HSF1 cDNA was amplified by PCR from a plasmid obtained from 

Addgene (Plasmid ID: #32537, in which the cDNA sequence was found to have 

a nucleotide substitution at position 1343 from a C to T, leading to a change from 

P to L at position 448 in the protein sequence) and subcloned into the bacterial 

expression vector pet15b using Nde1 and Xho1. Following transformation into 

E.coli (BL21(DE3)pLysS), the cells were grown to an optical density at 600 nm of 

0.6, and induced for a further 3.5 h at 37°C with 400 mM isopropyl-β-D-

thiogalactopyranoside (IPTG). The induced cells were harvested by 

centrifugation and resuspended in extraction buffer [20 mM Tris-Cl pH 7.9, 150 

mM NaCl, 5 mM imidazole and 0.01% (v/v) IGEPAL CA-630]. After freezing and 

thawing, the cells were disrupted by sonication for 5 min on ice. Cell debris were 

then cleared by centrifugation at 10,000 x g for 15 min at 4oC. The resultant 

supernatant was left on ice for 30 min before applying to nickel agarose resin 

(His-TrapTMHP, GE Healthcare). The resin was washed with 20 mM Tris-Cl pH 

7.9, 150 mM NaCl, 5 mM imidazole. The supernatant (20 ml) was then incubated 

for 1 h at 4°C with 1 ml resin. After three washes with buffer, the protein was 

eluted with 2 ml of 20 mM Tris-Cl pH 7.9, 150 mM NaCl, 250 mM imidazole. To 

remove the imidazole, the preparation was dialyzed in 50 mM Tris-Cl pH 7.4, 150 

mM NaCl. Mutant S326A HSF1 was generated by site-directed mutagenesis of 

the plasmid vector pet15b containing the HSF1 cDNA by using the primers 5’-

GTGGACACCCTCTTGGCCCCGACCGCCCTCATTG-3’ and 

5’CAATGAGGGCGGTCGGGGCCAAGAGGGTGTCCAC-3’ and the 

QuikChange® II Mutagenesis kit (Stratagene). The hexahistidine-tagged mutant 
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S326A HSF1 recombinant protein was generated using the method described 

above. 

 

2.14   High content microscopy and analysis 

HSF1-knockout MEFs were seeded in black-walled 96-well plates (Corning 

Costar 3904) at 4 x 103 cells/well and transfected with 50ng/well GFP-tagged 

wild-type or S326A or S326E mutants of HSF1 using Lipofectamine LTX reagent 

(Invitrogen), using 8 replicate wells per condition. Twenty-four hours after 

transfection, cells were fixed using 4% paraformaldehyde in PBS for 10 min at 

room temperature, and permeabilised using methanol at -20°C for 5 min. Cells 

were blocked using 2.5% normal goat serum in PBS/0.1% sodium azide, and 

counterstained using rabbit anti-ERK1/2 mAb (clone 137F5, Cell Signaling 

Technology) and Alexa 546 labelled highly cross adsorbed goat anti-rabbit 

secondary antibody (Invitrogen). DNA was labelled with 300 nM DAPI (Sigma) in 

PBS and images were acquired using an IN Cell Analyzer 2000 robotic 

fluorescence microscope (GE Healthcare) using a 20x lens to capture 4 fields per 

well for each fluorophore (DAPI, GFP and Alexa 546) using 2x2 pixel binning to 

maximise signal/noise. Images were analyzed using a custom algorithm 

constructed within IN Cell Developer software (GE Healthcare), using DAPI and 

ERK1/2 images to identify nuclear and cytoplasmic regions, respectively, in order 

to assess fluorescence distribution within the GFP channel. 

 

2.15   Kinase assays 

The incubation mixtures contained purified recombinant kinase (at a specific 

activity of either 6 mU/μl or 0.06 mU/μl), recombinant HSF1 (1 μg) substrate, 10 
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mM MgCl2, 0.1 mM [Ɣ-32P]-ATP (approximately 0.5 x 106 cpm/nmol), and kinase 

buffer [50 mM Tris-Cl, 0.03% (v/v) Brij-35, 0.1% (v/v) β-mercaptoethanol] in a 

total volume of 50 μl. The kinase assays were performed at 30°C. At the times 

indicated, a 15-μl aliquot of each incubation mixture was removed, the reaction 

was terminated by the addition of SDS gel loading buffer, the sample was loaded 

on SDS-PAGE, and the excess [Ɣ-32P]-ATP was removed by electrophoresis. 

The gels were dried and subjected to autoradiography. Protein-containing gel 

pieces (visualized by staining with Coomassie Brilliant Blue) were then excised, 

and phosphate incorporation into HSF1 was quantified by scintillation counting. 

Cold assays were performed in an analogous manner using purified recombinant 

kinase (at a specific activity of 0.06 mU/μl), recombinant HSF1 (1 μg) substrate, 

MgCl2 (10 mM), and ATP (0.1 mM) instead of [Ɣ-32P]-ATP. For identification of 

the phosphorylated sites, the gel bands were excised, reduced with DTT (10 mM), 

alkylated with iodoacetamide (50 mM), and digested overnight (16 h) with trypsin 

(Modified Sequencing Grade, Roche) at 30°C. The resulting peptides were 

extracted from the gel, dried in a SpeedVac concentrator (Thermo Scientific), 

resuspended in 10 µl 5% formic acid, and diluted five times. Any residual particles 

were removed by centrifugation, the samples were then transferred to HPLC 

vials, and analyzed by LC/MS/MS on Ultimate3000 RSLCnano System (Thermo 

Scientific) coupled to a LTQ OrbiTrap VelosPro (Thermo Scientific) with 

EasySpray source. The data files were analyzed with Proteome Discoverer (Ver. 

1.4.1) using Mascot (Ver. 2.4.1) as the search engine using Protein specific 

database (HisTag-HSF1) and IPI-Human (ipi.HUMAN.v3.87) database. 
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2.16   Generation of HSF1-knockout HeLa cell line 

The CRISPR/Cas 9 technology was used in order to knockout endogenous HSF1 

in the HeLa cells. The cells were transfected with the either the plasmid 

pLentiCRISPRv2, which contains sequences coding for Cas9, puromycin 

resistance or the pLentiCRISPRv2_HSF1, which contains sequences coding for 

Cas9, puromycin resistance, as well as the guideRNA (gRNA) sequence 5’-

GTCCGGGTCGCTCACGA-3’, which targets the region within the 1st exon at the 

32nd amino acid region (at the translation level). The primers that were used to 

insert the HSF1 exon1 targeting gRNA into the pLentiCRISPRv2 plasmid were 

5’-CCT ATT CCC TCC TTG CTC GAG ATG G-3’ (forward) and 5’-CCG ATG TCC 

TCT GGG GCA TAG-3’ (reverse).  

HeLa cells (2 x 105) were plated in each well of a 6-well plate as transfected with 

1.5 μg of plasmid and 4 μl of Lipofectamine 2000 complex. Twenty-four h after 

transfection, cells containing the pLentiCRISPRv2 or pLentiCRISPRv2_HSF1 

were treated with 1 μg/ml of puromycin for a further 48 h. WT HeLa cells 

comprises of the pooled population of the surviving cells transfected with 

pLentiCRISPRv2 and treated with puromycin. The surviving cells containing the 

plasmid pLentiCRISPRv2_HSF1 that were puromycin resistant were replated into 

96-well plates using the concentration of 1 cell/well that was achieved using serial 

dilution. The 96-well plates containing the single clones in each well were left to 

incubate in the 37oC humidified incubator supplemented with 5% CO2 for a further 

2-3 weeks and were checked frequently.  

The wells containing only one distinct colony were selected for expansion. Six 

colonies were selected to be expanded and were subsequently validated by 

western blotting to ensure that HSF1 was knocked out in these isogenic cell lines. 
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Five out of these six colonies were positive for HSF1 knockout. Subsequently, 

the genomic DNA from each isogenic cell line was extracted. Restriction digestion 

PCR was also conducted to test whether the clones were positive for HSF1 

knockout using the forward primer 5’- CAC CGG GTG TCC GGG TCG CTC ACG 

A-3’ and the reverse primer 5’- AAA CTC GTG AGC GAC CCG GAC ACC C-3’. 

A PCR was conducted in each of the lysates to expand the gRNA targeting 

region, gRNA was designed where it targeted a site within Exon1 of HSF1 that 

has a unique restriction digest site, Bst2BI, giving rise to two short (300 bp) 

fragments. In the event the restriction site was lost, the PCR product would not 

be able to be cut by this enzyme, further confirming that the 

pLentiCRISPRv2_HSF1 transfection led to the editing of the endogenous HSF1 

DNA sequence to produce a HSF1 mRNA that is unable to be translated into the 

HSF1 protein. Unfortunately, human HSF1 exon1 region is highly GC-rich, hence, 

we were not able to amplify this region even though we used different methods 

and conditions to optimise the PCR. 

 

2.17   Cell viability assay 

Wild-type HeLa and HSF1-KO HeLa cells were seeded at a cell density of 5 x 10
3 

cells per well of a clear and flat-bottomed 96-well plate (Corning). The cells were 

treated with 0.1% ACN (vehicle control) and varying concentrations of PEITC for 

48 h. Four h before the 48 h treatments, the alamar blue dye (AbdSerotec) was 

added to the wells. The amount of alamar blue dye that was added is 10% of the 

total volume of mediawithin each well (100 µl). Therefore, in this experiment, 10 

µl of alamar blue (AB) was added to each well. In the same plate, 100 µl of media 

was added to six empty wells (wells that do not contain any cells); these wells 
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served as the blank for the experiment. Ten µl of AB was added to each of the 

blank wells, and the plates are then returned to the humidified 37oC incubator 

and kept for a further 4 hours after which. The plates were collected from the 

incubator and read using the plate reader (SpectraMax M2, Molecular Deivces) 

where the fluorescence in each well of the 96-well plate was measured with 

excitation wavelength of 560nm and emission of 590nm. The relative 

fluorescence units (RFU). The RFU values obtained for each of the treatments 

were averaged and subtracted for RFUbackground values and plotted. The values 

obtained were directly proportional to the number of viable cells and were 

represented as a percentage relative to the vehicle- treated cells, which served 

as the control. 

 

2.18   Mitotic wash-off 

U20S or HeLa cells were grown to a confluency of 70-80% in three 15 cm dishes 

where they were treated with 1.46 or 0.73 μM taxol, respectively. Following 14-

16 h (for U2OS cells) or 12 h (for HeLa cells) of taxol treatment, the dishes were 

visualized under the microscope to ensure that the taxol treatment caused cells 

undergoing mitosis to be arrested. Mitotic cells appear rounded and are relatively 

less attached to the dishes compared to interphase cells exposed to taxol. The 

mitotic cells were “washed-off’ the dish by gentle pipetting with the media 

containing the taxol which they were growing in, and were transferred to a 50 ml 

tube. This step was repeated once more with PBS, and the remaining mitotic cells 

are washed off and transferred to the same 50 ml tube. The tubes containing the 

mitotic cells were subjected to centrifugation at 1000 rpm for 5 mins. The pellet 

obtained was resuspended in PBS and centrifuged once more. Subsequently, 
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the supernatant was removed and the cells were lysed with the SDS-lysis buffer. 

The remaining cells on the 15 cm dish represent interphase cells which had been 

exposed to taxol and were washed twice with PBS and subjected to lysis using 

SDS-lysis buffer. The protein concentrations are measured in the lysates, which 

were used for western blotting. 

 

2.19   Immunofluorescence 

2.5x105 U2OS cells (2.5x105) were seeded on 18mm by 18mm glass coverslips 

with a 1.5 thickness (VWR) placed in each well of a 6-well plate. Twenty to 24 h 

later the cells were washed thrice with 37oC pre-warmed PBS and fixed with pre-

warmed 3.7% paraformaldehyde in PBS at 37oC for 15 min in order to preserve 

the cytoskeletal structure of the cells. The cells were permeabilised by washing 

them with 0.1% Triton X-100 in PBS (PBS-Tx) for a further 15 min. During all the 

fixation steps extra caution was taken so as so prevent the mitotic cells from being 

dislodged. Next, the cells were placed in blocking solution (3% normal donkey 

serum in PBS-Tx) for 30 min at room temperature (RT) after which they were 

incubated with mouse anti-total HSF1 (1:200) (E-4, Santa Cruz) or mouse anti-a-

tubulin (1:10000) (DM1A, CST) and rabbit anti-HSF1 pS326 (1:200) (abcam, 

EP1713Y) antibodies diluted in the blocking solution for 1 – 1.5 h at RT. The cells 

were subjected to three washes every 5 min using PBS-Tx. Next, the cells were 

incubated with Alexa Flour 594 nM fluorophore-conjugated anti-rabbit (1:400) and 

Alexa Fluor 680 nM fluorophore-conjugated anti-mouse (1:400) secondary 

antibodies (Jackson Immunoresearch) diluted in the blocking solution for 1 h at 

kept protected from light. Next, the cells were washed three times every 5 min 

using PBS-Tx and were washed for a further 5 min with PBS. The cells were 
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incubated with DAPI dissolved in PBS at a final concentration of 2.5 µg/ml for 5 

min at RT in the dark. The cells were quickly washed thrice with PBS and were 

subsequently mounted onto frosted glass slides (VWR) using 30 µl of ProLong 

gold anti-fade mounting medium (Invitrogen) and let to cure overnight at RT. The 

following day the samples were analysed and imaged using the confocal 

microscope (Zeiss LSM 710) (as a single optical section) or the widefield 

microscope (Deltavision Elite, GE Healthcare) (maximum intensity projection of 

25 optical sections obtained with 0.2 µm thickness per section). 

 

2.20   Generation of stable Keap1-knockout Keap1-rescued cell lines 

Immortalized KEAP1-knockout (KKO) mouse embryonic fibroblasts (MEFs) were 

grown in with DMEM (Wako Chemical) with 9% fetal bovine serum (FBS). The 

PiggyBac transposon system was purchased from System Biosciences Inc. 

(California, USA) was utilized in KKO MEFs to generate stable cell lines 

expressing HA-tagged mouse Keap1 (HA-Keap1) by incorporating the cDNA 

encoding its protein sequence. KKO- MEFs were co-transfected with the 

PiggyBac expression vector and the plasmid encoding the transposase using 

electroporation pulsed with 100V for 30 ms. Fourty eight hours to 72 h post-

transfection, the KKO-MEFs were selected with 2 mg/ml of puromycin for 1 week 

up to 10 days. The red fluorescent protein (RFP) expression was used as a 

marker for HA-KEAP cDNA incorporation and single colonies were isolated. The 

single colonies that were isolated were expanded and determined for the relative 

protein expression of endogenous NRF2 as well as HA-KEAP1 levels by western 

blotting. The generation of individual stable KKO-MEFs cell lines expressing HA-

KEAP1 (wild-type, single mutant C151S, double mutant C273W/C288E or triple 
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mutant C151S/C273W/C288E) was performed by Dr. Ryota Saito in Professor 

Masayuki Yamamoto’s lab at the University of Tohoku in Sendai, Japan. 

 

2.21   Generation of Keap1 knock-in mice 

The KEAP1C151S/C151S knock-in mice were generated in Professor Masayuki 

Yamamoto’s lab at the University of Tohoku in Sendai, Japan following the 

detailed protocol described in the publication by Wang and colleagues (Wang et 

al., 2013b) and is also briefly explained in Saito et. al (Saito et al., 2015). In short, 

KEAP1C151S/C151S knock-in mice were generated using the CRISPR/Cas9 

technology where B6D2F1 (C57B6 x DBA2) superovulating female mice were 

mated with B6D2F1 stud males and fertilized embryos were collected. A cocktail 

of Guide RNA (gRNA), Cas9 mRNA and the donor oligonucleotide were injected 

into the cytoplasm of fertilized embryos were injected into the pronuclei stage 

zygotes which were maintained with KSOM mouse embryo media placed in a 

37oC humidified incubator with 5% CO2 in the air until they reached the blastocyst 

stage which occurred at 3 and a half days. Subsequently, 15 to 25 blastocysts 

were implanted into pseudopregnant B6D2F1 female mice. The mice containing 

the mutations on both alleles were crossed with wild-type C57B6 mice to produce 

heterozygote mice. Mice which were confirmed heterozygotes, were crossed to 

produce the homozygote KEAP1C151S/C151S mice. The KEAP C151S/C151S mice used 

at the time of the experiments were maintained for at most two generations by 

crossing with the wild-type C57B6 mice.  Genotyping of mice were performed 

using real-time PCR (Taqman) to determine whether the mice carried the 

mutations. The oligos and gRNA sequences are provided upon request. The wild-

type mice used in all the experiments were of C57B6 background. 
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2.22   Peritoneal macrophage isolation 

Wild-type or KEAP C151S/C151S mice were injected with 3 ml of 4% thioglycolate 

solution into their intraperitoneal cavity. 4 days after injection, the peritoneal 

macrophages (PMφ) were extracted by carefully injecting to the peritoneal cavity 

and extracting the fluid containing the PMφ. The PMφ were immediately kept on 

ice and suspended in ice-cold PBS and RPMI without serum and centrifuged 

twice for 3 min at 1000 rpm. Next, the PMφ cells were resuspended in RPMI 1640 

medium supplemented with 10 % FBS, counted, plated in 6-well plates with 1x106 

cells per well and placed in a 37oC humidified incubator with 5% CO2 in air. Within 

4 h, the PMφ adheres to the plates and cells were washed twice with PBS before 

proceeding with further experiments. This procedure is also briefly explained in 

Saito et. al (Saito et. al, 2015). 

 

2.23  In-cell western (ICW) 

MCF7 cells (1 x 104) were seeded in each well of a 96-well plate, and 16 h after 

seeding, the cells were pre-treated with either the vehicle (0.1% DMSO) or the 

kinase inhibitors (Aloisine, BIRB796, CDK9I, SB202190 or ZM336372) dissolved 

in conditioned media for 1 h. Subsequently, the cells were treated with either the 

vehicle or 20 μM PEITC dissolved in conditioned media for a further 3 h, after 

which the cells were briefly washed thrice with PBS and fixed with ice-cold (-

20oC) methanol for 10 mins in -20oC. Following methanol fixation, the fixed cells 

were washed three times every 5 mins in PBS, where the last wash was 

performed with PBS-T [0.1% (v/v) Tween 20 in PBS]. Next, the cells were blocked 

with 5% PBST-milk [0.1% (v/v) Tween 20, 5% (w/v) milk in PBS] for 1 h at RT. 

Next, the fixed cells were incubated with HSF1 pS326 primary antibody diluted 
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1:500 in PBST-milk for 2 h at RT. Following primary antibody incubation, the cells 

were washed thrice every 10 mins with PBST and were incubated with secondary 

goat anti-rabbit IRDye 680 nm (LiCOR) antibody diluted 1:800 in PBST-milk for 1 

h at RT in the dark. The secondary antibody was removed by washing three times 

with 10 min intervals. Subsequently, the 96-well plate was scanned and 

quantified using the LI-COR® Odyssey® Infrared Imaging system. The 

background values were obtained from wells which contained cells that were not 

incubated with primary antibody, but were only incubated with the secondary 

antibody. Background values were subtracted for the quantification of the signal. 

 

2.24   Statistical analysis 

Values are means ± 1 SD. The differences between groups were determined by 

Student’s t-test and one-way ANOVA and the analyses were performed using 

Excel (Microsoft Corp.) and GraphPad Prism 7. 
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Section 3: Results, Discussion and Conclusions 

Chapter 1 

Cyanoenone class of compounds are sensed by a specific 

cysteine residue in KEAP1 

 

3.1.1  Introduction 

 

As, described in Chapter A of Section 1, the KEAP1/NRF2/ARE pathway 

is at the forefront of cellular defense. Induction of this pathway is protective 

against various conditions of stress.  Conversely, failure to upregulate the 

pathway leads to increased susceptibility and accelerated disease pathogenesis. 

Under basal conditions, transcription factor NRF2 is targeted for ubiquitination 

and proteasomal degradation by a repressor protein KEAP1, a substrate adaptor 

for Cullin 3-based E3 ubiquitin ligase (CUL3) (Fig. A2). Inducers of the pathway 

chemically modify specific cysteines within KEAP1, leading to loss of repressor 

function, NRF2 accumulation and enhanced transcription of genes encoding a 

large network of cytoprotective proteins. 

 

Plant triterpenoids are secondary metabolites that are synthesized by the 

cyclization of 2,3-oxidosqualene and the mevalonate pathway. Oleanolic acid 

(3b-hydroxyolean-12-en-28-oic acid) (OA), a pentacyclic triterpenoid found in 

various plant species, is enriched in the Oleaceae family, especially the olive 

plant (Olea europaea) which it was named after (Castellano et al., 2013, Liu, 

1995). Exciting ROS-scavenging (Wang et al., 2010), NRF2-activating (Feng et 

al., 2011, Reisman et al., 2009, Wang et al., 2010), anti-inflammatory 
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(Dharmappa et al., 2009, Singh et al., 1992, Cordova et al., 2014, Kim et al., 

2014), anti-diabetic (Mukundwa et al., 2016, Wang et al., 2015), chemoprotective 

(George et al., 2012, Janakiram et al., 2008), hepatoprotective (Kim et al., 2004, 

Liu et al., 2013, Lu et al., 2014, Liu et al., 1995), neuroprotective (Sarkar et al., 

2014, Mabandla et al., 2015, Caltana et al., 2014) as well as microbicidal (Jesus 

et al., 2015, Jimenez-Arellanes et al., 2013) properties of OA have emerged 

making it a promising compound for therapeutic use. On the other hand, poor 

water solubility and high metabolic clearance of OA limits its bioavailability in the 

body.  

 

Although efforts have been made to improve the bioavailibity of OA, it was 

the chemical synthesis and biological analyses of its semi-synthetic derivatives 

that led to major leaps towards its potential use in clinical medicine. In particular, 

introduction of a cyanoenone group within the structure of the semi-synthetic 

pentacyclic OA derivative CDDO (2-cyano-3,12-dioxooleana-1, 9(11)-dien-28-oic 

acid) conferred potent NRF2-antioxidant response inducing and anti-

inflammatory activities at low nanomolar concentrations, and the methyl ester 

analog of CDDO (CDDO-Me, also known as Bardoxolone methyl) significantly 

improved the estimated glomerular filtration rate of type II diabetic patients 

(T2DB) with severe chronic kidney disease (CKD) in Phase 2B placebo-

controlled clinical trials (Clinicaltrials.gov). CDDO-Me progressed to Phase 3 

clinical trials (BEACON study) to treat stage 4 CKD patients with T2DB, however, 

the trial was terminated one year later due to the escalation in the number of 

heart-related adverse events such as cardiovascular-related hospitalizations and 

deaths in the drug-treated group (Clinicaltrials.gov). To find an explanation for the 
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possible reasons for adverse cardiovascular events, further analyses on the 

primary outcome of this trial showed that CDDO-Me affected the endothelin 

pathway, increased sodium and fluid retention and elevated blood pressure (Chin 

et al., 2014). Apart from the adverse effects of CDDO-Me reported from these 

studies, one should appreciate the progress made towards the implementation 

of CDDO-Me in clinical medicine, which also highlights the need for synthesizing 

and testing new derivative compounds of oleanolic acid to improve the safety 

profile of the drug whilst retaining its powerful medicinal properties.  

 

The cyanoenones, such as CDDO-Me, are the most potent NRF2 

activators known. Cyanoenones bind to KEAP1 covalently and reversibly, and 

are suitable for chronic in vivo administration. However, the cysteine sensor for 

these compounds has not been established. Among the cysteine sensors of 

KEAP1, C151 in the BTB domain and C273 and C288 in the intervening region, 

are best characterized. In this study using KEAP1-knockout mouse embryonic 

fibroblasts (MEFs) rescued with wild-type (WT) or cysteine mutants of KEAP1, 

we tested a series of cyanoenones, and identified C151 as their main cysteine 

sensor. 
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3.1.2  RTA-408 

 

The pentacyclic cyanoenone RTA-408 [N-(11-cyano-2,2,6a,6b,9,9,12a-

heptmethyl-10,14-dioxo-1,3,4,5,6a,6b,7,8,8a,9,10,12a,14,14a,14b-

hexadecahydro-2H-picen-4a-yl)-2-2-difluoro-propionamide, omaveloxolone] 

(Fig. 1.1A) is a semi-synthetic oleanane triterpenoid produced by Reata 

Pharmaceuticals (Irving, TX) (Reisman et al., 2014). The nonenolizable 

cyanonoenone in ring A of RTA-408 is a Michael acceptor which reacts readily 

with the sulfhydryl groups of cysteine moieties on proteins, particularly the 

substrate adaptor protein KEAP1, causing loss of its function and activation of 

transcription factor NRF2. RTA-408 is a potent NRF2 activator with a CD value 

(Concentration that Doubles the specific enzyme activity of the NRF2-target 

NQO1) of 2.5 nM in murine Hepa1c1c7 cells (Maureen Higgins, unpublished). 

 

Topical application of RTA-408 has been found to protect mice from 

dermatitis caused by exposure to ionizing radiation by activating the NRF2-

mediated antioxidant response and also by inhibiting the pro-inflammatory 

transcription factor nuclear factor-kappa b (NF-κB) mediated pathways (Reisman 

et al., 2014). In this study by Reisman and colleagues, RTA-408 lotion (at doses 

of 0.01%, 0.1% or 1%) was topically applied once daily on the skin of irradiated 

mice for 35 days, and at the end of the study, the researchers saw striking 

improvements in the appearance of the skin, which occurred in a dose-dependent 

manner. They also found that the group of mice treated with the highest 

concentration of RTA-408 did not present with dermal necrosis and had 

completely healed skin ulcers and hair regrowth (Reisman et al., 2014).  
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RTA-408 has also been shown to confer cytoprotection in the small 

intestine of mice exposed to lethal doses of radiation by promoting the survival of 

crypt cells (Alexeev et al., 2014). Additionally, in the same study, the authors 

found that RTA-408 selectively inhibited the growth of prostate cancer xenografts 

in mice whilst leaving the growth and survival of normal tissues unaffected 

(Alexeev et al., 2014) highlighting the potential for use in chemoradiation 

therapies.  

 

Oxidative stress-induced injury in retinal pigment epithelial (RPE) cells has 

been implicated in the disease pathogenesis of age-related macular 

degeneration (AMD) (Lu et al., 2006). Liu et al. have shown that pre-treatment of 

RPE cells with RTA-408 protected them from hydrogen peroxide (H2O2)-induced 

oxidative stress through the activation of NRF2-antioxidant response pathway 

(Liu et al., 2015).  

 

Parkinson’s disease (PD) is the second most common neurodegenerative 

disease which affects 1-2% of the human population (Pickrell and Youle, 2015). 

There is no known cure for PD and the only available treatment options provide 

symptomatic relief with no amelioration of the disease progression. Mitochondrial 

dysfunction has been associated with PD pathogenesis and mitochondrial quality 

control is vital for disease progression. Mutations in the mitochondrial 

serine/threonine PTEN-induced putative kinase 1 (PINK1) have been implicated 

in hereditary juvenile PD. PINK1 accumulates on the outer membrane of 

dysfunctional mitochondria and activates Parkin, an E3 ubiquitin ligase, by 

phosphorylating it. PINK1-activated Parkin ubiquitinates the damaged 

 122 



mitochondria and targets them for mitophagy (Geisler et al., 2010, Narendra et 

al., 2008). In PD, mutations in PINK1, prevents the recruitment of Parkin to the 

damaged mitochondria, hence, the cell is unable to degrade the dysfunctional 

mitochondria. In primary co-cultures of midbrain neurons and astrocytes of PINK1 

knockout mice or NRF2 knockout mice which usually exhibit mitochondrial 

dysfunction, Dinkova-Kostova et al. showed that RTA-408 treatment reinstated 

the mitochondrial membrane potential (Dinkova-Kostova et al., 2015). They also 

showed that NRF2 activation by RTA-408 ameliorated dopamine-induced 

neurotoxicity in the primary co-cultures (Dinkova-Kostova et al., 2015). This study 

highlights the potential of RTA-408 as a drug that could be used to treat patients 

with PD to prevent disease progression.  

 

More recently, in a Phase 1 clinical trial (https://clinicaltrials.gov/ct2/show/ 

NCT02029716), in one group, RTA-408 lotion (0.5%, 1% and 3%) was applied 

twice daily on healthy human volunteers (male and female) aged 18-65 years old 

(Reisman et al., 2015) for two weeks on 4 cm2 sites. In another group, 3% RTA-

408 lotion was applied twice daily to 100 cm2 sites or 500 cm2 sites for two weeks 

and four weeks respectively (Reisman et al., 2015). At the end of the human 

study, it was established that application of RTA-408 lotion was well-tolerated at 

the highest concentration with the highest surface area and longest duration and 

that skin biopsies from these healthy volunteers showed upregulation of NQO1, 

a prototypical marker of NRF2 activation (Reisman et al., 2015).  

 

Thus far, RTA-408 has been investigated in five Phase I clinical trials 

(Clinicaltrials.gov), including patients with advanced solid tumours, ocular 
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inflammation and pain, and risk of radiation-induced dermatitis. Currently, three 

new clinical trials involving treatment with RTA-408 capsules are recruiting 

patients with either advanced melanoma, mitochondrial myophathy or Friedrich’s 

Ataxia (Clinicaltrials.gov). 

 

3.1.2.1 KEAP1 cysteine 151 is a sensor for RTA-408 in vitro and ex 

vivo 

 

As mentioned earlier, there is a growing pool of evidence that RTA-408 is 

a well-tolerated drug in animals and human that has beneficial effects in various 

disease models such as cancer, neurodegeneration and inflammation through its 

potent NRF2-activating capability and anti-inflammatory properties. The cysteine 

sensor(s) of KEAP1 which is modified by RTA-408 to activate NRF2, to our 

knowledge, is unknown. Since RTA-408 is being used in several clinical trials, it 

is vital to understand the underlying molecular mechanism by which it 

upregulates NRF2. Therefore, we sought to identify the cysteine residue(s) of 

KEAP1 that is the sensor of RTA-408 to allow for accumulation of NRF2 by using 

KEAP1 knockout (KKO) mouse embryonic fibroblast (MEF) cells rescued with N-

terminally HA tagged mouse WT KEAP1 or cysteine mutants (C151S, 

C273E/C288W and C151S/C273W/C288W) of KEAP1. Fig. 1.1B clearly shows 

that upon a 3-h exposure to 25 or 50 nM RTA-408, NRF2 is stabilized in the WT 

and in the double mutant C273W/C288E KEAP1-rescued KKO MEFs (WT-KKO 

MEFs and C273W/C288E-KKO MEFs respectively). Contrastingly, in the single 

mutant C151S KEAP1-rescued KKO MEFs (C151S-KKO MEFs) and the triple 

mutant C151S/C273W/C288W KEAP1-rescued KKO MEFs 
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Figure 1.1. KEAP1 C151 is the primary sensor for RTA-408. A) The chemical structure of RTA-408. B)
Western blot analyses of total cell lysates of KEAP1-knockout MEFs rescued with either wild-type (WT), single

cysteine mutant C151S, double cysteine mutant C273W/C288E or triple cysteine mutant C151S/C273W/C288E

of mouse N-terminally tagged HA-KEAP1. Cells were exposed to vehicle (0.1% DMSO) or varying concentrations

of RTA-408 for 3 h after which the cells were lysed. Immunoblotting was performed on cell lysates using NRF2,

HA and α-tubulin antibodies. C) Western blot analysis performed on total cell lysates of primary (WT) or

KeapC151S/C151S mouse peritoneal macrophages that were treated with vehicle (0.1% DMSO) or varying

concentrations of RTA-408 for 3 h. NRF2, KEAP1 and alpha-α-tubulin antibodies were used for detection. The

data in this figure are representative of two independent experiments.
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(C151S/C273W/C288W-KKO MEFs), these concentrations of RTA-408 are 

unable to cause the accumulation of NRF2 (Fig. 1.1B). Exposure to 15 or 30 nM 

RTA-408 of primary peritoneal macrophage (PMφ) cells isolated from wild-type 

C57B or from C57B/BDF1 KEAP1C151S/C151S knock-in mice generated using the 

CRISPR/Cas9 technology (Fig. 1.1C) also shows that NRF2 upregulation, at 

these concentrations, only occurs in the WT PMφ cells, but not in the 

KEAP1C151S/C151S PMφ cells. Taken together, these results establish that KEAP1 

C151 is the primary sensor for RTA-408. 
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3.1.3  TBE-31 

 

The acetylinic tricyclic bis(cyanoenone) (±)-(4bS,8aR,10aS)-10a-ethynyl-

4b,8,8-trimethyl-3,7-dioxo-3.4b,7,8,8a,9,10,10a-octahydrophenanthrene-2,6-

dicarbonitrile (TBE-31, Fig. 1.2A) is known to be one of the most potent inducers 

of the KEAP1/NRF2/ARE pathway (Kostov et al., 2015, Honda et al., 2011, Liby 

et al., 2008), with a CD value of 0.9 nM in the murine hepatoma Hepa1c1c7 cells 

(Zheng et al., 2012). TBE-31 is highly reactive with sulfhydryl groups as it 

contains two activated Michael acceptors found within the rings A and C (Fig. 

1.2A) rendering it relatively more potent than most of the compounds in the 

cyanoenone group. Like RTA-408, TBE-31 has been shown to target KEAP1, 

hence allowing for activation of the NRF2-mediated antioxidant response. In vitro, 

TBE-31 binds reversibly to KEAP1 cysteines (Dinkova-Kostova et al. 2010) 

(Kostov et al., 2015). In various cellular systems and in mice, at low nanomolar 

concentrations, TBE-31 is able to activate the NRF2-mediated antioxidant 

response as well as inhibit pro-inflammatory pathways (Liby et al. 2008; Dinkova-

Kostova et al. 2010; Kostov et al. 2015; Knatko et al. 2015). It has been reported 

that 1 nM of TBE-31 is sufficient to suppress nitric oxide (NO) production induced 

by exposure to interferon gamma (IFNƔ) in RAW 264.7 cells (Zheng et al., 2012). 

In 2008, Liby and colleagues showed that exposure of TBE-31 in leukemia 

cells prevents cell proliferation and causes apoptotic cell death (Liby et al., 2008). 

They also found that oral administration of TBE-31 in rats protected them from 

aflatoxin-induced hepatocarcinogenesis by reducing the formation of DNA-

aflatoxin adducts as well as the size and number of preneoplastic hepatocellular 

lesions (Liby et al., 2008) and suggested that this effect was mediated through 
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the activation of the transcription factor NRF2 and the inhibition of pro-

inflammatory pathways. Importantly, it was this study that introduced the potential 

use of TBE-31 in cancer treatment as a chemotherapeutic and chemopreventive 

agent. 

Solid organ transplant patients have a 65-250 times higher risk of 

developing cutaneous squamous cell carcinoma (cSCC) compared to the normal 

healthy population (Jensen et al., 2000, Hartevelt et al., 1990) mainly due to the 

treatment with immunosuppressive agents (Jiyad et al., 2016).  Azathioprine, a 

purine antimetabolite, is a strong immunosuppressant and is often part of chronic 

life-long treatment of patients who have undergone solid organ transplant. 

Azathioprine increases skin photosensitivity to ultraviolet radiation and causes 

the incorporation of 6-thioguanine (6-TG) nucleotide in DNA of skin cells; upon 

exposure to ultraviolet radiation, 6-TG incorporated in DNA causes the production 

of reactive oxygen species (ROS), leading to oxidative stress and subsequent 

damage to DNA and DNA repair proteins, ultimately increasing the risk of 

developing cSCC (Zhang et al., 2007, Karran, 2006, Kalra et al., 2012). Since 

TBE-31 is a potent inducer of the KEAP1/NRF2/ARE pathway and a robust 

inhibitor of pro-inflammatory responses, in our lab, Kalra et al. investigated the 

effect of using TBE-31 to prevent the abovementioned effects of azathioprine 

treatment. It was found that at low nanomolar concentrations, TBE-31 protected 

cells containing 6-TG in their DNA against UVA-induced oxidative stress (Kalra 

et al., 2012). They also found that topical daily treatment of TBE-31 to the skin 

reduced the incorporation of 6-TG in mice treated with azathioprine. In a follow-

up study, our lab found that compared to WT SKH-1 hairless mice, the incidence, 

multiplicity and tumour burden of cutaneous tumors formed after chronic 
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exposure to solar-simulated UV radiation was much lower in KEAP1-knockdown 

mice where the basal levels of NRF2 are higher and the latter is also constitutively 

activated (Knatko et al., 2015). Also, a study recently conducted and completed 

in our lab (Knatko et al. 2016) has shown that in NRF2 knockout / KEAP1 

knockdown SKH-1 mice, the tumour incidence, multiplicity and burden after 

exposure to solar-simulated UV radiation were comparable to their WT 

counterparts, strongly signifying that NRF2 activation is the primary factor for 

maintaining a chemopreventive phenotype. Our lab has also found that genetic 

or TBE-31-mediated activation of NRF2 reduced the pro-inflammatory responses 

in the skin of mice irradiated with UV. In addition, TBE-31 treatment was well 

tolerated by the mice in both studies. Furthermore, recently, it was discovered 

that at concentrations in the sub-micromolar range, TBE-31 inhibits non-small cell 

lung cancer (NSCLC) cell migration and epithelial mesenchymal transition (EMT) 

by inhibiting TGF-β dependent actin stress fiber formation and also directly 

binding to actin, inhibiting its polymerization (Chan et al., 2016), highlighting the 

potential use of TBE-31 in metastatic cancers.  

Taken together, these findings raise the potential for TBE-31 to be used 

for the treatment of patients suffering from cancer, chronic inflammatory and 

immunosuppresion-related diseases. Like RTA-408, although TBE-31 has been 

well-studied in the past eight years, the cysteine sensor in KEAP1 for TBE-31 

has not been characterized. Discovering the mechanism by which TBE-31 

activates NRF2 through chemical modification of KEAP1 would allow scientists 

to understand the molecular basis of its cytoprotective effects and potentially 

advance the use of TBE-31 in human studies. 
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3.A.3.1 KEAP1 cysteine 151 is the primary sensor for TBE-31 in vitro 

and ex vivo 

 

KKO MEF cells stably expressing WT KEAP1 or several cysteine mutants 

were exposed to low nanomolar concentrations of TBE-31 for 3 h. In the WT-

KKO and in the double cysteine mutant C273W/C288E-KKO MEFs, NRF2 

accumulated upon treatment with 10 or 50 nM of TBE-31; however, under the 

same conditions, NRF2 did not accumulate in KKO MEFS harboring the single 

KEAP1 mutant C151S or the triple mutant C151S/C273W/C288E (Fig 1.2B and 

1.2C). These results suggest that KEAP1 C151 is the primary sensor for TBE-

31-mediated NRF2 upregulation. We also exposed primary WT PMφ and 

KEAP1C151S/C151S PMφ cells to 15, 30, 60 and 120 nM of TBE-31 for 3 h (Fig. 

1.2D). In the primary WT PMφ cells, NRF2 accumulation was observed at all of 

the tested concentrations of TBE-31, whereas, in the primary KEAP1C151S/C151S 

PMφ cells NRF2 was unable to accumulate when exposed to lower 

concentrations (15, 30 or 60 nM) of TBE-31 (Fig. 1.2D). However, 120 nM TBE-

31 (the highest concentration used) was able to cause upregulation of NRF2 in 

both the primary WT and KEAP1C151S/C151S PMφ cells. This could be due to the 

fact that the basal levels of KEAP1 proteins in the cells are kept very low, and 

increasing the concentration of a highly sulfhydryl reactive electrophile like TBE-

31 would have saturated the modifications at KEAP1 C151 and the remaining 

freely available TBE-31 is allowed to target other reactive cysteines within 

KEAP1. Collectively, the results from Fig. 1.2B-D indicate that KEAP1 C151 is 

the primary sensor for TBE-31. 
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Figure 1.2. KEAP1 C151 is the primary sensor for TBE-31. A) The chemical structure of TBE-31 and its reaction
with sulfhydryl groups. B and C) Western blot analyses of total cell lysates of KEAP1-knockout MEFs rescued with
either wild-type (WT), single cysteine mutant C151S, double cysteine mutant C273W/C288E or triple cysteine mutant
C151S/C273W/C288E of mouse N-terminally tagged HA-KEAP1. Cells were exposed to vehicle (0.1% DMSO) or
varying concentrations of TBE-31 for 3 h after which the cells were lysed. Immunoblotting was performed on cell
lysates using NRF2, HA and α-tubulin antibodies. D) Western blot analysis performed on total cell lysates of primary
(WT) or KeapC151S/C151S mouse peritoneal macrophages that were treated with vehicle (0.1% DMSO) or varying
concentrations of TBE-31 for 3 h. NRF2, KEAP1 and α-tubulin antibodies were used for detection. The data in this
figure are representative of three independent experiments.
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3.A.3.2  TBE-31 is a potent anti-inflammatory agent 

 

Lipopolysaccharide (LPS) is a major component of the outer membrane of 

Gram-negative bacteria. Exposure of macrophages to LPS initiates toll-like 

receptor 4 (TLR4), CD14 and myeloid differentiation protein-2 (MD-2) to activate 

a battery of pro-inflammatory responses which results in the production of 

inflammatory cytokines such as tumour necrosis factor alpha (TNFα) (Fang et al., 

2004, Fujihara et al., 2003). To investigate whether TBE-31, like other 

compounds in the cyanoenone class such as CDDO-Me and RTA-408, has the 

ability to repress inflammatory responses, we pretreated primary murine PMφ 

cells with 10 nM TBE-31 for 24 h, exposed the cells to LPS for a further 4 h, and 

used real-time PCR to evaluate the effect of TBE-31 on LPS-induced pro-

inflammatory genes (Fig. 1.3B-F). First, we analyzed the transcript levels of the 

prototypic NRF2 target gene NQO1 to assess the degree of activation of NRF2 

by TBE-31. From Fig. 1.3A, it is evident that there was a significant induction of 

NQO1 (14-17 fold) in the primary WT PMφ cells that were exposed to 10 nM TBE-

31 for 24 h compared to the vehicle-treated cells. LPS treatment in the vehicle-

treated primary PMφ cells resulted in the gene expression of the cytokines 

interleukin1-β (IL-1β), interleukin-6 (IL-6), TNFα as well as cyclooxygenase 2 

(COX2) and inducible nitric oxide synthase (iNOS). The LPS-induced 

inflammatory gene expression levels of IL-1 β, IL-6, TNFα and iNOS were 

significantly reduced by 30-60 % with pretreatment of TBE-31 for 24 hours 

indicating that TBE-31 acts as a powerful anti-inflammatory agent (Fig. 1.3B-D 

and 1.3F). 
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FIGURE 1.3

Figure 1.3. TBE-31 suppresses LPS-induced inflammation in WT mouse peritoneal macrophage cells.
WT mouse peritoneal macrophages were treated with vehicle (0.1% DMSO) or 10 nM TBE-31 for 24 h and
subsequently stimulated with 10 ng/ml of LPS for 4 h. A-F) Quantitative real-time PCR analyses showing
relative mRNA levels of the NRF2 target gene NQO1 (A) and a panel of pro-inflammatory mediators and
cytokines, namely, IL-1β (B), IL-6 (C), TNF-α (D), COX-2 (E) and iNOS (F). Statistical analyses were
performed using one-way ANOVA with the Tukey-Kramer post-test; *, ** and *** represent p values lower than
0.05, 0.001 and 0.0001, respectively for triplicate wells. This experiment was conducted once..
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3.A.3.3 TBE-31-mediated suppression of inflammation is potentially 

dependent on KEAP1 C151 

 

To investigate whether TBE-31-mediated suppression of inflammation 

was dependent on KEAP1 C151, we obtained primary PMφ cells from WT and 

KEAP1
C151S/C151S

 mice and treated them for 6 h with: (i) vehicle, (ii) vehicle + LPS, 

(iii) 50 nM TBE-31, and (iv) 50 nM TBE-31 + LPS. We used real-time PCR to 

measure the changes in gene expression of a panel of pro-inflammatory gene 

markers as well as the prototypic NRF2 target gene NQO1. In the primary WT 

PMφ cells NQO1 is robustly upregulated (~10 fold) with the treatment of TBE-31, 

compared to a modest two-fold induction in the primary KEAP1
C151S/C151S

 PMφ 

cells (Fig. 4A). In this preliminary experiment, since the cells were co-treated with 

TBE-31 and LPS for 6 h, a robust anti-inflammatory effect by TBE-31 was not 

observed when evaluating the expression at the pro-inflammatory genes (Fig. 

1.4C and 1.4D). However, some of the genes such as IL-1β and TNFα 

displayed reduced expression, by 20-30% in the WT PMφ cells co-treated with 

LPS and TBE-31 compared to WT PMφ cells treated with only LPS. Interestingly, 

when comparing the same conditions in the KEAP1
C151S/C151S

 PMφ cells, there 

was no reduction in expression levels of these genes (Fig. 1.4B and 1.4E). These 

preliminary data suggest that the TBE-31-mediated suppression of inflammation 

is dependent on KEAP1 C151. Due to time-constraints faced in Japan, I was not 

able to repeat this experiment. However, this experiment described in Fig. 1.4 will 

have to be conducted in the PMφ cells derived from both the WT and 

KEAP1
C151S/C151S

 knock-in mice, where a pre-treatment of TBE-31 for 24 hours 

before exposure to LPS will be essential to allow the cells to show a clear effect 
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FIGURE 1.4

Figure 1.4. NRF2 activation of TBE-31 in mouse peritoneal macrophage cells is primarily through
KEAP1 C151. WT or KEAP1C151S/C151S mouse peritoneal macrophages were treated with vehicle (0.1%
DMSO) or 50 nM TBE-31 in combination with the presence or absence of 10 ng/ml of LPS for 6 h. A-E)
Quantitative real-time PCR analyses showing relative mRNA levels of the NRF2 target gene NQO1 (A)
and a panel of pro-inflammatory mediators and cytokines, namely, IL-1β (B), IL-6 (C), TNF-α (D), COX-2
(E). Statistical analyses were performed using one-way ANOVA with the Tukey-Kramer post-test; *, **
and *** represent p values lower than 0.05, 0.001 and 0.0001, respectively for triplicate wells. This
experiment was conducted once.
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of TBE-31 as an anti-inflammatory agent and be able to conclude whether this 

protective response observed can be attributed to the presence of C151 on 

KEAP1. 

 

3.1.3.4 KEAP1C151S/C151S knock-in mice are more susceptible to LPS-

induced inflammation than KEAP1 wild-type animals 

 

In the presence of LPS, the gene expression levels of IL-1β, IL-6, TNFα, 

COX2  and iNOS are greatly induced in both genotypes. Interestingly, WT and 

KEAP1C151S/C151S PMφ cells differ greatly in the magnitude of induction of LPS-

induced inflammatory genes compared to their respective vehicle treatments, 

where the relative induction in the KEAP1C151S/C151S is 1.5- to 5-fold greater than 

that of the WT PMφ cells (Fig. 1.5A-E). Although the genetic background of the 

mice are slightly different, as explained in the Methods section, this finding raises 

the interesting possibility that the KEAP1C151S/C151S mice are more susceptible to 

inflammatory responses, and more importantly, that C151 of KEAP1 is mediating 

an anti-inflammatory response through activation of NRF2 thus acting as a 

central endogenous sensor during pro-inflammatory insults.  
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FIGURE 1.5

Figure 1.5. KEAP1C151S/C151S mouse peritoneal macrophages are much more sensitive to LPS-
induced inflammation than their WT counterparts. WT or KEAP1C151S/C151S mouse peritoneal
macrophages were treated with vehicle (0.1% DMSO) or 50 nM TBE-31 in the presence or absence of
10 ng/ml of LPS for 6 h. A-E) Quantitative real-time PCR analyses showing relative mRNA levels of a
panel of pro-inflammatory mediators and cytokines, namely, IL-1β (A), IL-6 (B), COX-2 (C), TNF-α (D),
iNOS (E). This figure is representative of two independent experiments.
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3.1.4  MCE-23 

 

The cyanoenone MCE-23 [9a-ethynyl-3-oxo-9,9a-dihydro-3H-fluorene-2-

carbonitrile] (Fig. 6A) is a tricyclic compound similar to TBE-31 (Fig. 1.2A); 

however, the carbonyl and cyanoenone groups are absent from ring A making 

MCE-23 comparatively much less reactive and less potent as an NRF2-inducer 

(CD = 41 nM in Hepa1c1c7 cells). Recently, by use of the crystalline-sponge 

method Duplan et al. have reported the structure of the Michael adduct of MCE-

23 with a small molecule thiol (Duplan et al. 2016). 

 

3.1.4.1 KEAP1 cysteine 151 is the primary sensor for MCE-23 

To determine the cysteine sensor(s) of KEAP1 for MCE-23, KEAP1 KO 

MEFs rescued with either WT or cysteine mutants of KEAP1 were treated with 

150 nM or 300 nM of MCE-23 for 3 hours (Fig. 1.6B). In the WT-KKO and double 

mutant C273/C288-KKO MEFs, NRF2 accumulated in a dose-dependent 

manner. On the other hand, treatment of the single mutant C151S-KKO or the 

triple mutant C151S/C273W/C288E-KKO MEFs, with 150 nM or 300 nM of MCE-

23 failed to upregulate NRF2, indicating that C151 is the primary sensor in KEAP1 

for this compound. Since, MCE-23 contains only one active reactive center, on 

ring C, and is sensed by C151 in KEAP1, this result suggests that ring C in TBE-

31 is most important for its specificity and reactivity with KEAP1 C151. 
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Figure 1.6. KEAP1 C151 is the primary sensor for MCE-23. A) The chemical structure of MCE-23. B)
Western blot analyses of total cell lysates of KEAP1-knockout MEFs rescued with either wild-type (WT),
single cysteine mutant C151S, double cysteine mutant C273W/C288E or triple cysteine mutant
C151S/C273W/C288E of mouse N-terminally tagged HA-KEAP1. Cells were exposed to vehicle (0.1%
DMSO) or varying concentrations of MCE-23 for 3 h after which the cells were lysed. Immunoblotting was
performed on cell lysates using NRF2, HA and α-tubulin antibodies. The data in this figure are
representative of two independent experiments.
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3.1.5  MCE-1 

 

The monocyclic cyanoenone MCE-1 (3-ethynyl-3-methyl-6-oxocyclohexa-

1,4-dienecarbonitrile) (Fig. 1.7A) was derived from ring C of TBE-31 (Fig. 1.2A 

and 1.2B). It has been established that MCE-1 is a highly reactive Michael 

acceptor and that its addition to thiols is reversible (Dinkova-Kostova et al. 2010; 

Zheng et al., 2012). Like the other cyanoenones described, MCE-1 is a potent 

NRF2 inducer with a CD value of 22 nM in Hepa1c1c7 cells (Dinkova-Kostova et 

al. 2010), and has a strong anti-inflammatory effect in RAW 264.7 cells and 

primary murine PMφ cells (Zheng et al., 2012). Also, in their studies, Zheng et al. 

found that 5.8 nM of MCE-1 was sufficient to suppress NO production induced by 

exposure to IFNƔ in RAW 264.7 cells. 

 

3.1.5.1 KEAP1 cysteine 151 is the primary sensor for MCE-1 in vitro 

and ex vivo 

 

KKO-MEFs rescued with WT or cysteine mutants of KEAP1 were treated 

with 50 or 150 nM of MCE-1 for 3 h. The treatment of MCE-1 in the WT-KKO-

MEFs as well as in the double mutant C273W/C288E-KKO MEFs caused 

upregulation of NRF2, whereas, this effect was not observed in the single mutant 

C151S-KKO MEFs or in the triple mutant C151S/C273W/C288E-KKO MEFs 

(Fig. 1.7C). Moreover, a 3-h exposure to 12.5 or 25 nM of MCE-1 in WT PMφ 

caused NRF2 accumulation, whilst this effect was not observed in the PMφ 

KEAP1C151S/C151S cells (Fig. 1.7C). These findings confirm that the mechanism of 

NRF2 activation by MCE-1 is mediated through the sensing by KEAP1 C151S. 
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Figure 1.7. KEAP1 C151 is the primary sensor for MCE-1. A) The chemical structure of MCE-1. B) Synthesis
of CDDO (Image taken from http://www.stonybrook.edu/commcms/chemistry/faculty/honda.tadashi.html.)
C) Western blot analyses of total cell lysates of KEAP1-knockout MEFs rescued with either wild-type (WT), single
cysteine mutant C151S, double cysteine mutant C273W/C288E or triple cysteine mutant C151S/C273W/C288E
of mouse N-terminally tagged HA-KEAP1. Cells were exposed to vehicle (0.1% DMSO) or varying concentrations
of MCE-1 for 3 h after which the cells were lysed. Immunoblotting was performed on cell lysates using NRF2, HA
and α-tubulin antibodies. D) Western blot analysis performed on total cell lysates of primary (WT) or
KeapC151S/C151S mouse peritoneal macrophages that were treated with vehicle (0.1% DMSO) or varying
concentrations of MCE-1 for 3 h. NRF2, KEAP1 and α-tubulin antibodies were used for detection. The data in this
figure are representative of two independent experiments.
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3.1.6  Conclusions 

 

Activation of the NRF2/KEAP1/ARE pathway is critical for cytoprotection. 

Although this pathway has been studied extensively, there is still much to 

discover. In our study, we have shown that all of the cyanonenone compounds 

tested are able to upregulate NRF2 at low nanomolar concentrations, and are 

specifically sensed by KEAP1 C151. We have also found that TBE-31 has potent 

NRF2-inducing and strong anti-inflammatory properties and these properties 

should be explored further. Another exciting revelation of this study is that 

KEAP1C151/C151S mice peritoneal macrophages are more sensitive to LPS-

induced inflammation, suggesting that C151 is an important endogenous stress 

sensor, and that the absence of this cysteine may be detrimental to the organism 

in the face of infections. 

It is extraordinary that a 5-ringed molecule like RTA-408 can be reduced 

in size to a 3-ringed molecule like TBE-31 or MCE-23, which can be further 

reduced to a single-ringed molecule like MCE-1, and still maintain specificity for 

the same cysteine sensor in KEAP1, C151. This finding implies that preserving 

the reactive cyanoenone center is sufficient to confer specificity, and that 

chemical reactivity (rather than shape or size) is the most important feature of the 

cyanoenone inducers. Recently, Saito and colleagues reported that the 

pentacyclic semisynthetic triterpenoid CDDO-Im (1-[2-cyano-3,12-dioxooleana-

1,9(11)-dien-28-oyl]imidazole) (Fig. 1.8A), an imidazolide derivative of CDDO, is 

sensed by KEAP1 C151 (Saito et al., 2015). Strikingly, to further support the 

findings from this and our study, the recently crystallized structure of the human 

KEAP1 BTB domain in complex with CDDO has shown that the reactive 
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Figure 1.8. Structure of CDDO and its complex with KEAP1 BTB domain. A) The chemical structure of
CDDO and its derivatives, CDDO-Me and CDDO-Im B) The crystal structure of human KEAP1 BTB domain
bound to CDDO C) Crystal structure showing C151 of human KEAP1 BTB domain covalently binding to the
CDDO compound. Structure drawn using PyMol using PBD entry 4XCT.
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cyanoenone center of CDDO (in Ring A) is the only part of the molecule that binds 

covalently to KEAP1, and that this binding occurs with the C151 residue (Caltana 

et al., 2014).  
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Section 3: Results, Discussion and Conclusions 

Chapter 2 

Heat Shock Factor 1 is a substrate for p38 MAPKs 

 

3.2.1  Phenethyl isothiocyanate (PEITC) 

 

The naturally occurring isothiocyanates are a class of dietary compounds 

which are secondary metabolites found enriched in plants mostly belonging to 

the Cruciferae (also called Brassicaceae) family (e.g. Brussels sprouts, broccoli, 

watercress). In humans, diets rich in cruciferous vegetables are known to be 

protective against neurodegenerative, cardiovascular and cancer-related 

diseases. Numerous reports have indicated that these cruciferous vegetables 

belonging to the Brassica genus have many chemopreventive attributes. 

Nasturtium officinale or watercress, a vegetable that belongs to the Cruciferae 

family, contains a glucosinolate precursor, gluconasturtiin. Phenethyl 

isothiocyanate (PEITC) is an isothiocyanate (ITC) that is derived from the 

modification of gluconasturtiin through the participation of myrosinase (a beta-

thioglucosidase) during plant tissue injury (Fahey et al., 2001). PEITC has been 

shown to have promising anticancer properties where it has been shown to 

prevent human glioblastoma GBM 8401 cell migration and inhibition (Chou et al., 

2015). PEITC inhibited tumourigenesis in Apcmin/+ mice (Khor et al., 2008) and 

also lowered the tumour incidence in azoxymethane-initiated colon cancer in 

mice (Cheung et al., 2010). Interestingly, in a very recent case study, a 53-year-

old man with end-stage B-cell prolymphocytic leukemia (B-LL), a rare and 

aggressive disease which is chemoresistant and has a median survival of three 
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years, was treated concurrently with PEITC for 8 weeks with 6 cycles of R-CHOP 

(Rituximab, Cyclophosphamide, Hydroxydaunorubicin [doxorubicin 

hydrochloride], Oncovin [vincristine sulfate], Prednisolone) chemotherapy 

presented with normal white blood cell count and disease stabilization, allowing 

the patient to qualify for allogenic peripheral blood stem cell transplant. During 

the time of publication, 43 months after initial diagnosis and treatment, the patient 

was reported to be doing well with no occurrence of CD20+ small B-cell. The 

authors suggested that PEITC sensitized B-LL cells to chemotherapeutic drugs 

and proposed that PEITC should be used in synergy with other drugs for future 

treatments (Nachat et al., 2016). 

 

One of the potential mechanisms by which PEITC exerts its anti-tumour 

effect is possibly through its well-established ability to upregulate the transcription 

factor Nrf2 by activating the KEAP1/NRF2/ARE pathway. The gluthathione-S-

transferases (GSTs), which are well-established transcriptional targets of Nrf2, 

play vital role in benzene metabolism. A recent publication by Yuan et. al. shows 

that in PEITC administration in smokers null for GSTM1 and GSTT1 exhibited a 

strong protective effect by enhancing benzene detoxification (Yuan et al., 2016). 

Another potential mechanism by which PEITC could mediate cytoprotective 

effects could be due to the upregulation of heat shock proteins. Although there 

have been many publications demonstrating that PEITC, like many 

isothiocyanates, is able to activate the KEAP1/NRF2/ARE pathway, the exact 

mechanism by which it does so is not clear. It has been suggested that PEITC 

and other isothiocyanates cause Nrf2 stabilisation by modifying cysteine residues 

in Keap1 to inactivate its function. PEITC is highly cysteine reactive due to the 
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presence of the electron withdrawing isothiocyanate (N=C=S) group (Fig. 2.1A). 

Therefore, we wanted to identify the cysteine residue(s) in Keap1 that sense(s) 

PEITC. 

 

3.2.2 PEITC causes stabilisation of NRF2 through reacting with 

cysteine 151 of KEAP1 

 

We used KEAP1-knockout mouse embryonic fibroblasts (KKO MEFs) rescued 

with either the wild-type (WT) or the KEAP1 mutants C151S, C273W/C288E and 

C151S/ C273W/C288E. Exposure to 2.5 and 7.5 μM PEITC caused the 

stabilisation of Nrf2 in all genotypes regardless of the mutation status of KEAP1 

(Fig 2.1B). This result suggests that the intracellular concentration of PEITC is 

much higher than the amount of KEAP1, hence it is able to react with multiple 

cysteines in Keap1 in order to stabilise NRF2. The same experiment was 

repeated using lower concentrations of PEITC, and this time it was clear that 2 

μM PEITC was sufficient to cause upregulation of NRF2 in the KKO MEFS 

rescued with either the WT or the double mutant C273W/C288E KEAP1. In 

contrast, this dose of PEITC was not able to upregulate NRF2 in the KKO MEFs 

rescued with the single mutant C151S or triple mutant C151S/C273W/C288E 

KEAP1, indicating that C151 is the main sensor for PEITC (Fig. 2.1C). 

Interestingly, the results from Fig. 1B and C suggest that there is a very narrow 

window of stabilisation of NRF2 by PEITC through KEAP1 C151 between the 

range of 0.5 μM to 2 μM.  
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In another experiment, primary peritoneally derived macrophage (PMO) cells 

from either the WT or KEAP1C151S/C151S mice exposed to concentrations ranging 

from 0.94 to 7.5 μM of PEITC caused the stabilisation of NRF2 in both genotypes 

(Fig. 2.1D). Primary cells could be more sensitive to PEITC than the immortalised 

KKO MEFs, hence, lower concentrations should be used in the future to elucidate 

whether Keap1 C151 is the main sensor for PEITC in the primary PMO cells. 

Collectively, the results from Fig 2.1B, C and D raise the possibility of other 

Keap1 cysteine(s) potentially sensing PEITC. It is interesting to note that the 

highest concentration of PEITC (7.5 μM) used causes a significant reduction in 

the protein levels of tubulin (Fig. 2.1D). It has been reported that the 

isothiocyanates BITC, PEITC and SF covalently modify α-tubulin in cells by 

reacting with its cysteine residues and as a consequence preventing its 

polymerisation (Xiao et al., 2012). PEITC has also been reported to cause the 

degradation of both α and β-tubulin in prostate cancer cells PC3 and that the 

degradation could be rescued by co-incubation of the antioxidant N-acetyl-L-

cysteine (NAC) (Yin et al., 2009). Together, these results confirm that cysteine 

reactivity underlies the multiple biological activities of PEITC. 

 

We have previously reported that structurally diverse NRF2 activators, all 

of which react with sulfhydryl groups, induce the heat shock response, and 

demonstrated the essential requirement for HSF1 (Zhang et al., 2011b). The 

isothiocyanates represent a prominent class of NRF2 activators, which have 

shown chemoprotective effects in numerous animal models of chronic disease; 

some have been and/or currently are in clinical trials (Dinkova-Kostova and 

Kostov, 2012, Dinkova-Kostova, 2013, Kensler et al., 2012). We therefore 
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Figure 2.1. KEAP1 C151 is the primary sensor for PEITC. A) The chemical structure of PEITC.
B and C) Western blot analyses of KEAP1-knockout MEFs rescued with either wild-type (WT),
single mutant C151S, double mutant C273W/C288E or triple mutant C151S/C273W/C288E of
mouse N-terminally tagged HA-KEAP1 which were exposed to vehicle (0.1% DMSO) or varying
concentrations of PEITC for 3 h. Immunoblotting was performed on cell lysates using NRF2, HA
and α-tubulin antibodies for detection. D) Western blot analysis performed on primary (WT) or
KeapC151S/C151S mouse peritoneal macrophages that were treated with vehicle (0.1% DMSO) or
varying concentrations of PEITC for 3 h. NRF2, KEAP1 and alpha-tubulin antibodies were used for
detection. The data are representative of two independent experiments.
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examined the potential heat shock response-inducer activity of three 

representative isothiocyanates: allyl- (AITC), benzyl- (BITC), and phenethyl 

isothiocyanate (PEITC) (Fig. 2.2A) in the human breast cancer cell line MDA-

MB-231, using Hsp70 as a prototypic heat shock protein. 

 

 

3.2.3  Cysteine-reactive PEITC induces the heat shock response 

 

When cells were exposed for 24 h to the aromatic isothiocyanates BITC 

or PEITC at a concentration of 10 μM, the levels of Hsp70 increased by ~12- and 

~10-fold, respectively, whereas the levels of Hsp70 remained unchanged upon 

exposure to 10 μM of the aliphatic isothiocyanate AITC (Fig. 2.2B). PEITC is in 

clinical trials for prevention of lung cancer and for depletion of oral cells 

expressing mutant p53 (ClinicalTrials.gov). We therefore focused our subsequent 

studies on this isothiocyanate.  

 

We wanted to find out whether the upregulation of Hsp70 by PEITC was 

mediated by HSF1, therefore we exposed cells which were HSF1-deficient and 

their wild-type counterparts to PEITC and observed the levels of Hsp70 in these 

cells. 
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Figure 2.2. PEITC is a robust inducer of the heat shock response. (A) Chemical structures of allyl

isothiocyanate (AITC), benzyl isothiocyanate (BITC), and phenethyl isothiocyanate (PEITC). (B) MDA-MB-

231 cells (2.5 x 105 per well) growing in 6-well plates were exposed to vehicle (0.1% acetonitrile), AITC,

BITC, or PEITC for 16 h. Cells were lysed in RIPA buffer, proteins were resolved by SDS/PAGE,

transferred to immobilon-P membranes, and probed with an antibody against Hsp70. The levels of β-actin

served as loading control.
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3.2.4  PEITC requires HSF1 for the induction of Hsp70 

 

Western blot analysis of human cervical cancer HeLa cells with either WT HSF1 

(HSF1 WT HeLa) or HSF1 knocked-out (HSF1-KO HeLa) generated using the 

CRISPR/Cas9 technology confirmed the requirement of HSF1 for the induction 

of Hsp70 by PEITC. In the HSF1 WT HeLa cells, exposure to 7.5 μM or 15 μM 

PEITC caused an induction of Hsp70 by ~1.1 and ~1.5-fold respectively (Fig 

2.3A), whereas in the HSF1-KO HeLa cells exposed to the same concentrations 

showed no induction of Hsp70. Importantly, the basal levels of Hsp70 were 

reduced by 60% in the HSF1-KO HeLa cells compared to their wild-type 

counterparts, suggesting the partial requirement of the presence of HSF1 under 

homeostatic conditions. Further validation of the requirement of HSF1 for Hsp70 

induction was observed in experiments conducted in mouse embryonic 

fibroblasts (MEFs). In wild-type MEFs, exposure to 7.5- or 10 μM PEITC for 24 h 

caused an upregulation of Hsp70 by ~2- and ~3.2-fold, respectively, whereas the 

levels of this heat shock protein remained unchanged in their HSF1-deficient 

counterparts (Fig. 2.3B).  

 

We wanted to find out whether the loss of HSF1 would affect the efficacy 

of PEITC, therefore we conducted a cytotoxicity assay using the cell permeable 

reagent known as reazurin (blue), which is weakly fluorescent and an oxidation-

reduction indicator, that undergoes colourimetric and flourometric changes in 

response to cellular metabolic changes. When reazurin is reduced, it forms 

resofurin (bright pink) which is highly fluorescent and the intensity of the 

 152 



β-actin

Hsp70

0 0 7.5 7.5 15 15 0 0 7.5 7.5 15 15

HSF1 WT HeLa HSF1-KO HeLa

PEITC (μM):

A

B

1.0 0.9 1.1 1.1 1.5 1.5 0.4 0.4 0.3 0.4 0.2 0.3

GAPDH

Hsp70

1.1 0.9 2.0 3.2 1.0 1.0 1.0 0.9

HSF1 WT MEF HSF1-KO MEF

0 0 7.5 10 0 0 7.5 10PEITC (μM):

41 kDa

70 kDa

41 kDa

70 kDa

FIGURE 2.3

Figure 2.3. PEITC requires HSF1 for the induction of Hsp70. (A) HSF1 WT or HSF1-KO HeLa
cells (3.5 x 105 per well) (B) or mouse embryonic fibroblasts (MEF, 2 x 105 per well) growing in 6-well
plates were exposed to vehicle (0.1% acetonitrile) or PEITC for 24 h. Experimental data from panel B
was obtained by Dr. Ying Zhang. Cells were lysed in SDS lysis buffer, proteins were resolved by
SDS/PAGE, transferred to immobilon-P membranes, and probed with an antibody against Hsp70.
The levels of β-actin or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as loading
control.
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fluorescence has been found to be directly proportional to the number of respiring 

cells. 

 

3.2.5  Loss of HSF1 enhances the cytotoxicity of PEITC 

 

The dose of PEITC required to cause 50 % cell death (IC50 value) in HSF1 

WT HeLa cells is 16 μM, whereas it is 12 μM in the HSF1-KO HeLa cells (Fig. 

2.4). This result suggests that loss of HSF1 renders the cells more sensitive to 

PEITC, probably due to inability to mount the pro-survival heat shock response 

where upregulation of heat shock proteins have been shown to promote cell 

survival. However, the difference between the two cell lines is relatively modest, 

indicating that other transcription factors (such as NRF2) may compensate for 

the absence of HSF1. 

 

Under unstressed conditions, HSF1 is mostly cytoplasmic and is found to 

be in complex with its negative regulators Hsp70 and Hsp90. Upon exposure to 

stress, HSF1 is released from this complex, and translocates into the nucleus. It 

is clear from the literature that during exposure to heat stress, HSF1 forms a 

homotrimer within 15 min and the HSF1 trimer binds to heat shock elements 

(HSE) (Guettouche et al., 2005, Ahn et al., 2005). To our knowledge, it is not 

known whether the trimerization of HSF1 precedes its nuclear translocation 

during stress conditions. We decided to answer this question by performing a 

nuclear and cytoplasmic separation after cells were exposed to either the solvent 

control [0.1% (v/v) acetonitrile] or PEITC. Before performing the subcellular 

fractionation, we fixed the cells with 0.4% paraformaldehyde to ensure that the 
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Figure 2.4. Loss of HSF1 enhances cytotoxicity of PEITC. HSF1 WT or HSF1-KO HeLa cells (5 x 103 per
well) in 96-well plates were exposed to vehicle (0.1% acetonitrile) or various concentrations of PEITC for 48 h.
AlamarBlue reagent was added to all the wells 4 h before the 48 h time point. The fluorescence was measured
(ex. 560 nm/em. 590 nm) 4 h after AlamarBlue addition and the fluorescence values obtained were corrected
for blank and normalised as a percentage against the wells treated with the vehicle.
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monomeric, dimeric and trimeric forms of HSF1 would be preserved and 

ultimately be able to be detected by western blotting. 

 

3.2.6 PEITC causes nuclear accumulation of HSF1 and its 

trimerization 

 

Nuclear-cytoplasmic separation experiments conducted in MDA-MB-231 

cells showed that PEITC caused nuclear translocation of HSF1 (Fig. 2.5). Thus, 

in vehicle-treated cells, HSF1 was present in both the cytoplasmic and nuclear 

fractions. In sharp contrast, in the cytoplasmic fraction of cells treated with PEITC 

for 3 h, there was no detectable HSF1, and essentially all HSF1 was in the 

nuclear fraction. Furthermore, the presence of monomeric, dimeric and trimeric 

HSF1 species was readily detectable in the nuclear fraction of PEITC-treated 

cells. Notably, the gel electrophoretic mobility of monomeric HSF1 in the nuclear 

fraction of PEITC-treated cells was slower than in their vehicle-treated 

counterparts (Fig. 2.5), indicative of occurrence of post-translational 

modifications. This experiment shows that upon PEITC treatment, HSF1 

undergoes nuclear translocation and trimerization. 

 

Trimerization is required for the transcriptional activity of HSF1 (Sorger 

and Nelson, 1989, Perisic et al., 1989, Peteranderl and Nelson, 1992, Rabindran 

et al., 1993). To test whether the HSF1 trimers that form upon treatment with 

PEITC are able to enhance transcription through heat shock elements (HSEs), 

we used the cervical cancer HeLa HSE-luciferase reporter cell line (HeLa-HSE-

 156 



CYTOPLASMIC NUCLEICFRACTION:

DIMER

TRIMER

LAMIN B2

GAPDH

MONOMER
70 kDa

100 kDa

130 kDa

170 kDa

250 kDa

PEITC (μM): 0 20 0 20

70 kDa

36 kDa

MDA-MB-231

FIGURE 2.5

Figure 2.5. PEITC causes nuclear accumulation of HSF1 and its trimerization. MDA-MB-231
cells (2.5 x 105 per well) growing in 6-well plates were exposed to vehicle (0.1% acetonitrile) or
20 μM PEITC for 3 h. Cells were then fixed with 0.8% (w/v) paraformaldehyde. Cell lysates were
subjected to nuclear (N) and cytoplasmic (C) separation, proteins were resolved by SDS/PAGE
(10% gel), transferred to immobilon-P membranes, and probed with an antibody against HSF1.
The levels of lamin B2 and GAPDH served as fraction purity indicators and as loading controls.
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luc) stably transfected with the HSP70.1 promoter fused to the luciferase gene 

(Calamini et al., 2012). 

 

3.2.7 PEITC causes an increase in Hsp70.1 promoter activity as well 

as Hsp70 mRNA levels  

 

Remarkably, PEITC led to a dramatic dose- and time-dependent induction 

of the reporter, with a maximal increase of more than 1000-fold (Fig. 2.6A). 

Consistent with the increase in the protein levels of Hsp70 (Fig. 2.3B), the mRNA 

levels for hspa1a were upregulated by 4.1- and 3.5-fold after exposure of wild-

type MEF cells to 10 μM PEITC for 8- or 16 h, respectively (Fig. 2.6B). Together, 

these results demonstrate that PEITC is a potent and robust inducer of the heat 

shock response. 

 

Activation of HSF1 requires release from its negative regulators; indeed, 

inhibition of Hsp90, the main negative regulator of HSF1, often leads to induction 

of the heat shock response (Jhaveri et al., 2012). To test whether PEITC inhibits 

the function of Hsp90, we evaluated the stability of two well-established Hsp90 

client oncoproteins, the tyrosine kinase HER2 and the serine/threonine kinase 

RAF1, both of which bind strongly to Hsp90 (Taipale et al., 2012). 

 

3.2.8  PEITC inhibits Hsp90 

 

Following treatment with PEITC, the levels of HER2 and RAF1 were 

decreased by ~60- and ~35%, respectively, consistent with Hsp90 inhibition (Fig. 
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Figure 2.6 PEITC causes an increase in Hsp70.1 promoter activity as well as Hsp70 mRNA
levels. (A) HeLa-HSE-luc cells (1.3 x 105 per well) stably transfected with the luciferase gene under
the control of the HSP70.1 promoter, were grown in 12-well plates and exposed to vehicle (0.1%
acetonitrile) or PEITC. Luciferase activity was determined in cell lysates. The relative luminescence
units (RLU) were quantified and normalized with respect to the vehicle control treatment. (B) Wild-
type MEF cells (2 x 105 per well) in 6-well plates were exposed to vehicle (0.1% acetonitrile) or PEITC
for 8 or 16 h. Cells were lysed, total RNA was extracted, and reverse transcribed into cDNA. The
mRNA levels for hspa1a were quantified using real-time PCR. The data were normalized using β-
actin as an internal control. Data represent means ± SD and are expressed as ratio of the relative
transcripts in treated over control samples. These experiments were performed by Dr. Ying Zhang.
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2.7A). Treatment with 10 μM PEITC did not lead to any changes in the 

transcription of either of these genes, as quantified by real-time PCR. 

Interestingly however, the 20- μM PEITC treatment led to a significant (p = 0.002, 

n = 3) 45% decrease in the mRNA levels for HER2, although the mRNA levels 

for RAF1 were not affected (not shown). The reason for this decrease in HER2 

expression, and its potential contribution to the decreased HER2 protein levels at 

the high concentration of PEITC is presently unknown. In contrast to 

geldanamycin (GA), an Hsp90 inhibitor that competes with ATP, but similarly to 

celastrol (CL) and sulfoxythiocarbamate alkyne (STCA), which inhibit Hsp90 by 

modifying its cysteine residues without interfering with ATP binding (Zhang et al., 

2014), PEITC did not prevent the ability of the chaperone to bind ATP (Fig. 2.7B). 

These results support the notion that PEITC, by virtue of its cysteine reactivity 

inhibits Hsp90, and further suggest that, by inhibiting Hsp90, the isothiocyanate 

may trigger the release of HSF1. Indeed, immunoprecipitation experiments 

showed that the amount of HSF1 bound to Hsp90 is greatly reduced upon 

exposure to PEITC (Fig. 2.7C). 

 

3.2.9  PEITC causes phosphorylation of HSF1 at S326 

 

In addition to release from Hsp90, full transcriptional activation of HSF1 

requires its phosphorylation at S326 (Guettouche et al., 2005, Chou et al., 2012). 

The shift in gel electrophoretic mobility of the monomeric form of HSF1 in nuclear 

fractions of PEITC-treated cells (Fig. 2.5, 2.8A) indicated the occurrence of post-

translational modifications. Given the dramatic activation of the HSE-luciferase 

reporter by PEITC (Fig. 2.6A), we tested the possibility that exposure to PEITC 
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Figure 2.7. PEITC inhibits Hsp90. (A) MDA-MB-231 cells (2.5 x 105 per well) in 6-well plates were
treated with vehicle (0.1% acetonitrile) or PEITC for 24 h. The levels of HER2 and RAF1 were detected
by western blot analysis. The levels of β-actin served as loading control. (B) MDA-MB-231 cells (0.5 x
106 per dish) were grown in 6-cm dishes. After 24 h, the cells were treated for a further 24 h with 0.1%
acetonitrile (ACN) as the vehicle control for sulfoxythiocarbamate alkyne (STCA) and PEITC treatments,
or with 0.1% DMSO as the vehicle control for the geldanamycin (GA) and celastrol (CL) treatments.
Cells were lysed and subjected to ATP pulldown using ATP-agarose beads. For the ATP pull-down and
input samples, Hsp90 or GAPDH were detected by western blot analyses. This experiment was
performed with Dr. Ying Zhang. (C) MDA-MB-231 cells (1 x 106 per well) were grown in 6-cm dishes and
treated with vehicle (0.1% acetonitrile) or PEITC for 45 min. cells were lysed and subjected to
immunoprecipitation with an anti-HSF1 antibody, and then immunoblotted with an anti-Hsp90 antibody.
An aliquot of total lysate was subjected to immunoblot analysis with anti-Hsp90 and anti-HSF1
antibodies.
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was causing HSF1 phosphorylation at S326. The use of a pS326-

phosphospecific antibody revealed a time- and dose-dependent increase in 

pS326 HSF1 and an upregulation of Hsp70 upon exposure to PEITC (Fig. 2.8A). 

Notably and in full agreement with the shift in electrophoretic mobility of HSF1 in 

nuclear fractions of PEITC-treated cells (Fig. 2.5) as well as in the 

immunoprecipitation experiment (Fig. 2.7C), in this experiment the migration of 

HSF1 was slower in lysates from cells treated with 20 μM PEITC than from 

vehicle- or 10 μM PEITC-treated cells (Fig. 2.8A). Surprisingly however, although 

HSF1 S326 phosphorylation was more extensive upon treatment with the higher 

concentration (20 μM) of PEITC, induction of Hsp70 appeared to be greater at 

the lower concentration (10 μM) of the isothiocyanate. Nuclear-cytoplasmic 

separation further confirmed the accumulation of pS326 HSF1 in both 

cytoplasmic and nuclear fractions (Fig. 2.8B). The results from this shorter time-

course experiment also indicated that HSF1 phosphorylation occurred in the 

cytoplasm and preceded the nuclear translocation of the transcription factor. 

Also, the phosphorylated HSF1 at S326 in the 20 μM PEITC treatment enters the 

nucleus within 15 min, indicating a rapid activation of the transcriptional response 

by the isothiocyanate. 

 

Only a stringent subset of kinases, known as CMGC kinases are able to 

phosphorylate proline-directed sites (Ubersax and Ferrell, 2007). There are 14 

proline-directed phosphorylation sites on HSF1 (Fig. 2.9) many of which have 

been reported to play a role in either activating or repressing the transcriptional 

capability of HSF1. S326 of HSF1 represents a proline-directed phosphorylation 

site. Phosphorylation of S326 of HSF1 has been implicated in increasing the 
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Figure 2.8. PEITC causes phosphorylation of HSF1 at S326. MDA-MB-231 cells (2.5 x 105

per well) in 6-well plates were treated with vehicle (0.1% acetonitrile) or PEITC for either 24 h

(A) or for the indicated periods of time (B). In (A), the levels of pS326 HSF1, total HSF1, and

Hsp70 were detected by western blot analysis in cell lysates, and the levels of β-actin served as

loading control. In (B), the levels of pS326 HSF1 were detected by western blot analysis in

cytoplasm and nucleus following nuclear-cytoplasmic separation. The levels of lamin A and

GAPDH served as fraction purity indicators and as loading controls.
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Proline-directed sites on HSF1

38
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QFAKEVLPKY FKHNNMASFV RQLNMYGFRK VVHIEQGGLV KPERDDTEFQ 

HPCFLRGQEQ LLENIKRKVT SVSTLKSEDI KIRQDSVTKL LTDVQLMKGK 
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FIGURE 2.9

Figure 2.9. Predicted proline-directed phosphorylation sites on HSF1. The human HSF1
protein sequence was obtained from the protein database www.uniprot.org using the unique
entry ID Q00613. There are 14 proline-directed sites, either SP or TP, on HSF1.
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transcriptional capability of the transcription factor. Several studies have reported 

that mutation of the S326 to an alanine decreases the transcriptional capability of 

HSF1 (Chou et al., 2012, Guettouche et al., 2005, Tang et al., 2015). There have 

been reports that the kinases that phosphorylates this site could be either 

mTORC1 (Chou et al., 2012) or MEK (Tang et al., 2015). However, none of them 

are proline-directed kinases, which makes them unlikely to be the kinases that 

phosphorylate this proline-directed S326 site. In addition, these experiments 

have used near stoichiometric amounts of each kinase and HSF1 in vitro, which, 

in our opinion ‘forces’ the interaction between the two. Furthermore, in these 

experiments the researchers used kinase inhibitors for 24 h in order to see a 

decrease in phosphorylation of S326 of HSF1. Usually 30-60 min incubation with 

a kinase inhibitor is sufficient to inhibit a kinase, hence, a 24 h incubation with an 

inhibitor could ultimately produce off-target effects.  

 

Given these caveats, we conducted a small screen using several CMGC 

kinase inhibitors. We first developed a high-throughput cell-based assay for the 

detection of HSF1 S326 phosphorylation by taking advantage of a technique 

known as the ‘In-Cell Western” (ICW). In short, ICW is a procedure that is usually 

conducted in a 96-well or 384-well format, where cells are plated in the wells are 

fixed and subjected to immunostaining, where the secondary antibody used is 

conjugated to infrared-excitable flourophores for quantitative detection by the 

Oddessey Scanner (Licor). We seeded MCF7 cells in 96-well plates and treated 

them with varying concentrations of kinase inhibitors for 1 h. After treatment with 

the inhibitors, either vehicle (0.1% DMSO) or 20 μM PEITC was added for 4 h, 

after which the cells were subjected to the ICW procedure for quantification of the 
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HSF1 pS326 levels in each of the wells. From this screen we found that inhibition 

of p38 mitogen-activated protein kinases (MAPK) led to a decrease in basal 

phosphorylation of HSF1 at S326 by the p38 MAPK inhibitor ZM33673 

(Appendix Fig. 5.1C). Also, as PEITC has been reported to activate p38 MAPK 

(Cheung et al., 2008), we next examined their status in MDA-MB-231 cells. 

 

3.2.10  PEITC activates p38 MAPK 

  

A dose-dependent phosphorylation of p38 MAPK was readily detectable, 

and increased by ~30- and ~90-fold, after treatment with 10- and 20 μM of PEITC, 

respectively (Fig. 2.10A). Importantly, the levels of p38 MAPK were unchanged, 

showing that PEITC did not cause any alterations in protein expression or stability 

of the kinases. In contrast to the activation of p38 MAPK, exposure to PEITC 

decreased the phosphorylation of the ribosomal subunit S6 at S235/236 (Fig. 

2.10B), indicating inhibition of the mechanistic target of rapamycin (mTOR), a 

kinase that had been previously implicated in the phosphorylation of HSF1 at 

S326 (Chou et al., 2012). Moreover, the dose-dependent PEITC-mediated 

phosphorylation of p38 MAPK correlates well with the extent of phosphorylation 

of HSF1 at S326, which increased by 30- and 55-fold, after treatment with 10- 

and 20 μM PEITC, respectively (Fig. 2.10A).  

 

Recently, it was reported that HSF1 physically interacts and is 

phosphorylated at S326 by MAPKK (also known as MEK) (Tang et al., 2015). We 

therefore next examined the effect of inhibiting MEK on HSF1 S326 

phosphorylation using the highly selective MEK1/2 inhibitor 1,4-diamino-2,3-
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Figure 2.10. PEITC activates p38 MAPK. PEITC activates p38 and inhibits mTOR.
MDA-MB-231 cells (2.5 x 105 per well) growing in 6-well plates were treated with vehicle

(0.1% acetonitrile) or PEITC for either 24 h (A), 3 h (B) or for the indicated periods of time

(D). The levels of HSF1, pS326 HSF1, pS235/6 S6, Hsp70, phosphorylated p38 (pp38),

p3, were detected by western blot analysis.
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dicyano-1, 4-bis[2-aminophenylthio]butadiene (U0126) (Favata et al., 1998). In 

agreement with the published report (Tang et al., 2015), we were able to detect 

reduced levels of phosphorylation of HSF1 at S326 in lysates of heat-shocked 

cells that had been pre-treated for 24 h with U0126 (Fig. 2.11A). However, the 

MEK inhibitor had no effect on the phosphorylation of HSF1 at S326 in heat-

shocked cells that had been pre-treated with U0126 for 1 h (Fig. 2.11B). Overall, 

these findings raise the possibility that p38 MAPK could represent one group of 

the long-sought catalysts for the phosphorylation of this key residue. 

 

3.2.11  p38 MAPK phosphorylate HSF1 at S326 in vitro 

 

Next, we used recombinant HSF1 to test the ability of purified recombinant 

p38 MAPK isoforms to phosphorylate HSF1 in vitro. HSF1 was expressed as a 

His-tagged fusion protein in Escherichia coli. Purified His-HSF1 migrated as a 

major band during NuPAGE® at the expected molecular weight, and showed a 

tendency to form spontaneously dimeric and trimeric species (Fig. 2.12A). The 

four p38 MAPK isoforms (α, β, Ɣ and δ) were expressed individually in 

Escherichia coli from human cDNAs as inactive GST-fusion proteins, and purified 

by affinity chromatography on glutathione-Sepharose. Recombinant MKK6 was 

then used to activate the p38 proteins, and subsequently removed by passage 

through amylose resin. The enzyme activity of each p38 isoform was quantified 

by the phosphorylation of a standard substrate, myelin basic protein. Each kinase 

was used at an equivalent specific enzyme activity in reactions with HSF1 as a 

substrate.  
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FIGURE 2.11

Figure 2.11. The MEK inhibitor U0126 reduces the levels of heat-shock induced
phosphorylation of HSF1 at S326 after a 24 h pre-treatment, but 1 h pre-treatment has
no effect. MDA-MB-231 cells (2.5 x 105 per well) in 6-well plates were pre-treated with
U0126 for either 24 h (A) or 1 h (B), and subsequently subjected to heat shock (HS). The
levels of HSF1 and pS326 HSF1 were detected by western blot analysis. The levels of β-actin
served as loading control.
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Figure 2.12. p38 MAPK phosphorylate HSF1 in vitro. (A) Electrophoretic mobility (NuPAGE NoVex Bis-Tris

4-12% gradient gel) of recombinant hexahistidine-tagged HSF1 wild-type (WT) and S326A mutant. (B-D)

Purified activated recombinant p38 MAPK isoforms (0.06 mU/μl) were incubated with recombinant wild-type

(WT), S326A mutant HSF1, or (all 0.1 μg/μl at 30°C for 15 min in the presence of 10 mM MgCl2 and 0.1 mM [Ɣ-
32P]-ATP. Identical reactions were carried out in the presence of increasing concentrations of the p38α/β

inhibitor SB202190 or BIRB0796, which inhibits all p38 isoforms. The reactions were terminated by addition of

SDS gel loading buffer, the samples were loaded on SDS/PAGE, and the excess [Ɣ-32P]-ATP was removed by

electrophoresis. The gels were dried and subjected to autoradiography (C). After staining with Coomassie

Brilliant Blue, the protein bands were excised and the incorporated radioactivity (B) was determined by

scintillation counting. *, p < 0.05. (D) Purified activated recombinant p38α (0.06 mU/μl) was incubated with

recombinant wild-type (WT) or S326A mutant HSF1 (0.1 μg/μl) at 30°C for 15 min in the presence of 10 mM

MgCl2 and 0.1 mM ATP. The reactions were terminated by addition of SDS gel loading buffer, the samples

were loaded on SDS/PAGE, and the phosphorylation of HSF1 at S326 and the levels of total HSF1 were

detected by western blotting. These experiments were performed in collaboration with Dr. Calum D.

Sutherland.

 170 



All p38 isoforms were able to rapidly phosphorylate HSF1 (Fig. 2.12B, 

black bars). Quantitative analysis of incubation reactions of HSF1 with either 

p38α, p38β, p38Ɣ or p38δ and Mg-[γ32P]-ATP revealed that p38δ phosphorylated 

HSF1 at a higher rate and stoichiometry than did p38α, p38β or p38Ɣ, indicating 

that HSF1 is a better substrate for p38δ than for any of the other p38 isoforms 

(Fig. 2.12B, black bars and Fig. 2.12C). Parallel reactions in the absence of 

HSF1 showed that, under these experimental conditions, there was no detectable 

autophosphorylation of any of the kinases (not shown), and the radioactivity in 

these samples (as quantified by scintillation counting) was identical to that of the 

buffer blank. Western blot analysis using the S326-phosphospecific antibody 

confirmed this conclusion and clearly demonstrated that S326 was one of the 

phosphorylation sites (Fig. 2.12D).  

 

The extent of phosphorylation of HSF1 was dependent on the kinase 

concentration as well as the incubation time. Thus, with 6 mU/μl of enzyme and 

60 min incubation (when phosphate incorporation had reached or was 

approaching a plateau), the stoichiometry of the reaction was 2, 1.3, 0.8, and 2.2 

mol/mol for the α, β, Ɣ and δ isoforms, respectively, suggesting that, under these 

experimental conditions, p38α, p38β and p38δ were able to phosphorylate at 

least two sites on HSF1. With 0.06 mU/μl of enzyme and 15 min incubation, the 

stoichiometry of the reaction for HSF1 was 0.04, 0.03, 0.03, and 0.28 mol/mol for 

p38α, p38β, p38Ɣ and p38δ, respectively (Fig. 2.12B, black bars), indicating that 

p38δ was the most efficient catalyst among the isoforms. The p38δ-mediated 

phosphorylation of HSF1 was inhibited by BIRB0796 (Fig. 2.13A), which inhibits 

all p38 MAPK isoforms (Kuma et al., 2005). In contrast to wild-type (WT) HSF1, 
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Figure 2.13. p38 MAPK phosphorylate HSF1 in vitro. (A-C) Purified activated
recombinant p38 MAPK isoforms (0.06 mU/μl) were incubated with recombinant wild-type
(WT), S326A mutant HSF1, MK2, or myelin basic protein (MBP) (all at 0.1 μg/μl) at 30�C
for 15 min in the presence of 10 mM MgCl2 and 0.1 mM [Ɣ-32P]-ATP. Identical reactions
were carried out in the presence of increasing concentrations of the p38α/β inhibitor
SB202190 or BIRB0796, which inhibits all p38 isoforms. The reactions were terminated by
addition of SDS gel loading buffer, the samples were loaded on SDS/PAGE, and the excess
[Ɣ-32P]-ATP was removed by electrophoresis. The gels were dried and subjected to
autoradiography. (B-C) Purified activated recombinant p38α (0.06 mU/μl) was incubated
with recombinant wild-type (WT) or S326A mutant HSF1 (0.1 μg/μl) at 30�C for 15 min in
the presence of 10 mM MgCl2 and 0.1 mM ATP. The reactions were terminated by addition
of SDS gel loading buffer, the samples were loaded on SDS/PAGE, and the phosphorylation
of HSF1 at S326 and the levels of total HSF1 were detected by western blotting. These
experiments were performed in collaboration with Dr. Calum D. Sutherland.
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under the same experimental conditions, the stoichiometry of the reaction for 

mutant HSF1, in which S326 was replaced with alanine (S326A) was 0.02, 0.02, 

0.01 and 0.14 mol/mol for the p38α, β, Ɣ and δ isoforms, respectively (Fig. 2.12B, 

grey bars and Fig. 2.12C), implicating S326 as one of the phosphorylation sites, 

and confirming the existence of additional site(s) within HSF1 which are also 

phosphorylated by p38 MAPK. Interestingly, this experiment also showed that, 

although not as robust as p38δ, p38Ɣ was the most selective isoform in 

phosphorylating S326. 

 

To confirm the unusually high substrate preference of p38δ for HSF1 

relative to the more widely studied p38α and β isoforms, we carried out analogous 

reactions with MK2 as a substrate. In comparison with p38δ, the initial rates of 

activation of this physiological substrate are ~20 times faster for the α or β 

isoforms (Goedert et al., 1997). Indeed, p38δ was far less effective in 

phosphorylating MK2 than was p38α (Fig. 2.13B). In sharp contrast, p38δ was 

more than 20-fold more efficient than p38α in catalyzing the phosphorylation of 

HSF1. As expected, the p38α-, but not p38δ-mediated phosphorylation of all 

three substrates was dose-dependently inhibited by the p38α/β inhibitor 

SB202190.  

 

As mentioned above, we employed MBP-MKK6 to obtain active bacterially 

produced human p38 MAPK. To make absolutely certain that the phosphorylation 

of HSF1 was not due to any residual MKK6, a new preparation of p38δ was made 

in parallel with a preparation of a kinase-dead mutant (D168A) version of the 

enzyme under identical conditions. After incubation and removal of the activating 
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kinase, each protein was used at an equivalent concentration in a reaction with 

HSF1 as a substrate. Phosphorylation of HSF1 only occurred with the active, but 

not kinase-dead p38δ, as revealed by autoradiography and western blot analysis 

(Fig. 2.13C), establishing the p38δ enzyme as the only HSF1 kinase activity in 

the preparation. 

 

Together, these data demonstrate that HSF1 can be phosphorylated in 

vitro by all p38 MAPK isoforms at S326, and that p38δ is the most efficient 

catalyst among the isoforms, whereas p38Ɣ is the most specific. However, it is 

important to note that S326 is not the only site of phosphorylation by these 

kinases as the S326A mutant HSF1 was also phosphorylated, albeit with the 

expected reduction in stoichiometry. To identify the phosphorylation sites 

precisely, we employed a protease-mass spectrometric approach. Recombinant 

HSF1 was incubated with recombinant p38α or p38δ and, after electrophoretic 

separation and in-gel proteolytic digestion, the resulting tryptic peptides were 

analyzed by mass spectrometry. Under these conditions, the sequence coverage 

was ~50%. We found that the two p38 isoforms phosphorylated identical sites 

(Table 2.1), suggesting that the increased phosphate incorporation with p38δ 

was due to a faster rate of phosphorylation of the same sites that were 

phosphorylated by p38α and not due to phosphorylation of additional site(s). 

Three phosphorylated peptides were identified in each sample. The 

corresponding mass (m/z 2902.4659 for p38α and m/z 2902.4683 for p38δ) of 

the longest peptide was in precise agreement with the calculated molecular 

weight of a peptide containing phosphorylated S326 (m/z 2902.4689, 

R.VEEASPGRPSSVDTLLS326PTALIDSILR.E). The mass of the shorter peptides 
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p38 MAPKα + HSF1

Peptide sequence Phospho-S M (calc.) M (expt.)

K.EEPPS303PPQS307PR.V 

R.VKEEPPS303PPQS307PR.V

R.VEEASPGRPSSVDTLLS326PTALIDSILR.E

S303/307

S303/307

S326

1299.5496

1526.7130

2902.4689

1299.5487

1526.7121

2902.4659

p38 MAPKδ + HSF1

Peptide sequence Phospho-S M (calc.) M (expt.)

K.EEPPS303PPQS307PR.V 

R.VKEEPPS303PPQS307PR.V

R.VEEASPGRPSSVDTLLS326PTALIDSILR.E

S303/307

S303/307

S326

1299.5496

1526.7130

2902.4689

1299.5493

1526.7121

2902.4683

Table 2.1

Table 2.1. Phosphopeptides identified by liquid chromatography tandem mass spectrometry after
60-min incubation of recombinant human HSF1 (1.0 μg) with p38 MAPKα or p38 MAPKδ (0.06
mU/μl), followed by SDS/PAGE separation, and in-gel tryptic digestion.
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(m/z 1299.5487 and 1526.7121 for p38α and m/z 1299.5493 and 1526.7121 for 

p38δ) corresponded exactly to the molecular weight of peptides 

K.EEPPSPPQS307PR.V (m/z 1299.5496) and R.VKEEPPS303PPQS307PR.V (m/z 

1526.7130), in which both S303 and S307 were phosphorylated. Notably, S303 

was found in both phosphorylated as well as unphosphorylated forms. The 

phosphorylation of HSF1 at S303/307 by the same kinase which phosphorylates 

the transcription factor at S326 was at first glance surprising, because in contrast 

to the activating S326 phosphorylation, phosphorylation at S303/307 is inhibitory 

(Kline and Morimoto, 1997, Chu et al., 1998, Xavier et al., 2000). However, this 

finding provides a possible explanation for the observation that although PEITC 

treatment causes a concentration-dependent increase in HSF1 phosphorylation 

(Fig. 2.8A and 2.10A), induction of Hsp70 is lower at the higher PEITC 

concentration (Fig. 2.2B, 2.8A and 2.10A). Immunoblotting performed by our 

collaborators at the Centro Nacional de Biotechnologia/CSIC in Madrid (Dr. Ana 

Cuenda and colleagues) with isoform-specific antibodies showed that p38α, p38γ 

and p38δ are well expressed in MDA-MB-231 cells, and confirmed that the levels 

of these kinases did not change upon exposure to PEITC (Appendix 5.2C).  

 

We established that PEITC causes the phosphorylation of the p38 MAPKs 

the MDA-MB-231 cells and showed that all isoforms for the p38 MAPKs are able 

to phosphorylate HSF1 in vitro. We also determined in vitro that amongst the p38 

MAPK isoforms, p38γ was the isoform that showed the highest specificity to 

HSF1 in terms of mediating its phosphorylation at S326. On the other hand, from 

our in vitro studies p38δ was the isoform that had a 10-fold greater efficiency in 

phosphorylating HSF1. 
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3.2.12  Deletion or inhibition of p38γ decreases the phosphorylation 

of HSF1 at S326 in cells 

  

To address whether p38γ and p38δ play a role in the phosphorylation of 

HSF1 at S326 in cells, we first used the human epidermoid cancer cell line A431, 

in which both p38γ and p38δ are expressed, along with its derivatives in which 

p38γ or p38δ had been stably knocked down by more than 90%, using selective 

short hairpin RNA (shRNA) (Fig. 2.14A) (Zur et al., 2015). In comparison to the 

parental cells or cells deficient in p38δ, the heat shock-mediated phosphorylation 

of HSF1 at S326 was reduced by 60% in cells lacking p38γ (Fig. 2.14B), in close 

agreement with the high selectivity of this isoform for the S326 phosphorylation 

in vitro (Fig. 2.12B-D). Treatment with the p38α/β-specific inhibitor SB202190 

had no further effect, indicating that p38α and p38β do not contribute significantly 

to the phosphorylation of S326 in these cells (Fig. 2.14B).  

 

Similar results were obtained in MDA-MB-231 cells: shRNA-mediated 

knockdown (by more than 90%) of p38γ led to a substantial reduction (by ~50%) 

in the phosphorylation of HSF1 at S326 at basal cell culture conditions, whereas 

the knockdown of p38δ did not have this effect (Fig. 2.15). The knockdown of 

p38γ led a corresponding decrease in the levels of Hsp70 (Fig. 2.15). 

Interestingly, the levels of Hsp70 were also reduced upon p38δ knockdown, even 

though the phosphorylation of HSF1 at S326 was not affected. These data 

suggest that p38δ might be involved in catalyzing the phosphorylation of other 

(than S326) sites, which activate HSF1, consistent with the highest stoichiometry 
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Figure 2.14. Deletion or inhibition of p38Ɣ MAPK reduces the levels of pS326 HSF1 in cells. (A)
Immunoblotting for p38 Ɣ and δ in A431 cells, which either express both p38Ɣ and p38δ (WT), or in
which p38Ɣ or p38δ had been stably knocked down using selective shRNA. (B) A431 cells (5 x 105 per
well, WT or p38Ɣ- or p38δ-deficient) were pre-incubated for 1 h with vehicle (0.1% acetonitrile) or
SB202190, and exposed to heat shock (42 °C) for a further 1 h. The levels of HSF1 phosphorylated at
S326 was detected by western blot analysis. The levels of α-tubulin (A) or β-actin (B) served as loading
controls.
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Figure 2.15. Deletion or inhibition of p38Ɣ MAPK reduces the levels of pS326 HSF1 in
cells. p38Ɣ or p38δ was stably knocked down in MDA-MB-231 cells using selective shRNA.
The levels of total HSF1, HSF1 phosphorylated at S326, total p38, p38Ɣ, and p38δ, and
Hsp70 were detected by western blot analysis.
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of the reaction of this p38 isoform in vitro with both WT and S326A mutant HSF1 

(Fig. 2.12B and C); the identity of these potential sites is presently unknown.  

 

The conclusion that p38α and p38β do not contribute significantly to the 

phosphorylation of S326 in A431 cells was further supported by studies in PEITC-

treated MDA-MB-231 cells, where SB202190 either had no effect (at the high 

concentration of PEITC) or even enhanced by 2.5-fold (at the low concentration 

of PEITC) the levels of pS326 HSF1 after exposure to the isothiocyanate (Fig. 

2.16A). The activation of p38α/β by PEITC and the efficacy of SB202190 were 

confirmed by monitoring the levels of phosphorylated (at T334) MK2 (Fig. 2.16A). 

Finally, we used BIRB0796, which inhibits all four p38 MAPK isoforms (Kuma et 

al., 2005). Pre-treatment with BIRB0796 for 1 h reduced the phosphorylation of 

S326 in PEITC-treated MDA-MB-231 cells (Fig. 2.16B). Together, these findings 

strongly suggest that p38γ is the principal p38 MAPK isoform responsible for the 

phosphorylation of HSF1 at S326 in cells. 

 

Phosphorylation at S326, but not at any of the other serine residues 

identified by Guettouche et al., has been shown to affect the heat shock-induced 

transcriptional activity of HSF1 without affecting the trimerization of nuclear 

translocation of the transcription factor. In agreement, we found that both purified 

recombinant wild-type and S326A mutant HSF1 have the propensity to form 

dimers and trimers spontaneously (Fig. 2.12A). In collaboration with Jim Caunt 

(University of Bath), we used quantitative high content imaging to examine the 

nuclear and cytoplasmic distribution of wild-type, S326A or S326E mutant GFP-

HSF1 fusion proteins after their ectopic expression in HSF1 knockout (HSF1-KO) 
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Figure 2.16. Deletion or inhibition of p38Ɣ MAPK reduces the levels of pS326 HSF1 in cells.
MDA-MB-231 cells (5 x 105 per well) grown in 6-well plates were pre-treated with vehicle (0.1%
acetonitrile), SB202190 (A) or BIRB0796 (B) for 1 h, and subsequently either treated with vehicle
(0.1% acetonitrile) or PEITC for a further 1.5 h. (A,B) HSF1 phosphorylated at S326 and MK2
phosphorylated at T334 were detected by western blot analysis. β-actin served as a loading control.
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MEFs, and did not observe any significant differences among the genotypes (Fig. 

2.17). Notably however, these results should be interpreted with caution: it is well 

documented that in C. elegans, ectopic expression of HSF1 produces a gain-of-

function phenotype (Morley and Morimoto, 2004, Chiang et al., 2012), indicating 

that any level of overexpression of HSF1 may not accurately reflect the 

physiological properties of the endogenous protein.  

 

As mentioned earlier, several reports have emerged showing that when 

the S326 is mutated to an alanine (A), the transcriptional activity of HSF1 is 

compromised (Tang et al., 2015, Chou et al., 2012, Guettouche et al., 2005). We 

wanted to find out whether performing similar experiments in our system would 

also allow us to reproduce the effect that these authors have observed.   

 

3.2.13 HSF1 S326A, S326D and S326E mutants do not affect the 

binding at the Hsp70.1 promoter under basal conditions  

 

To investigate whether the phosphorylation of S326 could affect the 

transcriptional activity of HSF1, we generated the phospho-deficient alanine 

mutant S326A and the phospho-mimetic aspartic acid and glutamic acid mutants 

S326D and S326E. We overexpressed either the WT, S326A, S326D or S326E 

FLAG-HSF1 constructs in the HeLa-HSE-luc cells stably expressing the Hsp70.1 

promoter fused upstream of the luciferase gene and measured the luciferase 

activity in these cells (Fig. 2.18A). We normalized the luciferase activity to the 

protein expression levels of the individual constructs that were transfected. There 

were no differences between the WT and mutant HSF1, indicating that the 
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Figure 2.17. S326A/E mutation does not influence the nucleo-cytoplasmic distribution of
ectopically expressed HSF1-GFP. HSF1-knockout MEFs were transfected with GFP-tagged wild-type or
S326A/E mutants of HSF1 prior to counter staining with anti-ERK1/2 antibodies and DAPI. Four fields of
view per well of eight replicate wells per condition were imaged using a robotic high content microscope.
Automated and systematic analysis of images was performed using a custom algorithm. (A) A single
representative field of view is shown from one well. DAPI and ERK1/2 images were used to define
nuclear and cytoplasmic regions, respectively, and GFP fluorescence was recorded from each region (as
indicated in the inset screengrab showing automated cell definition), accepting >70 AFU per cell as
positively transfected. (B) Plots of single cell data show a frequency histogram of nuclear : cytoplasmic
GFP fluorescence (left panel) indicating a bimodal distribution of HSF1, which is unaffected by S326A/E
mutation. The right hand panel shows a comparison of whole cell GFP fluorescence in the same cell
populations versus nucleo-cytoplasmic distribution, indicating that the bimodal distribution is apparent
across a 10-fold difference in HSF1-GFP levels, and is again unaffected by S326A/E substitution. This
experiment was conducted by Dr. Jim Caunt at the University of Bath.

 183 



phosphorylation at this site was not crucial for activating the transcriptional 

capability of HSF1 (Fig. 2.18A).  Furthermore, we conducted a similar experiment 

in HSF1-KO MEFs, where we co-transfected the Hsp70.1 promoter luciferase, 

renilla luciferase and HSF1 WT or mutants, and measured the luciferase activity 

in these cells, however, we were unable to obtain conclusive data as the RLU 

levels were too low to be detectable. One of the shortcomings of the experiments 

of this nature is that the protein expression levels of the mutants vary greatly 

which could be due to differences in their turnover. 

 

Since we have established that the p38 MAPKs, specifically, p38Ɣ is the 

main kinase that phosphorylates HSF1 at S326 in A431 and MDA-MB-231 cells, 

we wanted to uncover the mechanism by which PEITC activates the p38 MAPK. 

It has been well-documented that the p38 MAPKs are activated by the upstream 

kinase, apoptosis signal-regulating kinase 1 (ASK1) (Dorion et al., 2002, Hsieh 

et al., 2010, Ichijo et al., 1997, Tobiume et al., 2001). Also, during basal 

conditions, the reduced form of thioredoxin (TXN1) has been shown to inhibit the 

function of ASK1 by directly binding to the N-terminal domain of the latter (Saitoh 

et al., 1998). When intracellular ROS levels increase, TXN1 is oxidized, and is 

unable to bind to and inhibit ASK1. When ASK1 fully dissociates from TXN1, it 

undergoes autophosphorylation at T845(murine)/T838(human) which is located 

within its kinase domain, which is followed by its subsequent oligomerization 

through its N-terminal coiled-coiled domain (NCC) which leads to its activation 

(Soga et al., 2012, Zhang and Zhang, 2002, Bunkoczi et al., 2007). Interestingly, 

exposure to PEITC increases intracellular ROS levels (Xiao et al., 2010, Hong et 

al., 2015, Jutooru et al., 2014) and the levels of oxidised TXN1, and 
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Figure 2.18. HSF1 S326A, S326D and S326E mutants do not affect the Hsp70.1 promoter activity
under basal conditions. (A) HeLa-HSE-luc cells (1.3 x 105 per well) of a 12-well plate, stably expressing
the luciferase gene under the control of the HSP70.1 promoter, were transfected with either FLAG-WT HSF1
or the mutants FLAG-S326A, FLAG-S326D and FLAG-S326E constructs for 24 h after which they were
exposed to vehicle (0.1% acetonitrile) or PEITC. Luciferase activity was determined in cell lysates. The
relative luminescence units (RLU) were quantified and normalized with respect to the vehicle control
treatment. (B) MDA-MB-231 cells (1 x 106 per well) were grown in 6-cm dishes and transfected with either
FLAG-WT HSF1 or the mutants FLAG-S326A, FLAG-S326D and FLAG-S326E constructs for 24 h. Cells
were lysed and subjected to immunoprecipitation with an anti-HSF1 antibody, and then immunoblotted with
an anti-Hsp90 antibody. An aliquot of total lysate was subjected to immunoblot analysis with anti-Hsp90 and
anti-HSF1 antibodies.
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correspondingly decreases the levels of reduced TXN1 (Zhang et al., 2012). 

Therefore, we conducted a preliminary study to perform the knockdown of ASK1 

using siRNA. We initially performed the knockdown experiments in the HeLa-

HSE-luc cells as they were highly transfectable cells and would give us 

information on the efficiency of the knockdown. 

 

3.2.14 siRNA-mediated knockdown of ASK1 in HeLa-HSE-luc cells 

greatly reduces the basal and PEITC-mediated 

phosphorylation of HSF1 at S326 

 

The mRNA levels of ASK1 at 24 and 48 h after siRNA transfection were 

greatly reduced by 10, 20 and 40 nM of the siRNA compared to the non-targeting 

negative control siRNA (siCONTROL). Relative to siCONTROL knockdown 

treatment, when comparing the ASK1 transcript levels, knockdown of ASK1 at 48 

h post-transfection was three times more efficient when compared to 24 h post-

transfection. Hence, for all future experiments associated with siRNA-mediated 

ASK1 KD, we analysed and conducted experiments on cells 48 h post-

transfection. Next, we treated HeLa-HSE-luc cells which we knocked down with 

the siCONTROL or siASK1 for 48 h and exposed the cells to vehicle, 10 μM or 

20 μM PEITC for 5 h. The siASK1 knockdown cells showed greatly reduced levels 

of HSF1 pS326 in all treatments compared to the mock transfected cells. 

Excitingly, PEITC was unable to cause the phosphorylation of HSF1 at S326 in 

the ASK1 knockdown cells (Fig. 2.19) indicating that PEITC-mediated 

phosphorylation of HSF1 at S326 was mediated through the ASK1-p38 MAPK 

signaling cascade. We spent our efforts finding for an antibody that recognized 
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FIGURE 2.19

Figure 2.19. Knockdown of ASK1 in HSE-HeLa-luc cells greatly reduces the
phosphorylation of HSF1 at S326. HSE-HeLa-luc cells (2.5 x 105 per well) growing in 6-well
plates were transfected with either the negative control siRNA (siCONTROL) or ASK1 siRNA
(siASK) for 48 h after which the cells were treated with vehicle (0.1% acetonitrile) or PEITC for
a further 5 h. The levels of pS326 HSF1 and Hsp70 and β-actin were detected by western blot
analysis, where β-actin served as a loading control.
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the endogenous form of ASK1, therefore, we purchased 7 different commercially 

available ASK1 antibodies, however, we were unable to blot for ASK1. 

Interestingly, we observed a slight reduction in Hsp70 levels in the ASK1 

knockdown cells compared to the mock transfected cells. Hsp70 is a prototypic 

marker of transcriptional activation of HSF1, it is likely that reduction of HSF1 

pS326 levels could indicate that HSF1 is not as transcriptionally active compared 

to when it is phosphorylated at this particular site in these cells.  

 

Since we observed that ASK1 knockdown profoundly decreases the HSF1 

pS326 levels and slightly decrease Hsp70 protein levels in the HeLa-HSE-luc 

cells, we wanted to find out whether this effect would decrease the Hsp70.1 

promoter activity basally or when stimulated with PEITC in these cells. 

 

3.2.15 siRNA-mediated knockdown of ASK1 in HeLa-HSE-luc cells 

increases the Hsp70.1 promoter activity during PEITC-

mediated heat shock response activation 

 

We found that knockdown of ASK1, did not affect the basal Hsp70.1 promoter-

driven luciferase activity. However, surprisingly, compared to the mock 

transfected cells under the same conditions of PEITC treatment, knockdown of 

ASK1 caused an increase in Hsp70.1 promoter activity by ~2 and 2.5-fold with 

10 μM and 20 μM PEITC, respectively (Fig. 2.20). Together, these results 

suggest that, contrary to published work, phosphorylation of HSF1 at S326 is not 

always necessary for increasing the transcriptional activity of HSF1. 
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FIGURE 2.20

Figure 2.20. siRNA-mediated knockdown of ASK1 in HSE-HeLa-luc cells increases the
Hsp70.1 promoter activity during PEITC-mediated heat shock response activation.
HSE-HeLa-luc cells (1.3 x 105 per well) of a 12-well plate stably expressing the luciferase
gene under the control of the HSP70.1 promoter were transfected with either the negative
control siRNA (siCONTROL) or ASK1 siRNA (siASK) for 48 h after which the cells were
treated with vehicle (0.1% acetonitrile) or PEITC for a further 16 h. Luciferase activity was
determined in cell lysates. The relative luminescence units (RLU) were quantified and
normalized with respect to the vehicle siCONTROL treatment.
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3.2.16 siRNA-mediated knockdown of ASK1 and exposure to the 

ASK1 inhibitor (NDQI-1) in MDA-MB-231 cells does not affect 

phosphorylation of HSF1 at S326. 

 

Since we observed a reduction of HSF1 pS326 in ASK1 knockdown HeLa-HSE-

luc cells, we wanted to investigate whether we would be able to observe a similar 

effect in the MDA-MB-231 cells. Therefore, we conducted a similar experiment 

where we treated MDA-MB-231 cells with either the siCONTROL or siASK1 for 

48 h and exposed them to vehicle, 10 μM or 20 μM PEITC for 5 h post-

transfection. Unlike the HeLa-HSE-luc cells, in the MDA-MB-231 cells, the levels 

of HSF1 pS326 remained unchanged despite the reduction of ASK1 levels (Fig. 

2.21A). The efficiency of the siRNA knockdown was validated by analyzing the 

transcript levels of ASK1 using real-time PCR (Fig. 2.22). In another experiment, 

we pretreated MDA-MB-231 cells with the commercially available ASK1 inhibitor 

2,7-Dihydro-2,7-dioxo-3H-naphtho[1,2,3-de]quinoline-1-carboxylic acid ethyl 

ester (NDQI-1) for 1 h, exposed these cells to PEITC for a further 2 h, analyzed 

the levels of phosphorylated HSF1 S326 by western blotting (Fig 2.21B), and 

found no reproducible reduction in pS326 HSF1. The combination of NDQI-1 and 

PEITC led to increased cytotoxicity, hence, the HSF1 S326 phosphorylated levels 

were difficult to interpret. 

 

Taken together, these results indicate that the phosphorylation of HSF1 at S326 

might not be critical for its transcriptional activation, contrary to what has been 

published in the literature thus far (Fig. 2.21, 2.22). However, it is important to 

note that phosphorylation of HSF1 at S326 is a prominent marker for activation 
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FIGURE 2.21

Figure 2.21 Knockdown of ASK1 and exposure to the ASK1 inhibitor (NDQI-1) in MDA-MB-231 cells
does not affect phosphorylation of HSF1 at S326. (A) MDA-MB-231 cells (3 x 105 per well) transfected
with either the negative control siRNA (siCONTROL) or ASK1 siRNA (siASK) for 48 h after which the cells
were treated with vehicle (0.1% acetonitrile) or PEITC for a further 3 h. (B)MDA-MB-231 cells (5 x 105 per
well) grown in 6-well plates were pre-treated with vehicle (0.1% acetonitrile) or NDQI-1 for 1 h, and
subsequently either treated with vehicle (0.1% acetonitrile) or PEITC for a further 3 h. (A,B) HSF1
phosphorylated at S326 was detected by western blot analysis. β-actin served as a loading control.
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FIGURE 2.22

Figure 2.22 siRNA for ASK1 efficiently reduces ASK1 mRNA levels. (A) MDA-MB-231 cells (3
x 105 per well) transfected with either the negative control siRNA (siCONTROL) or ASK1 siRNA
(siASK) for 24 (A) or 48 h (B). Cells were lysed, total RNA was extracted, and reverse transcribed
into cDNA. The mRNA levels for ASK1 were quantified using real-time PCR. The data were
normalized using 18S as an internal control. Data represent means ± SD and are expressed as
ratio of the relative transcripts in treated over control samples. *** is when p < 0.01.
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of the heat shock response as it occurs rapidly upon exposure to heat stress or 

electrophiles such as PEITC. These results beg the question as to why this site, 

S326, is rapidly phosphorylated during the activation of the heat shock response. 

As described earlier, during homeostatic conditions, monomeric HSF1 is bound 

to the Hsp90 multichaperone complex in the cytoplasm. Upon exposure to stress, 

HSF1 is released from the Hsp90 multichaperone complex and undergoes 

posttranslational modifications, mainly phosphorylation events, and is then able 

to translocate to the nucleus where it assumes its transcriptionally active trimeric 

form. Perhaps the phosphorylation of HSF1 at S326 during stress, prevents its 

binding to its negative regulator Hsp90, and hence allows it to function as a 

transcription factor. We tested this possibility in the next set of experiments. 

 

3.2.17 HSF1 S326E phospho-mimetic mutant is unable to bind to 

Hsp90 

 

We transfected constructs encoding the FLAG-tagged WT HSF1 and its 

mutants S326A, S326D and S326E into HeLa-HSE-luc cells and performed a co-

immunoprecipitation experiment 24 h later. We pulled down HSF1 using a total 

HSF1 antibody and immunoblotted for endogenous Hsp90. We found that the 

phosphomimetic mutant HSF1 S326E was unable to bind to endogenous Hsp90 

(Fig. 2.18B). This result suggests that phosphorylation of HSF1 S326 may 

dissociate the transcription factor from its negative regulator Hsp90, perhaps 

facilitating its translocation into the nucleus to trimerize and bind to heat shock 

elements. 
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3.2.18  Discussion 

 

By use of mass spectrometry and protein sequencing, Guettouche et al. 

(Guettouche et al., 2005) found that in cells subjected to heat shock, human 

HSF1 is phosphorylated at 12 serine residues: S121, S230, S292, S303, S307, 

S314, S319, S326, S344, S363, S419, and S444. More recently, using mass 

spectrometry-based proteomics, Xu et al. (Xu et al., 2012) reported the 

phosphorylation at five additional serine residues (S127, S195, S216, S320, and 

S368), and at four threonine residues (T142, T323, T367, and T369). The 

functional significance of most threonine phosphorylations is unknown, except for 

T142, the phosphorylation of which by casein kinase 2 (CK2) has been reported 

to increase the transcriptional activity of HSF1 (Soncin et al., 2003). It is well 

established that phosphorylations at S303/307, S121 and S363 inhibit the 

function of the transcription factor and are involved in the attenuation phase of 

the heat shock response (Kline and Morimoto, 1997, Chu et al., 1998, Xavier et 

al., 2000, Wang et al., 2006), whereas phosphorylation at S216 by Polo-like 

kinase 1 (PLK1) promotes the ubiquitination and degradation of HSF1 during 

mitosis (Lee et al., 2008a). Curiously, PLK1 also phosphorylates HSF1 at S419, 

but in contrast to the inhibitory S216 phosphorylation, phosphorylation at S419 is 

activating and promotes the nuclear translocation of the transcription factor (Kim 

et al., 2005). Phosphorylation at S320 by protein kinase A (PKA) also activates 

HSF1 (Murshid et al., 2010). Another activating phosphorylation occurs at S230; 

it is catalyzed by calcium/calmodulin-dependent protein kinase II (CaMKII) and 

enhances the magnitude of the response upon heat stress (Holmberg et al., 
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2001). Although the DNA-binding ability of the S230A mutant of HSF is retained, 

its transcriptional activity is reduced by ~50% in comparison with wild-type HSF1.  

 

Phosphorylation at S326 is a hallmark for HSF1 activation, and several 

studies have attempted to identify the kinase(s) phosphorylating this site. It was 

reported that the mechanistic target of rapamycin (mTOR) is able to catalyze the 

phosphorylation of HSF1 at S326 (20). However, PEITC inhibits mTOR (Cavell 

et al., 2012). In full agreement, we also found that the mTOR pathway was 

inhibited by PEITC, as evidenced by the decreased phosphorylation of the 

ribosomal subunit S6 at S235/236 (Fig. 2.10B). Overall, our data presented in 

this contribution imply that mTOR is not the primary kinase responsible for the 

phosphorylation of S326 on HSF1 in response to treatment with PEITC, and 

further implicate the family of proline-directed p38 MAPK as highly efficient 

catalysts, which phosphorylate HSF1 rapidly and stoichiometrically. Notably 

however, neither pharmacological inhibition of p38 MAPK by small molecule 

inhibitors or genetic downregulation of p38γ or p38δ eliminated completely the 

phosphorylation of HSF1 at S326 (Fig. 2.16B). These results imply that although 

p38γ is the principal isoform within the p38 MAPK family that phosphorylates this 

site, inactivation of p38γ allows for compensation by other kinases. One such 

candidate is JNK1/2, which is also activated by PEITC, albeit at a later time point 

in comparison with p38 MAPK. It has been reported that p38 MAPK engage in 

feedback control loops that suppress the activities of upstream MAP kinase 

kinase kinases (MAP3Ks), which participate in the activation JNK, and by 

disrupting these feedback control loops, inhibition of p38 leads to hyperactivation 
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of JNK (Cohen, 2009). The possibility that JNK1/2 could phosphorylate HSF1 at 

S326 requires a further study. 

 

Interestingly and unexpectedly, we found that in addition to S326, p38 

MAPK can also catalyze the phosphorylation of HSF1 at S303/307 (Table 2.1). 

In contrast to the activating function of the S326 phosphorylation, phosphorylation 

at S303/307 inhibits the function of HSF1 (14-16). Although surprising, the fact 

that the same kinase can catalyze phosphorylation of two distinct sites on HSF1 

with opposing functional consequences is not unprecedented. As mentioned 

above, phosphorylation at S216 by PLK1 inhibits HSF1, whereas phosphorylation 

at S419 by the same kinase activates the transcription factor (Kim et al., 2005, 

Lee et al., 2008a). Our results imply that either p38 MAPK phosphorylate S326 

at a faster rate than at S303/307, thus giving a “window” of HSF1 activation due 

to S326 phosphorylation before the repressive effect of S303/307 

phosphorylation takes place, or alternatively, that there is a threshold of MAPK 

p38 activation below which S326 is the principal target, and above which the 

S303/307 phosphorylation becomes dominant. The second possibility is 

supported by the fact that induction of Hsp70 is lower upon treatment with the 

higher (20 μM) compared to the lower (10 μM) concentration of PEITC, whereas 

the extent of HSF1 phosphorylation is dependent on the dose of PEITC. In 

addition, the identity of the phosphatases involved may also influence the relative 

turnover rates of phosphorylation at each site. Dissecting these possibilities 

requires better tools for quantitation of relative stoichiometry of phosphorylation 

at S303/307 vs. S326 in different cell compartments.  

 

 196 



Previous investigations have suggested the possible involvement of 

MAPK signaling in the activation of HSF1. Thus, loss of the tumor suppressor 

neurofibromatosis type 1 (NF1) leads to activation of MAPK signaling and HSF1 

(Dai et al., 2012). Chronic exposure of rodent fibroblast cells to heat stress 

causes phosphorylation of p38 MAPK and induction of Hsp70 (Banerjee Mustafi 

et al., 2009). In addition, the anti-inflammatory agent sodium salicylate, has been 

reported to activate p38 MAPK, promote HSF1 DNA binding and transcriptional 

activity, and induce Hsp70 expression (Seo et al., 2005). Most recently, it was 

reported that HSF1 physically interacts and is phosphorylated by MEK (Tang et 

al., 2015). However, to our knowledge, there are no prior publications linking 

HSF1 phosphorylation at S326 directly with p38 MAPK activation. In our study, 

the identification of p38 MAPK as one family of kinases, which phosphorylate 

HSF1 at S326 was greatly facilitated by the observation that PEITC is an 

exceptionally robust activator of HSE-dependent transcription (Fig. 2.6A). PEITC 

shares the ability to induce the heat shock response with celastrol (Dayalan 

Naidu et al., 2015, Trott et al., 2008, Westerheide et al., 2004a), another natural 

product which like PEITC, has a characteristic chemical signature, reactivity with 

sulfhydryl groups (Trott et al., 2008). Notably, in a screen comprising ~900 000 

small molecules, Calamini et al. (Calamini et al., 2012) discovered new classes 

of HSF1 activators, all of which, although structurally diverse, bear the same 

chemical signature. We propose that this chemical property underlies the ability 

of PEITC to both inhibit Hsp90 as well as activate p38 MAPK. The role of 

phosphorylation in the activation of NRF2 is not well-established, and it a subject 

of investigation by multiple groups. Although PEITC causes NRF2 stabilisation 

through cysteine modifications of KEAP1, we also considered the possibility that 
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by activating p38 MAPK, PEITC might further contribute to NRF2 activation. In a 

preliminary experiment, we conducted an in vitro kinase assay by incubating the 

recombinant human NRF2 Neh6 fragment with the p38 β, Ɣ and δ isoforms and 

found that they were all able to phosphorylate NRF2. Interestingly, p38 β and Ɣ 

selectively phosphorylate NRF2 at the S324 site, whereas the δ isoform’s 

preferred phosphorylation site was S347 (Fig. 2.23). As discussed in the 

Introduction of Section 1, Chapter B, NRF2 and HSF1-regulated cytoprotective 

pathways and target genes at times overlap depending on the stressors, and this 

data presents the idea that these two transcription factors could be regulated by 

the same, if not, similar subset of proteins such as the p38 MAPKs. 

 

3.2.18  Conclusions 

 

Pharmacological targeting of p38γ and p38δ has been recently proposed 

for the treatment of autoimmune and inflammatory diseases, as well as cancer 

(Escos et al., 2016). As HSF1 activation supports malignant transformation 

(Santagata et al., 2011, Mendillo et al., 2012), this approach holds promise for 

targeting HSF1 for cancer treatment. Also, we have discovered that the upstream 

kinase ASK1, is responsible for mediating phosphorylation of HSF1 at S326 (Fig. 

2.19), possibly through activation of p38 MAPKs, however, this effect is only 

observed in the HeLa-HSE-luc cells and not in the MDA-MB-231 cells (Fig. 2.21). 

It is possible that there are different upstream kinases activated by PEITC, which 

in turn activate the p38 MAPK signaling cascade in different cell lines, hence, 

uncovering these pathways will be vital for our understanding of activation of the 

heat shock response. Interestingly, dual-specificity phosphatase 26 (DUSP26) 

 198 



NRF2
pS342

NRF2
pS347

GST

No Kinase:

p38 MAPK:

DYRK2:

+ + + +
β Ɣ δ β Ɣ δ β Ɣ δ β Ɣ δ

+ + + +

WT S342A S347A S342A/S347AGST-NRF2 
NEH6:

FIGURE 2.23

Figure 2.23. p38 MAPKs are able to phosphorylate the Neh6 domain of NRF2. Purified activated
recombinant DYRK2, p38 β, Ɣ and δ (0.06 mU/μl) was incubated with recombinant wild-type GST-tagged
NEH6 domain of NRF2 (0.1 μg/μl) at 30�C for 15 min in the presence of 10 mM MgCl2 and 0.1 mM ATP. The
reactions were terminated by addition of SDS gel loading buffer, the samples were loaded on SDS/PAGE, and
the phosphorylation of NRF2 at S342 and S347 and the levels of total GST were detected by western blotting.
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directly dephosphorylates p38 MAPK and represses its downstream kinase 

activity; mutation of cysteine 151 in its active site to a serine, inactivates the 

phosphatase (Vasudevan et al., 2005). It is possible that PEITC is able to 

inactivate DUSP26 by targeting C151, hence allowing for continued p38 

phosphorylation resulting in the sustained phosphorylation of HSF1 at S326. 

Further studies need to be conducted to test this hypothesis.  
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Section 3: Results, Discussion and Conclusions 

Chapter 3 

Physiological significance of HSF1 phosphorylation at S326 

 

3.3.1  Introduction 

 

As described in Chapter 2 of Section 3, we have found that all four p38 

MAPK isoforms are able to catalyse the phosphorylation of HSF1 at S326 in vitro 

(Dayalan Naidu et al., 2016). We further identified p38Ɣ as the main isoform that 

phosphorylates HSF1 at S326 in cells (Dayalan Naidu et al., 2016). We have also 

shown evidence that phosphorylation of HSF1 at S326 does not affect its 

transcriptional activity of HSF1, in contrast to previous reports (Guettouche et al., 

2005, Chou et al., 2012). Nevertheless, it is clear from the work from our lab and 

other groups that phosphorylation of HSF1 at S326 is a marker of activation of 

the HSR (Dai et al., 2012). Upon exposure to the Hsp90 inhibitor and the HSR 

activator PEITC, phosphorylation of HSF1 at S326 occurs within 15 min in the 

cytoplasm, and subsequently the phosphorylated HSF1 S326 accumulates in the 

nucleus (Dayalan Naidu et al., 2016). Under basal conditions, HSF1 pS326 levels 

are significantly lower than when the HSR is activated. Apart from the two 

observations that phosphorylated HSF1 at S326 levels dramatically increase 

upon HSR activation and that increase of these levels correlates with poor cancer 

prognosis (Yih et al., 2012, Li et al., 2014, Chou et al., 2012), the question of the 

physiological significance of this phosphorylation still remains.  

 

 201 



We first wanted to compare the sub-cellular localisation of HSF1 pS326 to 

that of the total HSF1. To address this question, we performed 

immunofluorescence experiments using the osteosarcoma cell line U2OS as 

these cells have a well-functioning HSR and express HSF1 pS326 basally. 

Unsynchronised U2OS cells were fixed using 37oC pre-warmed 3.7% 

paraformaldehyde to preserve most of the cellular structures including 

cytoskeletal filaments and DNA orientation, and co-stained with antibodies 

against total HSF1 and HSF1 pS326. We also used DAPI (4',6-diamidino-2-

phenylindole), a fluorescent nucleic acid stain, to allow for identification of the 

localisation of the chromosomes. 

 

3.3.2  HSF1 pS326 and HSF1 differ in their sub-cellular localisation 

 

In U2OS interphase cells, HSF1 is mainly localised in the cytoplasm and 

is mostly concentrated at the periphery of the nucleus (Fig. 3.1 and 3.2); its 

staining pattern is reminiscent of that of proteins found in the Golgi apparatus 

such as GOLGB1 (Asante et al., 2013) and GOLM1 (Byrne et al., 2015). Although 

not as intense, it is evident that the total HSF1 antibody recognises HSF1 pS326 

as it stains the regions where HSF1 pS326 is present. In contrast to the total 

HSF1, the HSF1 pS326 staining shows that the phosphorylated protein is 

localised predominantly in the cytoplasm. In the cytoplasm, HSF1 pS326 seems 

to be localised to a particular cytoskeletal structure within the cell (Fig. 3.1 and 

3.2). Overall, it is striking that the localisation of HSF1 phosphorylated at S326 in 

interphase cells is almost mutually exclusive to the total HSF1 localisation (Fig. 

3.1 and 3.2).  
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FIGURE 3.1

Figure 3.1. Localisation of HSF1 phosphorylated at S326 in interphase or
resting cells is almost mutually exclusive to total HSF1 localisation.
Representative image of unsynchronised U2OS cells stained with antibodies against
total HSF1 (left top panel, red on overlay), HSF1 pS326 (right top panel, green on
overlay) and with DAPI (left bottom panel, blue on overlay). The bottom right image
is a merged image of all three channels. The image was obtained and deconvolved
using the DeltavisionTM Elite (GE Healthcare) microscope and imaging system.
Maximum intensity of 25 optical sections is shown. The scale bar represents 25 μm.
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FIGURE 3.2

Figure 3.2. Localisation of HSF1 phosphorylated at S326 in interphase or
resting cells is almost mutually exclusive to total HSF1 localisation.
Representative image of unsynchronised U2OS cells stained with antibodies against
total HSF1 (left top panel, red on overlay), HSF1 pS326 (right top panel, green on
overlay) and with DAPI (left bottom panel, blue on overlay). The bottom right image is
a merged image of all three channels. The individual channels are displayed without
colour. The bottom right image is a merged image of all three channels. The image
was obtained using the Zeiss LSM 710 (Zeiss) microscope and imaging system. A
single optical section is shown. The white scale bar represents 10 μm.
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3.3.3           The levels of HSF1 pS326 are significantly higher in mitotic 

cells compared to interphase cells 

 

Interestingly, we noticed that a small number of fixed cells stained with 

HSF1 pS326 had exceptionally high staining intensity compared to the other cells 

(Fig. 3.1). Upon examination of DAPI staining, we discovered that these cells 

were at various stages of mitosis. Fig. 3.3 and 3.4 show representative images 

of such cells from over three independent experiments. In Fig. 3.3, the cell 

indicated by an arrow,  is likely to be at the late prometaphase, as apparent from 

the image of compacted chromosomes in the DAPI channel (bottom left panel). 

The cell indicated by arrowhead is in metaphase, with the chromosomes (DAPI 

channel, bottom left image)  aligned at the metaphase plate. Both cells display 

strongly elevated levels of HSF1 (top left panel) and HSF1 pS326 (top right 

panel), compared to the surrounding cells in this field of view. In Fig. 3.4, the two 

cells with the highest intensity of total HSF1 (top left) and HSF1 pS326 (top right) 

are both undergoing different stages of mitosis: telophase (arrow) and metaphase 

(arrowhead). Thus, it appears that mitotic cells have higher levels of HSF1 and/or 

HSF1 pS326, compared to the neighbouring interphase cells. At this point, it is 

precarious to assume that total HSF1 levels are increased during mitosis, as the 

total HSF1 antibody is also able to recognise the HSF1 pS326, and since HSF1 

pS326 levels are increased in mitotic cells, the total antibody will be able to bind 

it as well. A western blot analysis comparing total and pS326 HSF1 levels in 

interphase versus mitotic cells would solve the question of whether total HSF1 

levels are increased during mitosis. We have addressed this later in this section. 
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FIGURE 3.3

Figure 3.3. Phosphorylation of HSF1 at S326 is significantly higher in mitotic
cells compared to interphase cells. Representative confocal

immunofluorescence image of unsynchronised U2OS cells stained with antibodies

against total HSF1 (red), HSF1 pS326 (green) and the DNA stain, 4′,6-Diamidino-2-

phenylindole dihydrochloride (DAPI) (blue). The individual channels are displayed

without colour. The bottom right image is a merged image of all three channels.

There are two mitotic cells in this figure, where they are at the following stages of

mitosis: 1) prometaphase (top, arrow) and 2) metaphase (bottom, arrowhead). The

image was obtained using the Zeiss LSM 710 (Zeiss) microscope and imaging

system. A single optical section is shown. The white scale bar represents 10 μm.
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FIGURE 3.4

Figure 3.4. Phosphorylation of HSF1 at S326 is significantly higher in mitotic
cells compared to interphase cells and colocalises with total HSF1.
Representative confocal immunofluorescence image of unsynchronised U2OS cells

stained with antibodies against total HSF1 (red), HSF1 pS326 (green) and the DNA

stain, 4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI) (blue). The individual

channels are displayed without colour. The bottom right image is a merged image

of all three channels. There are two mitotic cells in this figure, where they are at the

following stages of mitosis: 1) telophase (left, arrow) and 2) metaphase (right,

arrowhead). The image was obtained using the Zeiss LSM 710 (Zeiss) microscope

and imaging system. A single optical section is shown. The white scale bar

represents 10 μm.
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FIGURE 3.5

Figure 3.5. Total HSF1 and HSF1 pS326 co-localise in an U2OS cell
undergoing prophase. Representative confocal immunofluorescence image of
unsynchronised U2OS cells stained with antibodies against total HSF1 (left top
panel, red on overlay), HSF1 pS326 (right top panel, green on overlay) and with
DAPI (left bottom panel, blue on overlay). The bottom right image is a merged image
of all three channels. The individual channels are displayed without colour. The
bottom right image is a merged image of all three channels. The image was
obtained using the Zeiss LSM 710 (Zeiss) microscope and imaging system. A single
optical section is shown. The white scale bar represents 10 μm.
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FIGURE 3.6

Figure 3.6. Total HSF1 and HSF1 pS326 co-localise in an U2OS cell
undergoing telophase. Representative confocal immunofluorescence image of
unsynchronised U2OS cells stained with antibodies against total HSF1 (left top
panel, red on overlay), HSF1 pS326 (right top panel, green on overlay) and with
DAPI (left bottom panel, blue on overlay). The bottom right image is a merged
image of all three channels. The individual channels are displayed without colour.
The bottom right image is a merged image of all three channels. The image was
obtained using the Zeiss LSM 710 (Zeiss) microscope and imaging system. A
single optical section is shown. The white scale bar represents 10 μm.
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FIGURE 3.7

Figure 3.7. Total HSF1 and HSF1 pS326 co-localise in an U2OS cell
undergoing telophase and are present at the midbody. Representative
confocal immunofluorescence image of unsynchronised U2OS cells stained with
antibodies against total HSF1 (left top panel, red on overlay), HSF1 pS326 (right
top panel, green on overlay) and with DAPI (left bottom panel, blue on overlay).
The bottom right image is a merged image of all three channels. The individual
channels are displayed without colour. The bottom right image is a merged image
of all three channels. The image was obtained using the Zeiss LSM 710 (Zeiss)
microscope and imaging system. A single optical section is shown. The white scale
bar represents 10 μm.
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3.3.4 The localisation of HSF1 pS326 and α-tubulin are mutually 

exclusive in interphase cells 

 

Since we observed the staining of HSF1 pS326 to be localised to 

cytoskeletal structures, we wondered whether HSF1 could be bound to α-tubulin, 

a major cytoskeletal structure found in most cells. An α-tubulin/β-tubulin 

heterodimer is the basic subunit of microtubules (Nogales et al., 1998). 

Microtubules are essential for intracellular structure and transport, and are the 

primary component of the spindle fibres required for mitosis to occur (Tuszynski 

et al., 2006).  

 

However, co-staining of HSF1 pS326-stained U2OS cells with α-tubulin-

specific antibody ruled out the microtubular localisation of phosphorylated HSF1. 

Representative images of interphase cells in Fig. 3.8 and 3.9 show that the 

localisation of HSF1 pS326 and α-tubulin are mutually exclusive. The α-tubulin 

staining (top left) shows that the microtubules have a more curved and stringy 

fibrous appearance in contrast to HSF1 pS326 staining (top right) that is fibrous 

in appearance but localises in relatively straight and angular lines. Interestingly, 

HSF1 pS326 staining shows a rhomboidal-like pattern (Fig. 3.9). The data from 

this experiment suggests that HSF1 pS326 bind to other cytoskeletal elements 

other than microtubules (Fig. 3.8 and 3.9). For example, it is possible that HSF1 

pS326 binds to β-actin or other intermediate filaments. 
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FIGURE 3.8

Figure 3.8. HSF1 pS326 shows a filamentous localisation that does not co-
localise with in an U2OS cell in interphase. Representative confocal
immunofluorescence image of unsynchronised U2OS cells stained with antibodies
against α-tubulin (left top panel, red on overlay), HSF1 pS326 (right top panel,
green on overlay) and with DAPI (left bottom panel, blue on overlay). The bottom
right image is a merged image of all three channels. The individual channels are
displayed without colour. The bottom right image is a merged image of all three
channels. The image was obtained using the Zeiss LSM 710 (Zeiss) microscope
and imaging system. A single optical section is shown. The white scale bar
represents 10 μm.
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FIGURE 3.9

Figure 3.9. HSF1 pS326 shows a filamentous localisation that does not co-
localise with in an U2OS cell in interphase. Representative confocal
immunofluorescence image of unsynchronised U2OS cells stained with antibodies
against α-tubulin (left top panel, red on overlay), HSF1 pS326 (right top panel,
green on overlay) and with DAPI (left bottom panel, blue on overlay). The bottom
right image is a merged image of all three channels. The individual channels are
displayed without colour. The bottom right image is a merged image of all three
channels. The image was obtained using the Zeiss LSM 710 (Zeiss) microscope
and imaging system. A single optical section is shown. The white scale bar
represents 10 μm.

 213 



3.3.5 HSF1 pS326 localisation is diffused throughout the mitotic cell 

and is not present at the chromosomes 

 

The staining pattern of HSF1 pS326 in interphase U2OS cells contrasts 

greatly with that in mitotic cells (Fig. 3.1-3.9). In interphase cells, it has a 

structured filamentous appearance (Fig. 3.1, 3.2, 3.8 and 3.9), whereas in most 

mitotic cells, the staining pattern of HSF1 pS326 is unstructured and diffused 

throughout the cell (Fig. 3.5-3.7 and 3.10-3.13). This could be due to the 

disassembly or absence of the cytoskeletal structure that HSF1 pS326 binds to 

during interphase.  

 

3.3.6  HSF1 pS326 concentrates at the midbody during telophase 

 

To date, not much is known about the function of the midbody. 

Cytoskeletal elements have been found to be concentrated within the midbody. 

The midbody comprises of three main molecular machineries: 1) the 

chromosomal passenger complex containing Aurora B kinase, 2) Protein 

regulator of cytokinesis 1 (PRC1), a microtubule cross-linking protein and 3) the 

centralspindlin complex containing mitotic kinesin-like protein (MKLP1) (Green et 

al., 2013, Hu et al., 2012). Polo-like kinase 1 (PLK1) has been found to be a major 

regulator for midbody assembly (Hu et al., 2012). 

 

Interestingly and strikingly, U2OS cells undergoing telophase, exhibit 

HSF1 pS326 concentrated at their midbodies (Fig 3.4, 3.7, 3.14-16). HSF1 

pS326 is also diffused throughout the cells, however the staining intensity at the 
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FIGURE 3.10

Figure 3.10. HSF1 pS326 is ubiquitously expressed in an U2OS cell
undergoing mitosis with lower expression at the chromosomes. Representative
confocal immunofluorescence image of U2OS cells stained with antibodies against
α-tubulin (left top panel, red on overlay), HSF1 pS326 (right top panel, green on
overlay) and with DAPI (left bottom panel, blue on overlay). The bottom right image
is a merged image of all three channels. The individual channels are displayed
without colour. The bottom right image is a merged image of all three channels. The
image was obtained using the Zeiss LSM 710 (Zeiss) microscope and imaging
system. A single optical section is shown. The white scale bar represents 10 μm.
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FIGURE 3.11

Figure 3.11. HSF1 pS326 is ubiquitously expressed in an U2OS cell
undergoing at metaphase with lower expression at the chromosomes.
Representative confocal immunofluorescence image of unsynchronised U2OS cells
stained with antibodies against α-tubulin (left top panel, red on overlay), HSF1
pS326 (right top panel, green on overlay) and with DAPI (left bottom panel, blue on
overlay). The bottom right image is a merged image of all three channels. The
individual channels are displayed without colour. The bottom right image is a
merged image of all three channels. The image was obtained using the Zeiss LSM
710 (Zeiss) microscope and imaging system. A single optical section is shown. The
white scale bar represents 10 μm.
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FIGURE 3.12

Figure 3.12. HSF1 pS326 is ubiquitously expressed in an U2OS cell in late
anaphase with lower expression at the chromosomes. U2OS cells stained with
antibodies against α-tubulin (left top panel, red on overlay), HSF1 pS326 (right top
panel, green on overlay) and with DAPI (left bottom panel, blue on overlay). The
bottom right image is a merged image of all three channels. The individual channels
are displayed without colour. The bottom right image is a merged image of all three
channels. The image was obtained using the DeltavisionTM Elite (GE Healthcare)
microscope and imaging system. Maximum intensity of 25 optical sections is shown.
The white scale bar represents 10 μm.
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FIGURE 3.13

Figure 3.13. HSF1 pS326 is ubiquitously expressed in an U2OS cell in late
anaphase with lower expression at the chromosomes. U2OS cells stained with
antibodies against α-tubulin (left top panel, red on overlay), HSF1 pS326 (right top
panel, green on overlay) and with DAPI (left bottom panel, blue on overlay). The
bottom right image is a merged image of all three channels. The individual channels
are displayed without colour. The bottom right image is a merged image of all three
channels. The image was obtained using the Zeiss LSM 710 (Zeiss) microscope and
imaging system. A single optical section is shown. The white scale bar represents
10 μm.
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FIGURE 3.14

Figure 3.14. HSF1 pS326 is highly expressed at the midbody of an U2OS cell
undergoing telophase. U2OS cells stained with antibodies against α-tubulin (left top
panel, red on overlay), HSF1 pS326 (right top panel, green on overlay) and with DAPI
(left bottom panel, blue on overlay). The bottom right image is a merged image of all
three channels. The bottom right image is a merged image of all three channels. The
image was obtained using the Zeiss LSM 710 (Zeiss) microscope and imaging
system. A single optical section is shown. The white scale bar represents 10 μm.

 219 



DAPI

HSF1 pS326α-tubulin

MERGED

FIGURE 3.15

Figure 3.15. HSF1 pS326 is highly expressed at the midbody of an U2OS cell
undergoing telophase. U2OS cells stained with antibodies against α-tubulin (left top
panel, red on overlay), HSF1 pS326 (right top panel, green on overlay) and with DAPI
(left bottom panel, blue on overlay). The bottom right image is a merged image of all
three channels. The bottom right image is a merged image of all three channels. The
image was obtained using the Zeiss LSM 710 (Zeiss) microscope and imaging
system. A single optical section is shown. The white scale bar represents 10 μm.
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FIGURE 3.16

Figure 3.16. HSF1 pS326 is highly expressed at the midbody of an U2OS cell
undergoing telophase. Representative confocal immunofluorescence image of

unsynchronised U2OS cells stained with antibodies against α-tubulin (left top panel,

red on overlay), HSF1 pS326 (right top panel, green on overlay) and with DAPI (left

bottom panel, blue on overlay). The bottom right image is a merged image of all three

channels. The individual channels are displayed without colour. The bottom right

image is a merged image of all three channels. The image was obtained using the

Zeiss LSM 710 (Zeiss) microscope and imaging system. A single optical section is

shown. The white scale bar represents 10 μm.

MERGED
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midbody is significantly higher than the staining intensity in other compartments 

of the cell. It is plausible that HSF1 could play other roles in the cell apart from 

being a transcription factor. 

 

In order to further validate the data obtained using immunofluorescence, 

where we discovered that mitotic U2OS cells highly express HSF1 pS326 

compared to interphase cells (Fig. 3.3 and 3.4), we performed a western blot 

analysis comparing the levels of HSF1 pS326 and total HSF1 levels in taxol-

arrested mitotic U2OS cells and interphase U2OS cells. To control for possible 

effects of drug treatment, we used interphase cells that were exposed to the same 

concentration of the taxol as the mitotically-arrested cells as a control population.  

We used the microtubule toxin, taxol, which stabilises microtubules and arrests 

cells in mitosis (Gascoigne and Taylor, 2009), possibly via preventing spindle 

checkpoint satisfaction or by delaying stable kinetochore attachments. We 

collected the taxol-arrested mitotic cells by selectively detouching them from the 

dish using the “mitotic shake-off” method (explained in detail in the Methods 

Section 2.18). The cells remaining on the dish after mitotic cells were collected 

were further vigorously washed and collected for taxol-treated interphase-cell 

control. The total population of asynchronous U2OS were used as an additional 

control. 
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3.3.7 The HSF1 pS326 levels are significantly higher in taxol-

arrested mitotic cells compared to interphase cells 

 

Various amounts of U2OS cell lysate from each experimental group were 

loaded as follows: 1) Unsynchronised cells, 2) taxol-treated interphase cells and, 

3) taxol-arrested mitotic cells (Fig. 3.17). Western blot analysis of these samples 

shows that in U2OS cells, there are minimal differences in the levels of HSF1 

pS326 between untreated unsynchronised cells and taxol-treated interphase 

cells (Fig. 3.18). However, in comparison with interphase cells treated with taxol, 

HSF1 pS326 is more highly expressed in taxol-arrested mitotic cells (Fig. 3.18). 

The same phenomenon is observed in a similar experiment conducted in HeLa 

cells (Fig. 3.19). These results further support our previous observations using 

immunofluorescence (Fig. 3.3 and 3.4).  

 

Interestingly, in both U2OS and HeLa cells, two distinct bands are 

observed in the HSF1 pS326 immunoblot: ~70 kDa and ~130 kDa. However, in 

the U2OS cells, the 130 kDa band is expressed more highly than the 70 kDa 

band (Fig. 3.18), whereas in the HeLa cells, it is the opposite: the 70 kDa band 

is expressed more highly than the 130 kDa (Fig. 3.19). Since the actual molecular 

weight of HSF1 is ~65 kDa, the upper band could represent a homodimeric 

species. Alternatively, the upper band could be a conjugation of HSF1 with 

multiple SUMO proteins as HSF1 has been previously reported to be SUMO-

modified (Hong et al., 2001, Hilgarth et al., 2003, Hietakangas et al., 2003, 

Goodson et al., 2001). Also interestingly, in both HeLa and U2OS cells, only in 

the taxol-arrested mitotic cells, HSF1 pS326 appears as a smear, suggesting 
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loaded on gel (µg): 5 10 5 10 15 5 10 15 20

FIGURE 3.17

Figure 3.17. Ponceau S staining of a western blot membrane. U2OS
cells were exposed to 1.46 μM taxol for 14 h in order to arrest cells in
mitosis. Mitotic cells were collected by mitotic wash-off and lysed
immediately with SDS-lysis buffer. The remaining cells consisted of non-
mitotic (interphase) cells exposed to taxol were lysed directly using the
same buffer. Increasing amounts of protein (μg) from each group were
loaded and resolved using the NuPAGE system. The proteins from the gels
were immobilised onto 0.2 μm nitrocellulose (NC) membranes. The NC
membranes were stained using a water-soluble and reversible protein stain
Ponceau S to ensure an even protein transfer and loading.
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FIGURE 3.18

Figure 3.18. HSF1 pS326 levels are significantly higher in taxol-arrested mitotic cells
compared to interphase cells. U2OS cells were exposed to 1.46 μM taxol for 14 h in
order to arrest cells in mitosi or left without treatment (unsynchronised). Mitotic cells were
collected from the taxol-treated dish and lysed immediately with SDS-lysis buffer. The
remaining attached (interphase) cells that were exposed to the same Taxol treatment were
lysed directly using the same buffer. Unsynchronised cells were trypsinised and lysed in
SDS-lysis buffer without separation. Increasing amounts of protein (mg) from each group
were loaded and resolved using the NuPAGE system. The proteins from the gels were
immobilised onto 0.2 μm nitrocellulose (NC) membranes. The western blot membranes
were probed with antibodies against total HSF1, HSF1 pS326, Histone H3, Histone H3
pS10 and β-actin. Histone H3 pS10 was used as a mitotic marker and to ensure the purity
of the separation. β-actin and Histone H3 served as loading controls. This experiment was
performed with Dr. Dina Dikovskaya.

kDa

130 kDa

70 kDa

 225 



HSF1 pS326
(low exposure)

Beta actin

Beta actin

Histone H3 pS10

Total HSF1

Total Histone H3

Taxol (0.73 μM)+ + + + + + + + + +

Interphase Mitotic

Amount of protein 
loaded on gel (µg)5 10 15 20 30 5 10 15 20 30

140
115

80
65

140
115
80
65

Histone H3 pS10
(high exposure)

41

15

15

65

15
15

FIGURE 3.19

Figure 3.19. Total HSF1 is degraded, whereas, HSF1 pS326 levels are
significantly higher in taxol-arrested mitotic cells than in interphase
cells. HeLa cells were exposed to 0.73 μM taxol for 12 h in order to arrest
cells in mitosi or left without treatment (unsynchronised). Mitotic cells were
collected from the taxol-treated dish and lysed immediately with SDS-lysis
buffer. The remaining attached (interphase) cells that were exposed to the
same Taxol treatment were lysed directly using the same buffer.
Unsynchronised cells were trypsinised and lysed in SDS-lysis buffer without
separation. Increasing amounts of protein (mg) from each group were
loaded and resolved using the NuPAGE system. The proteins from the gels
were immobilised onto 0.2 μm nitrocellulose (NC) membranes. The western
blot membranes were probed with antibodies against total HSF1, HSF1
pS326, Histone H3, Histone H3 pS10 and β-actin. Histone H3 pS10 was
used as a mitotic marker and to ensure the purity of the separation. β-actin
and Histone H3 served as loading controls. This experiment was performed
with Dr. Dina Dikovskaya.
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potential ubiquitination of the protein (Fig. 3.18 and Fig. 3.19). Furthermore, in 

these cells, the HSF1 pS326 migrates more slowly than in the taxol-exposed 

interphase cells, suggesting that there could be other post-translation 

modification(s) occurring on the phosphorylated HSF1 S326 species. The 

additional post-translation modification(s) could include PLK1-catalysed 

phosphorylation of HSF1 at S216 that has been reported to occur during mitosis 

(Lee et al., 2008a).  

 

3.3.8 The total HSF1 levels decrease in taxol-arrested mitotic cells 

and interphase cells 

 

In U2OS cells, the total HSF1 levels are slightly lower in taxol-arrested 

mitotic cells compared to taxol-exposed interphase cells (Fig. 3.18). A more 

dramatic decrease in total HSF1 levels is observed in mitotic HeLa cells arrested 

with taxol compared to the interphase cells treated with taxol (Fig. 3.19). These 

results clarify the immunofluorescence data (Fig. 3.3 and 3.4) where total HSF1 

levels seemed to be higher in mitotic cells compared to interphase cells. It is now 

obvious that in the immunofluorescence data using the total HSF1 antibody, the 

apparent increased intensity observed in mitosis is not a reflection of the total 

HSF1 levels, but more likely of the HSF1 pS326 that is increased during mitosis. 

 

We wanted to find out if there were any other phosphorylation events 

occurring on HSF1 during mitosis as we observed that HSF1 undergoes a further 

posttranslational event(s) during this cell cycle phase (Fig. 3.18 and 3.19). Using 
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the available antibodies, we probed for HSF1 pS303 and HSF1 pS121, both of 

which have been reported to repress the transcriptional activity of HSF1. 

 

3.3.9 HSF1 pS303 and pS121 levels are decreased in U2OS cells 

arrested in mitosis with taxol compared to interphase cells 

 

In Fig. 3.20, HSF1 pS303 and pS121 levels are decreased in U2OS cells 

arrested in mitosis with taxol compared to interphase cells exposed to taxol. It is 

interesting that phosphorylation of these sites, which inhibits HSF1 transcriptional 

activity (Wang et al., 2006, Hietakangas et al., 2003), is downregulated in mitosis, 

suggesting that perhaps HSF1 has to be active and able to bind to the HSEs 

during mitosis as reported by Vihervaara et. al. (Vihervaara et al., 2013). 

However, the decrease in the levels of HSF1 pS303 and pS121 that we observed 

could also be due to the total HSF1 protein decrease during mitosis (Fig. 3.18 

and Fig. 3.19). Notably, we found that these “phosphospecific” antibodies are 

able to recognise unphosphorylated recombinant HSF1 (data not shown), hence 

the specificities of these antibodies are highly questionable and the detected 

species could represent a mixed population of total HSF1 as well as the 

phosphorylated residues on HSF1 it is supposed to recognise. Interestingly, in 

contrast to the levels of HSF1 p326, the levels of transcription factor NRF2 are 

decreased in taxol-arrested mitotic U2OS cells (Fig. 3.20). 

 

Because we discovered that all members of the p38 MAPK family are able 

to efficiently catalyse the phosphorylation of HSF1 at S326 (Dayalan Naidu et al., 

2016), we next wanted to find out if these kinases were mediating the increase in 
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Figure 3.20. HSF1 pS303 and HSF1 pS121 levels are lower in taxol-arrested
mitotic cells compared to interphase cells. U2OS cells were exposed to 1.46
μM taxol for 14 h in order to arrest cells in mitosi or left without treatment
(unsynchronised). Mitotic cells were collected from the taxol-treated dish and
lysed immediately with SDS-lysis buffer. The remaining attached (interphase)
cells that were exposed to the same Taxol treatment were lysed directly using the
same buffer. Unsynchronised cells were trypsinised and lysed in SDS-lysis buffer
without separation. Increasing amounts of protein (mg) from each group were
loaded and resolved using the NuPAGE system. The proteins from the gels were
immobilised onto 0.2 μm nitrocellulose (NC) membranes. The western blot
membranes were probed with antibodies against HSF1 pS121, HSF1 pS303,
Nrf2, Histone H3 pS10 and β-actin. Histone H3 pS10 was used as a mitotic
marker and to ensure the purity of the separation. β-actin served as a loading
control. These lysates belong to the experiment described in Figure 3.17. This
experiment was performed with Dr. Dina Dikovskaya.
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HSF1 pS326 levels in taxol-arrested mitotic cells. We therefore determined the 

levels of all p38 isoforms as well as the phosphorylated (i.e. active) total p38 in 

the U2OS cell lysates described in Fig. 3.18.  

 

3.3.10 p38α and p38β are active in interphase cells whereas, p38β is 

predominantly active in taxol -arrested mitotic cells 

 

The levels of all of the individual p38 isoforms are very similar when 

comparing taxol-arrested mitotic U2OS cells and taxol-exposed interphase cells 

(Fig. 3.21). The phosphospecific p38 antibody recognises all four isoforms of 

p38, and it can be seen in Fig. 3.21 that p38α and p38β are phosphorylated in 

taxol-exposed interphase cells, whereas p38β is predominantly phosphorylated 

in taxol-arrested mitotic cells. It is thus possible that in mitotic cells, p38β 

mediates the phosphorylation of HSF1 at S326 observed in Fig. 3.18. 

 

3.3.10  Discussion 

 

Here we have shown that the basal sub-cellular localisation of HSF1 

pS326 is very different compared to the overall HSF1. In resting cells, HSF1 

pS326, although also present in the nucleus, is mainly localised to cytoskeletal 

filaments and appears as straight and angular lines (Fig. 3.1 and 3.2). Basally, 

most of the HSF1 has a more globular appearance and is mainly localised at 

structures resembling the Golgi bodies.  
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Figure 3.21. Different p38 isoforms are phosphorylated during taxol-
arrested mitosis compared to interphase cells. U2OS cells were exposed to

1.46 μM taxol for 14 h in order to arrest cells in mitosi or left without treatment

(unsynchronised). Mitotic cells were collected from the taxol-treated dish and

lysed immediately with SDS-lysis buffer. The remaining attached (interphase)

cells that were exposed to the same Taxol treatment were lysed directly using

the same buffer. Unsynchronised cells were trypsinised and lysed in SDS-lysis

buffer without separation. Increasing amounts of protein (mg) from each group

were loaded and resolved using the NuPAGE system. The proteins from the

gels were immobilised onto 0.2 μm nitrocellulose (NC) membranes. The

western blot membranes were probed with antibodies against total p38, p38α,

p38β, p38Ɣ, p38δ, phospho p38, Histone H3 pS10 and β-actin. Histone H3

pS10 was used as a mitotic marker and to ensure the purity of the separation.

β-actin served as a loading control. These lysates belong to the experiment

described in Figure 3.17. This experiment was performed with Dr. Dina

Dikovskaya.
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We have shown by immunofluorescence and western blotting that HSF1 

pS326 levels are significantly higher in taxol-arrested mitotic cells compared to 

interphase cells (Fig. 3.3, 3.4, 3.18 and 3.21). HSF1 pS326 is highly expressed 

at all stages of mitosis. We also found that HSF1 pS326 localises and 

concentrates at the midbody of cells undergoing telophase and cytokinesis (Fig. 

3.4, 3.7 and 3.14-3.16). It is interesting that HSF1 pS326 adopts this localisation 

pattern during cell division. Since the midbody is a hub for cytoskeletal filaments, 

such as actin and myosin filaments (Green et al., 2013), it is possible that HSF1 

phosporylated at S326 has a high affinity to a particular protein, possibly a 

cytoskeletal protein, that is concentrated at the midbody. This finding exposes 

the intriguing possibility that HSF1 could have a role beyond its function as a 

transcription factor. The kinase that phosphorylates and maintains the 

phosphorylation of HSF1 at S326 could potentially be p38β (Fig 3.21). On the 

other hand, as observed in Chapter 2, Fig. 2.16A, treatment of cells with the p38a 

and p38b inhibitor SB202190 did not reduce HSF1 pS326 levels, however these 

data were obtained in unsynchronised cells and do not represent the mitotic cell 

population.  

 

Preliminary western blot analysis of cells pre-treated with the CDK9 

inhibitor (CDK9I) showed a decrease in HSF1 pS326 levels (Fig. 3.22) CDK9 

could potentially be the kinase involved in the phosphorylation of HSF1 at S326 

during mitosis. Another obvious candidate is CDK1, a kinase that is activated in 

late G2 and throughout mitosis. Notably, in yeast, a heat-sensitive mutant HSF1 

has been linked with a defect in spindle pole body (the equivalent to the 

centrosome in mammalian cells) duplication (Zarzov et al., 1997). The spindle 
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Figure 3.22. CDK9 Inhibitor reduces HSF1 pS326 in MCF7 cells. 5 x 105

MCF7 cells per well of a 6 well plated were seeded. 20 h after seeding the
MCF7 cells were pretreated with either 10 μM Aloisine, 1 μM BIRB0796 or 1 μM
CDK9 Inhibitor for 1 h. Subsequently the cells were exposed to vehicle (0.1%
DMSO) or 10 or 20 μM PEITC for a further 3 h afterwhich cells were lysed
immediately with SDS-lysis buffer. Cell lysates (10 μg) were loaded and
resolved using the SDS-PAGE system. The proteins from the gels were
immobilised onto 0.45 μm nitrocellulose (NC) membranes. The western blot
membranes were probed with antibodies against HSF1 pS326 and GAPDH
were used, where the latter served as a loading control.
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pole body organises the microtubule cytoskeleton. Importantly, this particular 

mutant was isolated as a co-lethal allele with cdc28-109 (the yeast equivalent of 

the mammalian CDK1). This observation agrees with the staining pattern of HSF1 

pS326 in the cells, and indicates that CDK1 could be a potential kinase that 

mediates the phosphorylation of this site. Like p38 MAPK, the CDKs belong to 

the CMGC family of proline-directed kinases known for their promiscuity and 

functional redundancies. It is entirely plausible that HSF1 is phosphorylated by 

one or more of these kinases during mitosis. Also, since the overall HSF1 total 

protein levels drop during mitosis (Fig. 3.18 and 3.19), it could be that 

phosphorylation of HSF1 at S326 promotes the acetylation of HSF1 at key lysine 

residues such as K208, which has been reported to promote its protein stability 

by preventing it from ubiqutination and degradation by the proteasome 

(Raychaudhuri et al., 2014).  

 

3.3.11             Future Perspectives 

 

This study presented in Chapter 3 has raised many important and interesting 

questions regarding the physiological significance of HSF1 phosphorylation at 

S326 during mitosis: 1) Is this phosphorylation a prerequisite for entering into 

mitosis? 2) Is this phosphorylation a consequence of high CDK activity during 

mitosis? 3) How is the dephosphorylation of this site mediated when exiting 

mitosis and does this occur through the midbody expulsion, or are phosphatases 

involved? 4) Why is HSF1 pS326 sequestered to cytoskeletal elements in 

interphase cells? Further experiments need to be conducted to address all of 

these questions. 
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Concluding Remarks 

 

HSF1 and NRF2 orchestrate comprehensive transcriptional programs that 

include genes encoding antioxidant and drug-metabolizing enzymes, chaperones 

which prevent protein misfolding and aggregation, as well as proteins which take part 

in the repair and clearance of damaged macromolecules, thus maintaining the cellular 

redox and intermediary metabolism. These programs provide powerful means for 

adaptation and survival under conditions of electrophilic, oxidative, inflammatory, and 

thermal stress due to the extraordinary functional diversity of their downstream target 

genes. However, although the functions of both HSF1 and NRF2 are undoubtedly 

broadly cytoprotective, the consequences of their activation are both context- and 

duration-dependent and may have not only beneficial, but also negative effects for the 

organism, such as promoting cardiomyopathy, facilitating tumor growth, and may even 

reduce longevity. This dichotomy should be very carefully considered when these 

transcription factors are targeted for disease prevention or treatment. 

 

Although HSF1 and NRF2 are currently considered as drug targets, and both 

inducers and inhibitors are being developed for use as pharmacological agents, many 

questions still need to be answered before such agents can enter clinical practice. The 

initial signal that triggers release of HSF1 from its main negative regulators is still 

unclear. The primary cellular sensor for electrophilic small-molecule activators of 

HSF1 in the mammalian cell has not been established, although based on the ability 

of these compounds to react with sulfhydryl groups, it could be speculated that this 

sensor is a protein(s) equipped with reactive cysteine(s). It is also not clear whether 

small-molecule dual activators of HSF1 and NRF2 activate both pathways sequentially 
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or simultaneously. The requirement for higher inducer concentrations for HSF1 than 

for NRF2 activation suggests that the Keap1/NRF2 pathway is activated first, and the 

heat shock response follows. It would be important to establish, whether, in addition 

to HSF1, heat shock can also activate (or repress) NRF2 function, and if so, whether 

this requires HSF1, and whether there might be a physical interaction between the two 

transcription factors. Although both NRF2 and HSF1 affect mitochondrial function, how 

this occurs is not known at present. It is possible that genes encoding critical 

mitochondrial proteins are direct transcriptional targets of HSF1 and/or NRF2. 

Alternatively, by compromising the cellular proteostasis and redox balance, the 

absence of HSF1 and/or NRF2 may affect the catalytic function of thermodynamically 

unstable and/or redox-sensitive mitochondrial proteins indirectly. Finally, it would be 

very interesting to generate HSF1/NRF2-double knockout mice and, if they are viable, 

to examine their responses to stress of different types and performance in various 

models of human disease. 
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APPENDIX FIGURE 5.1A

Appendix Fig. 5.1A. In-cell western kinase inhibitor screen. MCF7 cells (1 x 104) were seeded in each
well of a 96-well plate, and 16 h after seeding, the cells were pre-treated with either the vehicle (0.1%

DMSO) or the kinase inhibitors (Aloisine or BIRB0796) dissolved in conditioned media for 1 h. Subsequently,

the cells were treated with either the vehicle or 20 μM PEITC dissolved in conditioned media for a further 3 h
and fixed immediately after treatment. The cells were subjected to the in cell western technique. The fixed

cells were incubated with HSF1 pS326 primary antibody. Following primary antibody incubation, the cells

were incubated with secondary goat anti-rabbit IRDye 680 nm (LiCOR) antibody. Subsequently, the 96-well
plate was scanned and quantified using the LI-COR® Odyssey® Infrared Imaging system. The background

values were obtained from wells which contained cells that were not incubated with the primary antibody but
were only incubated with the secondary antibody.
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APPENDIX FIGURE 5.1B

Appendix Fig. 5.1B. In-cell western kinase inhibitor screen. MCF7 cells (1 x 104) were seeded in each
well of a 96-well plate, and 16 h after seeding, the cells were pre-treated with either the vehicle (0.1%
DMSO) or the kinase inhibitors (CDK9-In or SB202190) dissolved in conditioned media for 1 h.
Subsequently, the cells were treated with either the vehicle or 20 μM PEITC dissolved in conditioned media
for a further 3 h and fixed immediately after treatment. The cells were subjected to the in cell western
technique. The fixed cells were incubated with HSF1 pS326 primary antibody. Following primary antibody
incubation, the cells were incubated with secondary goat anti-rabbit IRDye 680 nm (LiCOR) antibody.
Subsequently, the 96-well plate was scanned and quantified using the LI-COR® Odyssey® Infrared Imaging
system. The background values were obtained from wells which contained cells that were not incubated with
the primary antibody but were only incubated with the secondary antibody.
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Appendix Fig. 5.1C. In-cell western kinase inhibitor screen. MCF7 cells (1 x 104) were seeded in each
well of a 96-well plate, and 16 h after seeding, the cells were pre-treated with either the vehicle (0.1%
DMSO) or the p38 kinase inhibitor ZM336372 dissolved in conditioned media for 1 h. Subsequently, the cells
were treated with either the vehicle or 20 μM PEITC dissolved in conditioned media for a further 3 h and
fixed immediately after treatment. The cells were subjected to the in cell western technique. The fixed cells
were incubated with HSF1 pS326 primary antibody. Following primary antibody incubation, the cells were
incubated with secondary goat anti-rabbit IRDye 680 nm (LiCOR) antibody. Subsequently, the 96-well plate
was scanned and quantified using the LI-COR® Odyssey® Infrared Imaging system. The background values
were obtained from wells which contained cells that were not incubated with the primary antibody but were
only incubated with the secondary antibody.
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APPENDIX FIGURE 5.2

Appendix Fig. 5.2. PEITC activates p38 and JNK1/2 MAPK. MDA-MB-231 cells (2.5 x 105
per well) growing in 6-well plates were treated with vehicle (0.1% acetonitrile) or PEITC for
either 24 h (A) or for the indicated periods of time (B) and 3 h (C). The levels of HSF1, pS326
HSF1 Hsp70, the p38 isoforms α, β, Ɣ, and δ, phosphorylated p38 (pp38), phosphorylated
p38α (pp38α), JNK1/2, and phosphorylated JNK1/2 (JNK1/2), were detected by western blot
analysis. Experiment performed by Dr. Ana Risco and Dr. Ana Cuenda.
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