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Abstract 

Cancers must deregulate many cellular processes in order to promote growth and survival. 

As a consequence, this dysregulation causes a rise in oncogenesis-related stresses that 

cancer cells must tolerate through upregulation of stress support pathways. Genotoxic 

stress, any event that increases genomic instability, and proteotoxic stress, the 

perturbation of proteostasis, are amongst the most common stress phenotypes of cancer. 

The transcription factor HSF" coordinates a transcriptional response to proteotoxic stress, 

upregulating protein chaperones that guide correct protein folding and disassemble 

protein aggregates. Interestingly, HSF" appears to be important for oncogenesis, with an 

upregulation of HSF" observed in many cancers. However, many questions remain about 

how this upregulation occurs and why HSF" is needed for cancer cell survival. In this 

project, I focus on the interplay between the oncogene c-Myc and HSF". I show that HSF" 

is upregulated upon c-Myc activation, both as a consequence of an increase in proteotoxic 

stress but also through a direct transcriptional effect. Following this, I show an important 

role for HSF" in increasing the tolerance to c-Myc-induced DNA damage and replication 

stress. My work suggests that much of the genotoxic stress generated by c-Myc activation 

is the result of an increase in proteotoxic stress. This interplay between c-Myc and HSF" is 

exemplified by a dependence on HSF" for survival in c-Myc activated cells, demonstrating 

the importance of HSF" in supporting the oncogenic activities of c-Myc. This work has 

interesting implications for the development of cancer therapeutics, as exploiting the 

reliance on HSF" in c-Myc-driven cancers will lead to more selective treatments. 
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Impact Statement 

Cancer pathogenesis involves a series of mutagenic events that provides a cancer cell with 

a characteristic set of properties that aid in survival and growth. Commonly, mutations to 

oncogenes or tumour-suppressor genes allow for the acquisition of such characteristics. 

Unsurprisingly, therefore, much research has focused on the development of cancer 

therapeutics that target these specific gene mutations. However, many drugs taking this 

approach fail to reach the clinic due to problems of specificity or resistance, likely due to 

the large heterogeneity of cancer mutations inter- and intra-tumour. A therapy that is 

designed to target a particular pathway or gene may prove too specific for clinical use, 

especially as patient-specific tumour sequencing is not yet commonplace in the clinic. 

Therefore, an alternative strategy for cancer drug development must look to perturb 

essential steps of tumourigenesis that are shared amongst many tumour types. In recent 

years interest has grown in understanding the cellular stresses that cancer cells must 

tolerate to promote oncogenesis, termed the stress phenotypes of cancer. As cancer cells 

are subjected to much higher levels of cellular stress compared to non-cancerous cells, 

they become dependent on stress-tolerance pathways. This dependence can be exploited 

for the development of therapeutics that selectively kill cancer cells while sparing non-

cancerous cells.  

My thesis project focuses on two transcription factors, HSF" and c-Myc, which are 

classically associated with two of the stress phenotypes of cancer, proteotoxic stress and 

genotoxic stress, respectively. My work highlights the importance of HSF" in the tolerance 

of c-Myc-induced proteotoxic stress and genotoxic stress. Further, I show that much of 

the genotoxic stress generated by c-Myc activation can be attributed to an increase in 

proteotoxic stress. Importantly, I show that cells with silencing of HSF" are more sensitive 

to activation of c-Myc, demonstrating a therapeutic window for targeting HSF" in c-Myc-

driven cancers. This has important implications for the development of cancer 

therapeutics, providing us with novel strategies and targets in cancers associated with 

upregulation of c-Myc.  
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1. Introduction 

1.1. Cancer heterogeneity, targeted therapeutics and the stress 

phenotypes of cancer 
Cancer pathogenesis involves a series of mutagenic events that provides a cancer cell with 

a characteristic set of properties to promote the tumourigenic state. These hallmarks 

include unlimited proliferation potential, self-sufficiency in growth signals, evasion of 

apoptotic signals and the ability to invade and metastasise (Hanahan and Weinberg, #aaa, 

#a""). These characteristics are often acquired through gain-of-function mutations in 

oncogenes alongside loss-of-function mutations to tumour suppressor genes; indeed, 

cancers commonly have mutations in key genes including PI)K, PTEN, Ras, p1) and Rb 

(Luo et al., #aa`). However, work over the last decade has demonstrated the incredible 

heterogeneity of cancer mutations, both between cancers of different origins but also 

within the same tumour. The Cancer Genome Atlas Project, which aims to identify 

common genetic mutations through the sequencing of a large cohort of cancer samples, 

discovered that the majority of samples had distinctive genetic alterations that were not 

shared amongst other samples in the cohort (Chang et al., #a"=). The remarkable 

heterogeneity of cancer mutations provides a problem for the development of cancer 

therapeutics. A therapy that is designed to target a particular pathway or gene may prove 

too specific for clinical use. Instead, cancer therapies must aim to inhibit essential steps of 

tumourigenesis that are shared amongst many tumour types. This is exemplified by the 

use of chemotherapies such as cisplatin, which exploit the increased sensitivity of cancer 

cells to DNA damage. The key to more effective cancer therapeutics is therefore to identify 

and investigate additional hallmarks of cancer, such as the ‘stress phenotypes of cancer’ 

outlined by Luo et al. (#aa`), Figure ".". 

The stress phenotypes of cancer are a common set of oncogenesis-related cellular stresses 

that cancer cells must tolerate through stress support pathways. They include genotoxic 

stress, proteotoxic stress, mitotic stress, metabolic stress and oxidative stress. While genes 

that encode for proteins involved in the tolerance to these cancer-associated stresses are 

not classical oncogenes, they are required to support the oncogenic phenotype and 

therefore are an example of non-oncogene addiction. The nature of the tumourigenic state 

means that cancer cells are subjected to much higher levels of cellular stress compared to 

non-cancerous cells, and this can be exploited for the development of therapeutics that 

target cancer cells while allowing the survival of non-cancerous cells. Therapies could aim 
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to increase the existing cellular stress in order to overwhelm the stress-support pathways 

of the tumourigenic cells, or the activity of these support pathways could be reduced so 

that the cancer cells are no longer able to cope with that stress. In both cases this should 

lead to the selective killing of cancer cells.  

 

Figure 1.1: The stress phenotypes of cancer as additional cancer hallmarks. Model 
depicting the original six hallmarks of cancer, top, as proposed by Hanahan and Weinberg, 
alongside the stress phenotypes of cancer, bottom. Figure from (Luo et al., 2009). 

My thesis project focuses on two transcription factors, c-Myc and HSF", which are 

classically associated with genotoxic and proteotoxic stress, respectively. My thesis work 

highlights a potential interplay between these two proteins, improving our understanding 

of how cancer cells exploit these stresses and their support pathways for survival. I will 

start by discussing genotoxic stress, focusing particularly on cell cycle control and the 

DNA damage response, before moving onto proteotoxic stress and the support pathway 

mediated by HSF".  

1.2. Cell Cycle Control 
The cell division cycle couples the processes of DNA replication and chromosomal 

segregation to equally distribute a cell’s duplicated genetic material between two daughter 

cells (Norbury and Nurse, "``#). The phases of DNA replication (S phase) and mitosis (M 

phase) are separated by the two gap phases (G" and G#, respectively), with G"-S-G# 

collectively known as interphase. Progression through the cell cycle is regulated by the 

variable expression of cyclins and their partner cyclin-dependent kinases (CDKs) at the 

appropriate cell cycle phase. Control of cyclin-CDK expression is mediated by cell cycle-

dependent transcription, of which there are three main waves that coincide with cell cycle 

phase transitions; G"-S, G#-M and M-G" (Bähler, #aaP). Further checkpoint controls exist 
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to ensure that each phase of the cell cycle is completed before the next begins, preventing 

genomic instability (Sherr and Bartek, #a"^).  

1.2.1. Cell cycle entry 

During G" phase, the cell can choose to enter the cell cycle or exit into a non-proliferative 

state known as quiescence. Commitment to cell cycle entry is driven by activation of E#F-

dependent transcription, which is activated in G" phase and promotes S phase entry before 

becoming inactivated during S phase. Genes within the E#F transcriptional network 

include cell cycle and DNA replication control genes, as well as those required for growth 

and genome stability.  

Activation of E#F-transcription is triggered by growth signals and mitogens that promote 

expression of cyclin D and antagonise the actions of CDK inhibitors (CKIs), thereby 

leading to activation of G"-S-type CDK#. Upstream signalling depends on the MAPK 

pathway that feeds into c-Myc, a transcription factor that regulates many cell cycle-related 

genes. Within G", E#F-transcription is inhibited by the actions of Retinoblastoma protein 

(Rb). As the CDK# becomes more active, it inhibits Rb via phosphorylation, activating 

E#F-transcription. This results in a positive feedback loop; activation of E#F-transcription 

leads to an upregulation of cyclin E, which increases CDK# activity and therefore causes 

further repression of Rb, increasing E#F-transcription. Alongside this, an accumulation of 

cyclin A-CDK# complexes are required for initiation of DNA replication. E#F-

transcription-dependent accumulation of cyclin E-CDK# triggers inactivation of 

APC/CCDH, a G"-specific APC complex that degrades cyclin A. Upon E#F-transciption 

activation and APC/CCDH inactivation, cells can initiate DNA replication (Bertoli et al., 

#a"=; Matthews et al., #a#a).  

1.2.2. Entry into mitosis 

Transition from the G#-M checkpoint into mitosis is mediated by CDK" and its cyclin 

partners, cyclins B and A. Before mitosis, CDK" exists in an inactive state, with inhibitory 

phosphorylation of Tyr"P and Thr-"N mediated by the WEE" and MYT" kinases, 

respectively. Levels of cyclin B and CDK" rise during G# phase, eventually overcoming the 

WEE"-mediated inhibitory threshold and allowing active CDK" to inhibit WEE" via 

phosphorylation. Simultaneously, polo-like kinase " (PLK") activity increases, further 

inhibiting WEE" in a phosphorylation-dependent manner. PLK" also causes the activation 

of CDC#P, which removes CDK"’s inhibitory phosphorylations, promoting its activation 

and triggering entry into mitosis (Matheson et al., #a"U; Sherr and Bartek, #a"^).  
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1.2.3. Exit from mitosis 

During prometaphase, cyclin A is ubiquitinated by the APC/C complex, causing its 

proteasomal degradation. CDK" activity remains high, however, due to its interaction with 

cyclin B. The spindle assembly checkpoint (SAC) ensures the correct division of 

chromosomes between two daughter cells by monitoring the attachment of kinetochores 

to microtubules. Once the SAC is satisfied it is deactivated, and the cell commences 

division. APC/C ubiquitinates cyclin B, causing its degradation and the inhibition of CDK" 

activity. Simultaneously, APC/C triggers sister-chromatid separation, spindle elongation 

and actomyosin contractile ring formation, allowing cell division (Matthews et al., #a#a).  

1.2.4. Summary 

Above, I have outlined the signalling pathways involved in cell cycle control, from entry 

into the cell cycle through to exit from mitosis. To ensure the faithful duplication and 

segregation of DNA into two daughter cells, a number checkpoints within the cell cycle 

exist to preserve genomic stability. These checkpoints are discussed in more detail in the 

next section. 

1.3. Cell cycle checkpoints 
A number of checkpoints exist throughout the cell cycle which detect errors and arrest 

cell cycle progression, thereby allowing the cell time to repair errors and prevent their 

transmission to daughter cells. The major cell cycle checkpoints include the restriction 

point at the G"-S transition, the replication stress checkpoint during S phase, the DNA 

damage checkpoint during interphase and the spindle assembly checkpoint during M 

phase. The cell cycle checkpoint pathways are summarised in Figure ".#. I will start by 

discussing the DNA damage response, which compromises the DNA damage checkpoints 

that detect DNA lesions and the DNA repair pathways that resolve them.  

1.3.1. The DNA damage response 

The genetic material of a cell is consistently attacked by endogenous and exogenous 

sources which can promote DNA lesions. Acquisition of DNA lesions compromise the 

ability of a cell to pass on its DNA in an undamaged form to its daughter cells during the 

cell cycle. In order to prevent this, cells possess a number of processes that are able to 

quickly identify DNA damage, signalling its presence and promoting its repair whilst 

preventing cell cycle progression. This DNA damage response (DDR) is the cornerstone of 

a cell’s ability to suppress genomic instability, thereby preventing DNA mutation and 

ultimately, cell death.  
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1.3.2. Sources of DNA Lesions 

It is estimated that each cell in the human body acquires tens of thousands of DNA lesions 

per day (Jackson and Bartek, #aa`). DNA lesions can be acquired from a number of 

different sources, both internal and external to the cell. For example, environmental 

sources such as ultraviolet (UV) radiation from sunlight or genotoxic components of 

cigarette smoke can both generate high levels of DNA damage that lead to an increased 

risk of cancer (Hoeijmakers, #aa"). Some physiological processes within the cell will also 

cause DNA lesions. DNA replication itself is not an error-free process and can cause the 

introduction of DNA mismatches. Cellular processes can produce toxic by-products that 

can cause DNA lesions. For example, reactive oxygen species (ROS) are generated during 

oxidative respiration and can attack DNA to cause base loss, DNA breaks and impair base 

pairing (Jackson and Bartek, #aa`). Furthermore, the chemical bonds in DNA can 

spontaneously collapse due to hydrolytic reactions while spontaneous deamination can 

convert bases to miscoding forms (Hoeijmakers, #aa").  

A large range of DNA lesions can occur, including single- or double-strand DNA breaks, 

mismatched bases, modified bases or abasic sites. Depending on the type of lesion 

detected by the cell, a number of different DNA repair pathways can become activated in 

order to mediate repair.  

1.3.3. DNA repair pathways 

Several DNA repair pathways exist in cells in order to deal with the large variation in lesion 

type. These repair pathways can largely be separated into several distinct classes; 

nucleotide excision repair (NER), base excision repair (BER), mismatch repair (MMR), 

homologous recombination (HR) and non-homologous end joining (NHEJ).  

NER detects DNA helix distorting lesions that disrupt base pairing and can be divided into 

two subclasses; transcription-coupled NER that targets transcription stalling lesions, and 

global genome-NER. BER detects damaged bases, triggering their removal by a DNA 

glycosylase before a new base is inserted via the actions of nuclease, polymerase and ligase 

proteins. In MMR, mismatched bases are detected and removed via single-strand incision. 

HR and NHEJ are involved in the repair of DNA double-strand breaks (DSBs). HR is 

employed during S and G# phases, when DNA has been replicated and therefore provides 

a perfect sister-chromatid copy of the sequence with which to align the broken DNA. In 

contrast, the more error prone NHEJ can operate throughout the cell cycle, including in 

G" where it is the only DSB repair mechanism available. NHEJ detects DSBs via Ku protein 

that mediates a DNA-PKcs-dependent recruitment of DNA polymerases, ligases and end-

processing enzymes (Hoeijmakers, #aa"; Jackson and Bartek, #aa`).  
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1.3.4. DNA damage checkpoint 

DNA damage signalling functions in parallel to the DNA repair pathways to mediate lesion 

detection and repair. The main DNA damage sensor kinases are the phosphatidylinositol 

=-kinase (PI=K)-like kinase (PIKK) family members ataxia-telangiectasia mutated (ATM) 

and DNA-dependent kinase (DNA-PK). ATM and DNA-PK are involved in detection of 

DSBs. Upon DNA lesion detection, ATM and DNA-PK work with numerous partner 

proteins to arrest cell cycle progression at key checkpoints and promote recruitment of 

DNA repair proteins. Following successful DNA repair, DDR signalling is inactivated and 

cell cycle progression resumes. If the repair is unsuccessful, the DDR can promote cell 

death pathways via apoptosis or senescence to prevent genomic instability (Sherr and 

Bartek, #a"^).  

 

Figure 1.2: Cell cycle control pathways. A summary of the pathways controlling cell cycle 
progression, including the DNA damage responses and growth factor signalling in interphase, 
the replication stress response in S phase and the spindle assembly checkpoint in M phase. 
Figure adapted from (Matthews et al., 2020).  

ATM was first identified as the product of the gene that is mutated in the genetic disorder 

ataxia-telangiectasia (A-T). A-T is a genomic instability syndrome, characterised by 

extreme sensitivity to ionising radiation and DSB-inducing chemicals, thereby implicating 

ATM as an important player in the response to DSBs (Shiloh, #aa=). Indeed, following 

DSB formation, ATM is rapidly auto-phosphorylated to convert into an active monomer 
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form whereby it can mediate the phosphorylation of its downstream substrates. ATM 

recruitment to DSB sites is promoted in part by the activity of the MRN complex, which is 

composed of the MRE"", RADPa and NBS" proteins. After active ATM is recruited to DSBs, 

it can phosphorylate its downstream targets to co-ordinate the DDR (Goldstein and 

Kastan, #a"P).  

The key targets of ATM are the effector kinase Chk# and the transcription factor pP=, 

which has an important role in cell cycle checkpoint regulation. In G" phase, ATM and 

Chk# target pP= and MDM# in a series of modifications that lead to the stabilisation of 

pP=, which in turn increases transcription of p#", the inhibitor of CDK#. An increase in p#" 

levels leads to a downregulation of the CDK#-Cyclin E pathway that normally promotes 

G"-S transition, thereby causing G" arrest upon detection of DNA lesions. Upon DNA 

damage detection in S and G# phases, Chk# degrades CDC#P protein, thus reinforcing 

WEE"-dependent inhibition of CDK" and therefore preventing entry into mitosis. These 

checkpoints therefore prevent the accumulation and spread of genomic instability during 

the cell cycle (Kastan and Bartek, #aaN; Malumbres and Barbacid, #aa`).  

As well as regulating cell cycle checkpoints, activated ATM is involved in the recruitment 

of important DDR proteins. Phosphorylation of the histone variant H#AX at serine "=`, 

termed gH#AX, is one of the earliest events following DSB detection (Shiloh, #aa=). 

Indeed, gH#AX is localised at chromatin regions flanking DSB sites and is involved in the 

recruitment of other DDR factors, including the MRN complex and BRCA" (Celeste et al., 

#aa#). MDC" is another protein recruited by gH#AX to DSB sites. MDC" is important for 

the recruitment of further ATM and MRN proteins, thereby acting as a signal amplifier in 

response to DNA damage (Ciccia and Elledge, #a"a).  

Interestingly, mice with knockout of H#AX were viable and able to induce cell cycle 

checkpoints in response to irradiation treatment (Celeste et al., #aa#). However, these 

mice were sensitised to radiation, displaying increased chromosomal instability and repair 

defects. The authors found that mice lacking H#AX had less recruitment of DDR factors 

including BRCA" and P=BP". This suggests that gH#AX, while not required for DDR 

pathway activation, is important for the maintenance of DNA repair factors at sites of DNA 

damage. gH#AX-dependent recruitment of DDR proteins is thought to depend on the 

actions of several chromatin remodelling enzymes. For example, upon gH#AX-MDC" 

recruitment to DSBs, a KU= poly-ubiquitination cascade is initiated by the E= ubiquitin 

ligases RNF_, RNF"U_ and HERC# that is in turn recognised by a ubiquitin-interacting 

motif of RAP_a, which recruits the BRCA"-A complex (Kolas et al., #aa^; Doil et al., #aa`; 

Bekker-Jensen et al., #a"a).  
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1.3.5. The ATR-mediated replication stress checkpoint 

While ATM mediates the response to DSBs, another PIKK family member, ataxia-

telangiectasia and Rad=-related protein (ATR), is involved in the response to ssDNA. An 

accumulation of ssDNA typically occurs as the result of DNA replication stress (RS), 

defined as the slowing or stalling of replication forks that increases their susceptibility to 

DNA damage. RS can be caused by a variety of mechanisms, including disruption to 

replication initiation, deregulated DNA synthesis, or the blocking of replication forks by 

bulky DNA lesions. Importantly, the replication stress response responds to ssDNA, not 

DNA damage, and functions to prevent the generation of replication stress-induced DNA 

damage by pausing entry into mitosis, therefore allowing more time for replication to be 

completed successfully (Matthews et al., #a#a).  

Upon RS, replication protein A (RPA) binds to exposed ssDNA to act as a binding platform 

for ATR. RPA is able to recruit ATR via interaction with ATRIP (ATR-interacting protein) 

which exists in a complex with ATR (Zou and Elledge, #aa=). In addition, ssDNA-bound 

RPA is able to bind and activate the RAD`-HUS"-RAD" trimer (`-"-"), which is in complex 

with an ATR-activating protein, TOPBP", which is able to activate ATR kinase activity. Co-

localisation of `-"-" and ATR complexes at RPA-bound ssDNA causes activation of the 

ATR-mediated response, of which Chk" is a key substrate (Ciccia and Elledge, #a"a). 

ATR phosphorylates Chk" on Ser="^ and Ser=NP, thereby activating it. This activating 

phosphorylation is promoted by the adaptor protein Claspin and the Timeless-Timeless-

interacting protein complex (TIM/TPIN), which bring ATR and Chk" together at the 

replication fork (Cimprich and Cortez, #aa_). After Chk" is phosphorylated, it dissociates 

from chromatin in order to phosphorylate its targets. The replication stress checkpoint 

controls cell cycle progression through the restriction of CDK" activity. Upon ssDNA 

detection and Chk" activation, Chk" phosphorylates WEE", activating it, and CDC#P, 

triggering its proteasomal degradation. Subsequently, CDK" inhibition is increased 

through WEE"-mediated phosphorylation and a decrease in CDC#P-dependent removal 

of CDK"’s inhibitory phosphorylations, preventing entry into mitosis. Alongside an arrest 

in cell cycle progression, ATR-Chk" signalling promotes the recruitment of fork stability 

proteins to prevent replication fork collapse and inhibits the firing of new origins, thereby 

limiting the rate of replication and allowing replication forks to recover. If replication forks 

are stalled for an excessive amount of time, forks can collapse, leading to DSB formation. 

If this occurs, the ATM-mediated DNA damage checkpoint is activated to repair the 

damage (Cimprich and Cortez, #aa_; Ciccia and Elledge, #a"a; Matheson et al., #a"U; 

Sherr and Bartek, #a"^; Matthews et al., #a#a). 
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1.3.6. The spindle assembly checkpoint (SAC) 

The SAC ensures the faithful division of replicated DNA between two daughter cells so 

that each inherits a complete set of chromosomes. By detecting errors in kinetochore 

attachment that would lead to incorrect segregation of chromosomes, the SAC prevents 

genomic instability. The SAC is recruited to any kinetochores that are unbound to 

microtubules following phosphorylation by Aurora B and CDK", triggering the formation 

of the mitotic checkpoint complex (MCC; composed of MAD#, BUBR", CDC#a) that 

inhibits APC/C and therefore prevents the initiation of anaphase. Mitosis progression is 

inhibited by the SAC until bipolar spindle attachment has been successfully completed by 

all chromosomes. Once all kinetochores are attached and bi-orientated, a decrease in SAC 

activity leads to disassembly of the MCC, allowing CDC#a to activate APC/C and promote 

mitotic exit (Matthews et al., #a#a).   

1.3.7. The DNA damage response and cancer 

Cancer progression is driven by the generation of genomic instability. It is unsurprising, 

therefore, that many cancer-associated mutations affect components of the DNA damage 

response. When functioning, the DDR works as a tumourigenic barrier, preventing the 

accumulation of genomic instability and promoting cell death in cases where DNA damage 

is irreparable. Cancer cells with an impaired DDR, however, are able to circumvent these 

checkpoints, permitting the proliferation and subsequent spread of mutated cells. This is 

exemplified by the DDR syndromes, diseases caused by germline mutation of DDR 

components that typically predispose patients to cancer.  

For example, mutations to a single allele of the HR genes BRCA6 or BRCA7 increase the 

risk of developing breast cancer by roughly Na-_a% (Fackenthal and Olopade, #aa^). 

Similarly, ataxia telangiectasia, caused by mutations to ATM, predisposes patients to 

lymphomas, leukaemia and breast cancer (Ciccia and Elledge, #a"a). Indeed, it was found 

that "P% of sporadic human lung cancers had somatic ATM mutation (Ding et al., #aa_), 

highlighting the importance of an intact DDR in prevention of cancer. 

Therapeutically, exploiting cancers’ compromised DDR is an effective approach for cancer 

treatment. Indeed, most classical chemotherapies function by increasing cellular DNA 

damage levels. For example, DNA crosslinking agents such as cyclophosphamide and 

cisplatin have been used in the clinic since the late "`Pas (Goldstein and Kastan, #a"P). 

However, these treatments are not cancer-cell specific and also damage healthy cells, 

leading to severe side-effects for the patient, hence the desire for more targeted cancer 

therapeutics. As cancer cells experience higher levels of DNA damage compared to normal 

cells due to their compromised DDR, treatments that could prevent DNA damage repair, 
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by inhibition of the DDR in combination with standard chemotherapeutics, could lead to 

the selective killing of cancer cells. This is an example of a non-oncogene addiction 

treatment approach (Luo et al., #aa`). This idea has led to increased interest in the 

development of inhibitors of DDR components. Perhaps the most successful example of 

this approach is the development of poly(ADP-ribose) polymerase (PARP) inhibitors. 

PARP is a component of the ssDNA repair pathway and its inhibition prevents such repair, 

leading to replication fork collapse and DSB formation. Tumours with mutations to the 

BRCA genes, impairing DSB repair by HR, are therefore sensitised to PARP inhibition, 

while normal cells are not (Lord et al., #a"P; Sherr and Bartek, #a"^). Research efforts that 

increase our understanding of the DDR will therefore provide us with more potential drug 

targets in the fight against cancer.  

1.3.8. Summary 

The above has outlined the role of the DNA damage, replication stress and spindle 

assembly checkpoints in cell cycle control, which prevent the accumulation and 

inheritance of genomic instability during cell division. These checkpoints are part of an 

intricately coordinated signalling response, ensuring arrest of the cell cycle upon detection 

of problems such as DNA damage or replication stress. Unsurprisingly, cancer cells are 

particularly reliant on these signalling pathways due to their high genotoxic stress levels 

and genes within these pathways are frequently mutated in cancer (Luo et al., #aa`). 

However, many other cancer-associated stresses exist, including proteotoxic stress, which 

is the focus of the next section. 

1.4. The proteostasis network 
All biological processes within the cell are dynamic and require regulation to remain in a 

homeostatic state, ensuring fitness and survival (Cannon, "`=`; Dai, #a"_). Indeed, the 

proteome must be regulated by the proteostasis network, which coordinates the lifecycle 

of a protein from its synthesis to its degradation. The network is complex, comprising of 

the translation machinery which synthesises protein; molecular chaperones and co-

chaperones which facilitate protein folding, trafficking and disaggregation; and the 

protein degradation machineries of the ubiquitin-proteasome system and autophagy 

(Labbadia and Morimoto, #a"P). 

1.4.1. Molecular Chaperones    

Molecular chaperones, or heat shock proteins (HSPs), are one of the major components of 

the proteostasis network with a pivotal role in protein folding, but also assisting with 

macromolecular complex assembly and protein disaggregation, trafficking and 
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degradation (Kim et al., #a"=). More than #aa chaperones have been identified in humans 

and they can be classified into families based on sequence homology. There is a degree of 

disparity in the naming of the human chaperone genes, and as such I will be following the 

guidelines outlined by Kampinga et al. (#aa`), which categorises genes into the HSPA, 

HSPB, HSP`a, DNAJ, HSPH and Chaperonin families.  

Perhaps the most well understood molecular chaperones belong to the HSPA (HSP^a) and 

HSP`a families, which recognise exposed hydrophobic amino acid residues of client 

proteins and promote folding through repeated cycles of binding and release mediated by 

ATP hydrolysis (Kim et al., #a"=; Labbadia and Morimoto, #a"P). The functions of HSPA 

and HSP`a can be modified through interactions with co-chaperones, altering properties 

such as their client specificity. This is exemplified by the DNAJ family of chaperones that 

modulate the functions of HSPA via the binding of their J domain. For example, DNAJs 

can bring HSPA to different intracellular sites based on their localisation or bind and 

deliver clients to HSPA to promote specificity (Kampinga and Craig, #a"a). 

Other chaperones are ATP-independent, such as the HSPB (small HSP) family. HSPBs are 

thought to function as protein aggregation buffers by forming oligomers that can trap 

aggregation-prone folding intermediates, maintaining them in a conformation that aids 

their refolding with the help of other chaperones (Haslbeck et al., #aaP). Finally, 

chaperonins are large double-ringed structures that are able to capture misfolded protein 

and provide an environment that is conducive to protein refolding without the unwanted 

formation of aggregates. The chaperonins include HSPD, which has mitochondrial-

specific functions, and the CCTs, which predominantly promote folding of cytoskeletal 

components (Kim et al., #a"=).   

1.4.2. Protein degradation 

Ultimately, not all proteins can be rescued from misfolded or aggregated states and must 

be guided by chaperones towards protein degradation pathways, which serve to remove 

dysfunctional proteins thereby preventing disruption of proteostasis. The proteostasis 

network contains two key pathways for protein degradation; the ubiquitin-proteasome 

system (UPS) and autophagy.  

The proteasome contains two major components, the #aS proteolytic chamber and the 

"`S regulatory subunit. Target proteins are modified in a process termed ubiquitination 

that attaches chains of the small protein ubiquitin via a cascade of E" ubiquitin-activating 

enzymes, E# ubiquitin-conjugating enzymes, and E= ubiquitin ligases. Ubiquitylated 

proteins can be trafficked by molecular chaperone complexes to the proteasome, which 
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has cytosolic or nuclear localisation. These poly-ubiquitylated substrates are recognised 

by the proteasome "`S subunit, eventually leading  to their entry into the proteolytic core 

where they are degraded into peptides (Finley, #aa`; Labbadia and Morimoto, #a"P). 

Alongside the UPS, eukaryotes also possess the autophagy pathway for degradation of 

proteins. The lysosome is a membrane-bound organelle that contains a number of 

proteases with low specificity, allowing for the degradation of most cytoplasmic proteins. 

Autophagy is the process by which proteins are taken up into the lysosome, and typically 

involves the unspecific engulfment of portions of the cytoplasm or organelles into double-

membrane vesicles known as autophagosomes. Autophagosomes can then be trafficked to 

the lysosome where they merge with the lysosome membrane, thus releasing their 

contents for degradation (Lane and Mannack, #a"P). Autophagy therefore complements 

the UPS, providing a non-specific protein degradation pathway, which also permits 

degradation of cargo that is too big for the proteasome core (Finley, #aa`).  

1.5. The Heat Shock Response 
Disruption to proteostasis generates proteotoxic stress and triggers stress response 

pathways which work to counter stress and restore equilibrium. A number of pathways 

exist in cells including the unfolded protein responses (UPRs) in the mitochondria and 

endoplasmic reticulum, as well as the heat shock response (HSR). The HSR is a 

transcriptional programme characterised by the induction of HSP genes and is controlled 

by a family of transcription factors, known as heat shock factors (HSFs), that activate the 

response following an increase in proteotoxic stress (Lindquist, "`_U; Dai, #a"_).  

Whilst a single HSF exists in yeasts and invertebrates, nine HSF paralogs have been 

identified in vertebrates; HSF"-P, and the sex chromosome linked HSFX"/#, Y"/# (Åkerfelt 

et al., #a"a). In mammals, HSF" is thought to be the master regulator of the HSR 

(Morimoto, #a""). This was demonstrated by a series of publications that showed loss of 

induction of the HSR following heat stress in mice with deletion of Hsf6, but a retention 

of the response in mice with loss of Hsf7 or Hsf; (Xiao et al., "```; Zhang et al., #aa#; 

Paslaru et al., #aa=; Fujimoto et al., #aa_). While not essential for the induction of the 

HSR it is thought that HSF# can bind to HSF" to modulate its functions (Östling et al., 

#aa^), while HSF= can regulate the stress-induced expression of non-HSP genes in mice 

(Fujimoto et al., #aa`), and HSFN is essential for mouse lens development (Fujimoto et 

al., #aa_), suggesting these paralogs are also of importance to the cell. However, HSF" 

remains the best studied of the HSFs and its central role in regulation of HSR makes it the 

focus of this thesis.  
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HSF" is constitutively expressed in most tissue and cell types and is primarily regulated by 

post-translational mechanisms. Under basal conditions, HSF"’s DNA-binding and 

transactivating capacity are inhibited and most HSF" exists as inert monomers. Following 

proteotoxic stress, HSF" is converted into a transcriptionally active form by a series of 

events including its trimerisation, gain of DNA-binding activity, nuclear accumulation and 

post-translational modification (Anckar and Sistonen, #a"").  

1.5.1. Structure and function of HSF1 

HSF" is structurally composed of several functional elements including DNA-binding, 

oligomerisation, transactivation and regulatory domains that are depicted in Figure ".=. 

The N-terminal DNA-binding domain (DBD) is highly conserved and is contains a winged 

helix-turn-helix that is thought to stabilise DNA bound HSF" trimers (Littlefield and 

Nelson, "```). Trimeric HSF" binds to inverted repeats of the sequence nGAAn, called heat 

shock elements (HSEs), with the DBD of each HSF" monomer recognising the HSE in the 

major groove of the DNA helix (Anckar and Sistonen, #a""). While monomeric HSF" has 

low affinity for HSEs, this is increased around #aaa-fold for trimeric HSF" (Xiao et al., 

"``"). Genome wide analyses of HSF" target promoters has revealed a preference for at 

least three nGAAn repeats, with some genes also containing more than one HSE to allow 

binding of multiple HSF" trimers (Kroeger and Morimoto, "``N). Upon DNA binding, HSF" 

can recruit the positive transcription elongation factor P-TEFb to phosphorylate paused 

RNA polymerase II (RNAP II) at the proximal promoters of HSP genes, releasing RNAP II 

pause and triggering transcription elongation (Anckar and Sistonen, #a"").  

Oligomerisation of HSF" is mediated by the hydrophobic leucine-zipper-like heptad 

repeats (HR-A/B) that are located adjacent to the DBD. A third heptad repeat, HR-C, is 

found in the C-terminus of HSF" and provides an intramolecular interaction site to repress 

spontaneous oligomerisation (Joutsen and Sistonen, #a"`). Upon temperature increase, 

HR-C unfolds and permits the stabilisation of HR-A/B and therefore the oligomerisation 

of HSF" in response to heat shock (Hentze et al., #a"U).  

While the DBD and oligomerisation domain allow for HSF" to trimerise and bind to HSEs, 

target gene expression requires the C-terminal transactivation domain (TAD) and 

regulatory domain (RD). The TAD acts as an interaction site for cofactors and chromatin 

remodelers, and can stimulate transcription initiation and elongation in vitro (Sullivan et 

al., #aa"). Under basal conditions the TAD is repressed by the RD, which has intrinsic 

heat-sensing ability (Newton et al., "``U) and is the site of the majority of HSF"’s post-

translational modifications that are thought to be important for the modulation of its 

activity (Joutsen and Sistonen, #a"`), described below.  
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Figure 1.3: HSF1 structure. Cartoon depicting the domain organisation of HSF1 including the 
DNA-binding domain (DBD), hydrophobic heptad repeat domains (HR-A/B,C) which mediate 
oligomerisation, transactivation domain (TAD) and regulatory domain (RD). Also shown are the 
known sites of post-translational modifications that modulate HSF1 function. Figure adapted 
from (Joutsen and Sistonen, 2019).  

1.5.2. Regulation of HSF1 by post-translational modifications 

HSF" undergoes extensive regulation through post-translational modifications (PTMs) 

and interactions with cofactors that have been shown to regulate all stages of the HSF" 

activation cycle. HSF" undergoes a broad range of PTMs including phosphorylation, 

acetylation, ubiquitination and sumoylation, with known sites of modification depicted in 

Figure ".=.  

The hyperphosphorylation of HSF" was thought to be important for its activation, as it 

occurs following heat shock and coincides with its DNA-binding and transcriptional 

activities (Cotto et al., "``U). At least #= phosphorylation target sites have been identified 

for HSF", most of which are located in the RD. Interestingly, mutagenesis studies found 

that mutation of most of the phosphorylation targets did not impair HSF"’s transactivation 

capacity, with the exception of S=#U (Guettouche et al., #aaP), suggesting that 

phosphorylation may instead play a role in the fine-tuning of HSF"’s activity (Joutsen and 

Sistonen, #a"`). This was recently shown in budding yeast, where cell-to-cell variation in 

HSF" phosphorylation conferred antifungal resistance via expression of an HSP`a paralog 

(Zheng et al., #a"_). Furthermore, some phosphorylation target residues are thought to 

have an inhibitory effect on HSF", including at S=a= and S=a^. Phosphorylation of these 

residues was shown to inhibit HSF" under basal conditions, while these modifications were 

removed following heat shock (Wang et al., #aa=).  

A mechanism for the inhibitory phosphorylation of HSF" was proposed when it was shown 

that phosphorylation of S=a= could act as a priming signal for the sumoylation of K#`_, 

and that this phosphorylation-dependent sumoylation acts as a negative regulator of HSF" 

activity. SUMO proteins are known repressors of transcription, and desumoylation of HSF" 

was shown to occur following heat shock (Hietakangas et al., #aaU). The mode of action 
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that causes HSF" sumoylation to lead to repression of transcriptional activity has yet to be 

determined. Sumoylation was not found to affect HSF" localisation or degradation, but the 

recent identification of sumoylation target sites within the DBD and HR-A/B domains 

suggests a role within oligomerisation and transactivation of HSF" (Hietakangas et al., 

#aa=, #aaU; Hendriks et al., #a"^).  

HSF" can also be acetylated and ubiquitinated. Acetylation of HSF" appears to have 

multiple roles, as acetylation of K#a_ and K#`_ promotes HSF" stabilisation under basal 

conditions, and acetylation at the DBD releases HSF" from the DNA during acute stress 

(Raychaudhuri et al., #a"N). With regards to ubiquitination, the ubiquitin ligases NEDDN 

and FBXW^ can directly interact with HSF", and the interaction with FBXW^ leads to 

HSF"’s degradation by the proteasome (Kourtis et al., #a"P). Therefore, the degradation of 

HSF" may also be an important step in the regulation of its activity and for attenuation of 

the HSR.  

1.5.3. Negative regulation of HSF1 by molecular chaperones 

Alongside PTMs, HSF" is also regulated post-translationally by its interactions with 

cofactors including HSPs. The chaperone titration model proposes that under basal 

conditions with low levels of stress, HSF" interacts with chaperones to maintain its 

repression and cytosolic localisation. Upon proteotoxic stress these chaperones are 

titrated away from HSF" in order to bind to protein aggregates, therefore allowing HSF" to 

initiate its activation cycle of oligomerisation, nuclear localisation and transcriptional 

activation. When proteostasis is restored, chaperones are once again free to inactivate 

HSF", thereby completing the negative feedback loop (Figure ".N).  

The model was first established in prokaryotes, where the HSPA homologue DnaK 

repressed a heat shock transcription factor through binding; when levels of DnaK became 

limited the transcription factor could accumulate and initiate a HSR (Bukau and Walker, 

"``a). Further studies in yeast and humans have confirmed the role of HSPA in forming a 

negative feedback loop with HSF" that controls the HSR. For example, HSPA and HSF" 

have been shown to directly interact under basal conditions, and this interaction is lost 

under heat shock (Zheng et al., #a"U; Masser et al., #a"`). HSP`a has also been implicated 

in the titration model, as it is able to bind to HSF" and its deletion induces HSF" activation, 

however the mechanism is less well studied (Zou et al., "``_; Kim et al., "```).  
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Figure 1.4: Chaperone titration model of HSF1 activation. (1) Under basal conditions, HSF1 
exists as an inactive monomer, repressed by its own transcriptional targets, heat shock proteins 
(HSPs). (2) Proteotoxic stressors such as heat shock titrate away the repressive HSPs and 
trigger the release of monomeric HSF1. (3) HSF1 can then trimerise, translocate into the 
nucleus and undergo post-translational modifications including phosphorylation. Once bound to 
heat shock elements (HSEs) on the DNA, activated HSF1 can trigger transcription of target 
genes. (4) HSPs bind to misfolded protein to aid in refolding or degradation. (5) Once 
proteostasis is restored, HSPs are once again free to bind to HSF1, repressing its activity.  

Alongside chaperones, HSF" is also able to bind to other cofactors that further regulate its 

activity. For example, a number of chromatin remodelers have been shown to interact with 

HSF", including RPA-FACT, PARP" and BRG", which are thought to promote access to 

DNA and therefore facilitate DNA-binding and transactivation of HSF" (Fujimoto et al., 

#a"#; Takii et al., #a"P; Fujimoto et al., #a"_).    

While HSF" is predominantly regulated post-translationally, emerging evidence has 

proposed a role for transcriptional regulation of HSF". In many human cancers, levels of 

HSF6 mRNA and protein are increased, with gene amplification suggested to be an 

underlying mechanism (Dai et al., #a"#; Santagata et al., #a""; Tang et al., #a"P; Powell et 

al., #a"U). Furthermore, a role for RNA splicing in HSF"’s regulation was shown in a paper 

investigating the splicing factor SF=B" (Guisbert and Guisbert, #a"^). Therefore, while 

regulation of HSF" at the point of activation is well established, it appears that other 

mechanisms may be in place to regulate HSF" transcriptionally, particularly in the context 

of cancer. Indeed, HSF" appears to have a unique functional role within cancer, which is 

the focus of the next section.  

1.6. HSF1 and cancer 
Research over the last few decades has built up our understanding of the HSR’s role in 

biology, with the function of HSF"’s downstream expression of HSPs shown to be 
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important in health and disease states. For example, in a mouse model of Huntington’s 

disease, Hsf6 deletion increased the aggregation of pathogenic huntingtin protein in the 

brain and decreased animal survival (Fujimoto et al., #aaP). Similarly, activation of HSF" 

via HSP`a inhibition could rescue synaptic dysfunction and memory loss in a mouse 

model of Alzheimer’s disease (Wang et al., #a"^). As well as neurodegenerative disorders, 

HSF" is thought to have a beneficial role in the prevention of metabolic diseases such as 

diabetes mellitus and in rare diseases that are caused by misfolding of specific mutant 

proteins (Labbadia and Morimoto, #a"P; Su and Dai, #a"U). 

In contrast to its beneficial role in prevention of these diseases, HSF" is thought to have a 

vital role in promoting oncogenesis. This unexpected role of HSF" was demonstrated by 

two landmark papers from #aa^, which used Hsf6 knockout mouse models to study the 

role of the HSR in cancer. Loss of HSF" was shown to suppress chemical skin 

carcinogenesis and tumourigenesis driven by mutations to the tumour suppressor pP=, as 

well as the development of lymphomas in p1)-/- mice (Dai et al., #aa^; Min et al., #aa^). 

These studies revealed the pivotal role of HSF" in enabling tumourigenesis and were 

followed up by further studies using xenograft mouse models and in vitro cancer cell lines. 

For example, knockdown of HSF" impaired the growth and metastatic activity of 

xenografted human hepatocellular carcinoma in immunocompromised mice (Fang et al., 

#a"#) and impaired survival of a panel of cancer cell lines including breast, cervical and 

prostate cancer cells (Dai et al., #aa^). Interestingly, knockdown of HSF" did not affect 

non-transformed cells, indicating that cancers possess higher intrinsic proteotoxic stress 

levels and may develop a non-oncogene addiction to the HSF" pathway (Luo et al., #aa`).   

HSF"’s role in supporting cancer progression was compounded by the finding that 

expression of HSF" is elevated across a broad spectrum of cancer types including breast, 

cervix, colon, liver, lung, pancreas and prostate carcinomas as well as meningioma, 

multiple myeloma and T-ALL (Dudeja et al., #a""; Santagata et al., #a""; Fang et al., #a"#; 

Mendillo et al., #a"#; Heimberger et al., #a"=; Kourtis et al., #a"P). However, within cancers 

there appears to be heterogeneity in HSF" expression. For example, within a cohort of 

breast cancer patients, HSF" expression was either high (~Pa% samples), weak (=a%) or 

negative (#a%) and higher expression of HSF" correlated with reduced patient survival 

(Santagata et al., #a""). This highlights the complexity of HSF"’s role within oncogenesis 

and the importance of improving our understanding of how it becomes activated and 

functions in cancer.  
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1.6.1. Cancer cells harbour proteotoxic stress to cause downstream HSF1 

activation 

Much work in recent years has sought to deepen our understanding of how HSF" can 

become activated in cancer. The simplest explanation is that cancer cells experience high 

levels of proteotoxic stress that will activate HSF" via the canonical chaperone titration 

model described above (section Error! Reference source not found.). Indeed, 

proteotoxic stress is one of the established stress phenotypes of cancer, with cancer cells 

known to generate proteotoxic stress in a number of ways. Firstly, cancer cells are known 

to increase protein translation rates in order to satisfy the anabolic demands of 

transformation and increased proliferation, and many oncogenic pathways converge on 

the ribosome to regulate its functions (Silvera et al., #a"a; Truitt and Ruggero, #a"U). A 

paper from #a"= demonstrated the tight coordination between protein translation 

machinery and activation of HSF" by showing that inhibition of protein synthesis with the 

drug cycloheximide could inactivate HSF"’s transcriptional response (Santagata et al., 

#a"=).  

Cancer also increases the occurrence of aneuploidy, which in turn can generate 

proteotoxic stress. Supporting this, aneuploid yeast strains have increased levels of protein 

aggregation and increased sensitivity to heat shock or proteasome inhibition (Torres et al., 

#aa^; Oromendia et al., #a"#). Moreover, changes in the tumour microenvironment such 

as hypoxia and acidosis can disturb proteostasis (Luo et al., #aa`). Proteins within cancer 

cells can become damaged due to the overproduction of reactive oxygen species (ROS) 

that leads to their oxidative damage (Sabharwal and Schumacker, #a"N), while genetic 

mutations can lead to mutant oncoprotein conformations that are unstable and require 

the support of HSPs (Reva et al., #a"").   

Taken together, it is clear that oncogenesis can generate proteotoxic stress in numerous 

ways and therefore cause downstream activation of the HSR. However, attention has 

recently turned to the mechanisms by which cancers are able to activate HSF" directly, 

without requiring an increase in proteotoxic stress. 

1.6.2. Oncogenic signalling can directly activate HSF1   

Oncogenic signalling pathways have been implicated in the direct modulation of HSF" 

activity. For example, the oncogenic driver of a subtype of breast cancer, HER7, activates 

phosphoinositide-=-kinase–protein kinase B (PI=K/AKT) signalling, in turn causing the 

inactivation of glycogen synthase kinase-= beta (GSK=B) that can normally phosphorylate 

HSF" at S=a=/=a^ to inhibit its activity (Chu et al., "``_). Additionally, PI=K/AKT 

signalling activates mammalian target of rapamycin (mTOR), which in turn can 
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phosphorylate HSF" at S=#U to drive its activation (Chou et al., #a"#). Together, therefore, 

HER# is able to promote HSF" activity. Indeed, the importance of this signalling cascade 

in breast cancer was shown in HER#-positive mouse models, where HSF" enabled tumour 

formation, vascularisation and metastasis (Gabai et al., #a"#; Xi et al., #a"#).  

RAS/Mitogen activated protein kinase (RAS/MAPK) signalling can also be commonly 

upregulated in cancer, with RAS mutations occurring in up to =a% of all human cancers 

(Cox et al., #a"N). Mutations to RAS activate the downstream effector MEK, which can 

phosphorylate HSF" at S=#U, promoting HSF" activation (Tang et al., #a"P). In addition, 

loss of the tumour suppressor neurofibromatosis type " (NF") also activates RAS and 

increased HSF" transcriptional activity in mouse embryonic fibroblasts (Dai et al., #a"#). 

Alongside NF", loss of other tumour suppressor genes has also been shown to modulate 

HSF" activity. For example, the tumour suppressor liver kinase B" (LKB") normally 

activates AMP-activated protein kinase (AMPK) in response to metabolic stress, and 

AMPK inhibits HSF" downstream of this by phosphorylation of S"#". Loss of AMPK was 

shown to increase HSF" activation and  promote the invasion and migration of pancreatic 

ductal adenocarcinoma in mouse models (Chen et al., #a"^). 

As noted in the introduction to section ".U, many cancers overexpress HSF" at the mRNA 

and protein level. This could be mediated by several mechanisms, including an increase 

in gene copy number, as HSF" sits within one of the most frequently amplified 

chromosomal regions across cancer (Zhang et al., #a"^). Alternatively, reducing the 

protein degradation rate of HSF" could also raise its protein levels. The E= ubiquitin ligase 

FBXW^, which is frequently mutated in cancer, can ubiquitinate HSF" thereby targeting it 

for degradation via the UPS (as described in section ".P.#). In a xenograft model, loss of 

FBXW^ led to nuclear accumulation of HSF" and raised the metastatic potential of human 

melanoma cells (Kourtis et al., #a"P). Finally, increased expression of HSF" was shown to 

be driven by the oncogene NOTCH" in T cell acute lymphoblastic leukaemia (T-ALL). 

NOTCH" could bind directly to the promoter of HSF", increasing its transcription and 

subsequently raising levels of HSPs downstream of this. Loss of HSF" prevented the 

development of leukaemia in mouse models of T-ALL, showing the importance of the 

NOTCH"-HSF" interaction for cancer progression (Kourtis et al., #a"_). This finding 

introduces a novel HSF" activation method whereby oncogenes can bind directly to HSF" 

and HSP gene promoters, although it remains to be seen if other oncogenes can also 

facilitate HSF" activation in this way.  
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The pathways described above highlight several mechanisms by which cancer cells can 

increase activation of HSF", with the number of pathways implicated rapidly increasing as 

further research into this area develops. The diversity and complexity of mechanisms put 

in place by cancers to increase HSF" activity clearly demonstrates their reliance on its 

function for supporting oncogenesis, and I will elaborate on how HSF" does this in the 

next section.  

1.6.3. How does HSF1 promote oncogenesis? 

While HSF" is classically known for its role in regulating a transcriptional network of HSPs 

in response to proteotoxic stress, a landmark paper from #a"# showed that HSF" drives a 

distinct transcriptional programme in cancers, regulating cancer specific genes to promote 

oncogenesis (Mendillo et al., #a"#). HSF"’s cancer programme upregulates genes involved 

in processes including cell-cycle regulation, signalling, metabolism, DNA repair, adhesion 

and translation. While HSP genes are essential for this cancer programme, it also includes 

genes not previously implicated as important for HSF"’s pro-tumourigenic role. In the 

following section I will highlight some of the processes that can be regulated by HSF" and 

its downstream cancer programme in order to promote oncogenesis, summarised in 

Figure ".P.  

 

Figure 1.5: Roles of HSF1 in supporting cancer survival. As well as coordination of the 
proteotoxic stress response, HSF1 is thought to have roles in a variety of other processes, 
depicted here, which aid in cancer cell survival.  

1.6.3.1 Programmed cell death 

HSF" can aid in the avoidance of programmed cell death and senescence, which cancer 

cells must escape in order to become immortal and to allow continuous proliferation. HSF" 

increases expression levels of HSPA, HSPB and HSP`a that have all been shown to 

suppress programmed cell death signals (Prince et al., #a#a). For example, HSPA and its 

nucleotide exchange factor BAG= can interact with BCL#, an anti-apoptotic factor, 

preventing its degradation and thereby reducing levels of apoptosis in a colon cancer cell 

line (Jacobs and Marnett, #aa`). Further, HSF" can bind and supress transcription of the 

pro-apoptosis gene XAF6 in gastrointestinal cancer cells, promoting cytopotection under 
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conditions of stress (Wang et al., #aaU). In agreement with a role for HSF" in 

downregulating apoptosis, inhibition of HSF" in chronic lymphocytic leukaemia cells or 

Neu+ mice lacking Hsf6 induces apoptosis (Xi et al., #a"#; Frezzato et al., #a"`). HSF" also 

appears to have substantial interplay with the senescence pathways, as deletion of HSF" in 

human diploid fibroblasts could induce senescence in a pathway involving the tumour 

suppressor pP= (Oda et al., #a"_). Downstream expression of the HSF" targets may be 

implicated in this, as HSPA"A appears to critical for inhibiting both pP=-dependent and 

independent senescence programmes upon oncogene expression (Gabai et al., #aa`).  

1.6.3.2 Cell cycle progression 

One of the hallmarks of cancer is the loss of cell cycle control that allows for continued 

cell cycle progression and cell proliferation. Once this is perturbed, cancer cells can 

accumulate advantageous genetic mutations at a faster rate due a decrease in the accuracy 

of DNA replication and mitosis (Hanahan and Weinberg, #a""). To this end, HSF" has been 

reported to influence cell cycle progression, with some of the genes identified within the 

HSF" cancer programme being associated with the cell cycle, including CDCC, CKS6B, and 

CKS7 (Mendillo et al., #a"#). In particular, HSF" seems to be essential for normal 

progression of mitosis. During metaphase HSF" is localised at the spindle poles and must 

be degraded by the ß-TrCP complex to allow transition to anaphase (Lee et al., #aa_a). 

However, it was shown that in cells lacking pP=, HSF" can be phosphorylated by PLK" to 

induce binding to the APC activator CDC#a, an interaction that blocks its degradation 

and therefore leads to defective mitotic progression and increased aneuploidy. In support, 

a recent proteomics screen identified CDC#a as an interaction partner of HSF" (Burchfiel 

et al., #a#a). Interestingly, it was also shown that knockdown of HSF" also leads to mitotic 

defects, suggesting HSF" is functionally required in early mitosis before its degradation 

(Kim et al., #aa`).  

1.6.3.3 DNA damage response 

Aberrant cell cycle progression may also be due to impaired checkpoint responses, 

including the DNA damage checkpoints. Loss of HSF" was shown to make cells more 

sensitive to ionising radiation, which induces DNA damage (Li and Martinez, #a""). While 

control cells arrested in G# following induction of DNA damage, cells lacking HSF" 

continued to progress into mitosis, suggesting an impaired G#-M checkpoint. Repair of 

DNA damage was also slowed in cells without HSF", and this could be restored by 

overexpressing HSF". The group found that P=BP" formation, which can be used as a 

marker of DNA repair foci in G", was much reduced in HSF" negative cells. They 

hypothesised that a chaperone downstream of HSF" could be involved in the stabilisation 
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of P=BP", allowing it to bind to sites of DNA strand breaks and activate DNA repair 

mechanisms.  

HSF" was found to exist in a complex with PARP", a polymerase involved in DNA repair, 

and the scaffold protein PARP"= (Fujimoto et al., #a"^). PARP" is one of the first signalling 

proteins recruited to DNA breaks, and aids in the recruitment of DNA repair factors 

including P=BP" and RADP". This work showed that HSF" is required for the pre-

recruitment of PARP" to chromatin, allowing its redistribution to DNA lesions following 

damage. Loss of HSF" or PARP"= reduced levels of the DNA damage marker gH#AX and 

lowered recruitment of RADP" and P=BP". HSF" loss also reduced clonal survival of cells 

treated with the DNA damage-inducing agent doxorubicin. Another study from the same 

group revealed crosstalk between genotoxic and proteotoxic stress mediated by the HSF"-

PARP"-PARP"= complex (Fujimoto et al., #a"_). They found that this complex could bind 

to the HSPA"A promoter to promote its expression during the heat shock response, as 

PARylation of its promoter increases HSF" binding affinity. Pre-treatment with genotoxic 

stress-inducing agents caused PARP" to dissociate from HSF" and reduced HSP expression 

following heat shock. This could be one mechanism to explain the historical observation 

that DNA damage-inducing chemotherapies have increased anti-tumour effects after 

combination with hyperthermia treatment (Overgaard, "`^U; Issels, "```).   

Logan et al. (#aa`) presented a novel interaction between HSF" and pP= that is important 

following DNA damage. Firstly, they showed via co-immunoprecipitation that while HSF" 

could pull down pP= at low levels under basal conditions, interaction was greatly increased 

following treatment with DNA damaging agents such as doxorubicin. Importantly, the 

HSF"-pP= interaction was not increased by heat shock or inhibition of HSP`a, suggesting 

that the interaction was not mediated by proteotoxic stress but instead a genotoxic specific 

response. They found that HSF" could co-immunoprecipitate with or without doxorubicin 

treatment with the replication stress response kinases ATR and Chk", which are known to 

phosphorylate pP=, and that loss of HSF" reduced levels of pP= phosphorylation. They 

therefore proposed a model whereby HSF"-Chk"-ATR form a steady state complex that can 

interact with pP= in response to DNA damage to effect pP= phosphorylation. However, 

this study could not rule out the possibility of HSPs working downstream of HSF" also 

being involved in pP= stabilisation and activation.  

Indeed, evidence is growing for the role of HSPs in maintaining an intact DDR, with 

interactions observed with important pathway components (Sottile and Nadin, #a"_; 

Dubrez et al., #a"`). Firstly, chaperones can interact with some of the major effectors of 

the DDR. HSP`a can bind with Chk" in immunoprecipitation experiments, while the 
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HSP`a inhibitor "^-allylamino-"^-demethoxygeldanamycin ("^-AAG) could induce 

depletion of Chk" and increase sensitivity of cancer cells to the chemotherapy gemcitabine 

(Arlander et al., #aa=). HSPB" is thought to interact with ATM, as inhibition of HSPB" 

lowers ATM and Chk# phosphorylation following radiation treatment and impairs double 

strand break repair, assessed by accumulation of gH#AX (Guttmann et al., #a"=). gH#AX 

itself is thought to be stabilised in part by HSP`aAA", as levels of phosphorylated 

HSP`aAA" correlated with gH#AX in response to DNA damage, and its knockdown 

reduced gH#AX foci formation in response to irradiation (Quanz et al., #a"#).  

HSPs also have purported roles in excision repair pathways. HSPA"A is thought to play an 

important role in BER. It binds to the key repair endonuclease HAP" to enhance its activity 

up to "aa-fold, while also stimulating repair by Polb (Kenny et al., #aa"; Mendez et al., 

#aa=). Knockdown of HSPA"A prevents BER following ionising radiation, and this can be 

rescued by introduction of recombinant HSPA"A (Bases, #aaU). Chaperones have also 

been implicated in MMR, with HSPB" associating with MSH# and MLH" from the MMR 

system in human peripheral blood mononuclear cells and colon cancer cell lines (Nadin 

et al., #aa^; Sottile et al., #a"P). However, the molecular mechanisms of these interactions, 

and therefore the precise role of the chaperones in MMR, have not yet been elucidated. 

With respect to NER, HSPB" was shown to be involved in the repair of DNA damaged 

induced by UV light, which causes lesions that are mainly repaired by NER. In human 

fibroblastic cells with upregulated HSPB", removal of UV-damaged DNA was elevated 

compared to control, with HSPB" downregulation causing a suppression of the repair 

process (Wano et al., #aaN). Similarly, overexpression of HSPA"A in human bronchial 

epithelial cells improved the DNA repair capacity of BPDE-DNA adducts, which mostly 

occurs through NER, while another study showed co-localisation of HSPA"A with the NER 

proteins XPA and XPG (Yang et al., #aa`; Duan et al., #a"N).   

There is also mounting literature to support the role of HSPs within DNA double strand 

break repair via the NHEJ and HR pathways. A yeast two-hybrid screen revealed 

interactions between HSPB" and the NHEJ component KU_a. They found that knockdown 

of HSBP" in prostate cancer cells led to more efficient repair of DSBs induced by the 

antibiotic Zeocin and proposed that cancers overexpressing HSPB" could sequester KU_a 

from DSBs, leading to DSB accumulation that confers a survival advantage for cancer cells 

(Katsogiannou et al., #a"N). Within HR, HSP`a is known to bind to the MRN complex, 

with pharmacological inhibition of HSP`a reducing MRN complex formation following 

radiation, leading to a downstream reduction in ATM activation and an accumulation of 

DSBs (Dote et al., #aaU). The same inhibitor could reduce levels of BRCA#, which was 
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shown to have a direct interaction with HSP`a via immunoprecipitation, and caused a 

significant delay in RADP" foci formation that is essential for HR (Noguchi et al., #aaU). 

In summary, there is growing evidence to support a role for HSF" in the DNA damage 

response, both through direct interactions and by mediating the expression of HSPs that 

in turn influence key pathway components. Cancer cells appear to take advantage of this 

ability, as HSPs appear to contribute to their resistance to genotoxic chemotherapy and 

radiotherapy. The use of HSF" or HSP inhibitors to sensitise cancers to genotoxic therapies 

is therefore an emerging strategy for cancer treatment (see section ".U.N). However, this is 

still an emerging field and many of the molecular mechanisms behind HSF"’s role in 

supporting the DNA damage response are unknown, providing large scope for future 

research.  

1.6.3.4 Energy metabolism 

Cancer cells experience a shift in energy metabolism away from oxidative phosphorylation 

towards glycolysis in a transformation known as the Warburg effect (Warburg, "`PU), 

which provides cancer cells with a growth advantage by increasing production of ATP 

(Heiden et al., #aa`). HSF" has been shown to aid in this switch in energy metabolism 

towards glycolysis. For example, HSF" increases transcription of lactate dehydrogenase A 

(LDH-A), causing lactate production and the promotion of glycolysis, subsequently 

leading to increased growth of breast cancer cells (Dai et al., #aa^; Zhao et al., #aa`). 

HSF" also promotes transcription of NAMPT, which regulates NAD+ levels, and loss of 

HSF" in mouse hepatocytes led to a reduction in NAD+, ATP and glucose causing 

downstream changes to metabolism including reduced mitochondrial respiration and 

lipid synthesis (Qiao et al., #a"^). HSF" has also been shown to promote lipogenesis by 

suppressing AMPK, causing the downstream activation of lipogenesis genes including 

fatty acid synthase (FASN) and low-density lipoprotein receptor (LDLR), which were also 

shown to be direct transcriptional targets of the HSF" cancer programme (Mendillo et al., 

#a"#; Su et al., #a"`).  

1.6.3.5 Metastasis 

Cancer cells invade surrounding tissues, enter into the vasculature and spread to distant 

tissues where they can establish new sites of growth and colonisation in the process of 

metastasis (Hanahan and Weinberg, #a""). Metastasis requires changes to cell adhesion, 

motility and migration, and these aspects may be regulated in part by HSF". Firstly, HSF" 

was identified in a genome wide screen for genes involved in invasion of melanomas (Scott 

et al., #a""). By using a mutant constitutively active form of HSF" in melanoma cancer cell 

lines, another study showed that HSF" promotes cell migration and metastasis through 
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down-regulation of focal adhesion components (Toma-Jonik et al., #a"P). Furthermore, 

deletion of Hsf6 in mice expressing the HER#/Neu oncogenes reduced markers of 

epithelial-mesenchymal transition (EMT) and rates of tumour metastasis (Xi et al., #a"#). 

Angiogenesis is an important factor in successful metastasis, and knockout of HSF" in 

xenograft mouse models supressed angiogenesis via down-regulation of the HIF-" pathway 

(Gabai et al., #a"#).  

1.6.3.6 Cancer stem cells  

Cancer stem cells (CSCs) are a subset of cells within a tumour that have the ability to self-

renew and differentiate, and are purported to be important in tumour formation, 

metastasis and drug resistance (Scheel and Weinberg, #a"#). In breast cancer cell lines, 

expression of HSF" correlates with markers of CSCs and overexpression of HSF" led to an 

increase in tumour-sphere formation. Similarly in a CSC-enriched population of 

gynaecological cells, phosphorylation of HSF" at S=#U was increased, while knockdown of 

HSF" decreased tumour-sphere formation (Yasuda et al., #a"^).   

1.6.3.7 Summary 

In summary, HSF" supports oncogenesis in numerous ways distinct to its role in reducing 

proteotoxic stress. The HSF" cancer programme is still an emerging field of research and 

due to the breadth of pathways influenced by HSF", much remains to be discovered. In the 

section above I have given an overview of HSF"’s functions in regulation of programmed 

cell death pathways, cell-cycle progression, the DNA damage response, energy metabolism, 

metastasis and cancer stem cells. Such a broad selection of processes highlights a central 

role for HSF" in oncogenesis, and this importance is recapitulated by the multitude of 

cancer types that are reliant on HSF" for survival. Therefore, HSF" appears to be a very 

attractive target for cancer therapy, which is the focus of the next section. 

1.6.4. Targeting of HSF1 in cancer 

In light of HSF"’s important role in oncogenesis, there is widespread interest in the 

development of HSF" inhibitors for use in cancer therapy. Current strategies for therapy 

development can be categorised into those that either target HSF" directly or those that 

work indirectly, via known upstream regulators or downstream targets of HSF".  

1.6.4.1 Direct therapeutic targeting of HSF1 

Use of small molecule drugs is the most popular avenue being explored for direct 

inhibition of HSF". Pharmacological screens have identified a number of compounds that 

are able to inhibit HSF", however many have off-target effects or unknown mechanisms of 

action (Dong et al., #a"`). One small molecule inhibitor with strong evidence for a direct 
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interaction with HSF" is IHSF)""P. This compound can bind to recombinant full-length HSF" 

or a HSF" DBD fragment, inhibiting HSF"’s transcriptional activity by disrupting the 

assembly of a complex with the transcription factor ATF". IHSF)""P demonstrated a cytotoxic 

effect on a panel of cancer cell lines including multiple myeloma, breast and lung cancer 

lines (Vilaboa et al., #a"^). More recently, the inhibitor DTHIB was shown to directly 

inhibit HSF" and attenuate prostate cancer progression in mouse models (Dong et al., 

#a#a).  

Direct block of the HSF" pathway via RNA interference (RNAi) has been used successfully 

in biological research for many years. RNAi confers high target specificity and has the 

advantage of depleting HSF" protein, which cannot usually be achieved with small 

molecules. In light of this, research is ongoing to transfer RNAi from in vitro applications 

to use in human diseases. Currently, the main issue with RNAi therapy is the delivery of 

the large, negatively charged siRNA molecules across the plasma membrane and their 

subsequent release from endosomes into the cytosol. Progress has been made in treatment 

of the liver, with drugs progressing through phase II clinical trials, but these rely on uptake 

by a hepatocyte-specific receptor. Therefore, delivery to other tissue types will require 

exploitation of other receptor interactions, with research ongoing to discover new 

candidates (Wittrup and Lieberman, #a"P).  

Much like other transcription factors, small molecule targeting of HSF" appears to be 

challenging, in part due to the protein’s lack of enzymatic activity (Wittrup and Lieberman, 

#a"P). Better small molecule screening strategies may help the discovery of targeted 

therapies with fewer off-target effects, but inhibitors such as IHSF)""P and DTHIB already 

show promise and it will be important to test these in more cancer models and in vivo. 

Further, new therapeutic strategies to directly target HSF" will arise as our understanding 

of HSF" and its function in cancer improves. 

1.6.4.2 Indirect therapeutic targeting of HSF1 

While work progresses on the development of direct HSF" inhibitors, research is also 

ongoing to probe the use of indirect modulators of HSF" as cancer therapeutics. One 

possibility is to target the upstream oncogenic signalling pathways that are known to 

activate HSF", described in section ".U.#. For example, the AMPK inhibitor metformin 

inhibits HSF", and decreased survival of mice in a xenograft melanoma model (Dai et al., 

#a"P). Similarly, pharmacological inhibition of MEK inactivates HSF" and treatment in 

combination with proteasome inhibition could prevent melanoma growth and metastasis, 

and improved tumour survival in vivo (Tang et al., #a"P). Such oncogenic pathways 

typically have pleiotropic effects, but this may be a beneficial feature with respect to cancer 
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therapy, as inhibition could impact multiple pathways alongside HSF" that would usually 

aid cancer survival, thereby increasing the potency of the therapy. 

Inhibitors for some of the downstream HSP targets of HSF" are also under development 

for cancer therapy. For example, inhibition of HSP`a by the drug "^-AAG progressed to 

phase II clinical trials for treatment of HER#+ breast cancer in combination with the HER# 

antibody trastuzumab, showing clinical benefit (Modi et al., #a""). Indeed, use of 

combinatorial treatments could prove to be a more efficacious therapeutic strategy. For 

example, as HSPs appear to be involved in DNA repair (section ".U.=.=), the use of HSP 

inhibitors to sensitise cancer cells to DNA damage-inducing radio- and chemotherapy is 

now being explored (Jego et al., #a"=). However, HSP inhibitors have a number of 

disadvantages compared to HSF" inhibitors. In line with the chaperone titration model 

(section Error! Reference source not found.), inhibition of HSP`a or HSPA could 

unintentionally lead to activation of HSF" by interfering with negative feedback loops, 

thereby inducing its pro-cancer activity (Zou et al., "``_; Kim et al., "```; Zheng et al., 

#a"U; Masser et al., #a"`). Further, as described above, the HSF" cancer programme is 

extensive, with many non-HSP genes involved in promoting tumourigenesis, so inhibition 

of HSPs alone may not prove as potent as directly targeting HSF".  

1.7. Oncogenic c-Myc 
c-Myc is a member of the MYC oncogene family, which also comprises N-Myc and L-Myc, 

that function as super-transcription factors that are thought to be able to regulate the 

expression of at least "P% of the entire genome (Dang et al., #aaU). This extensive 

transcriptional network implicates Myc in the function of a broad spectrum of biological 

processes including cellular proliferation, differentiation, cell cycle, transcription, protein 

synthesis and DNA repair (Chen et al., #a"_). Structurally, c-Myc is a helix-loop-helix-

leucine zipper (HLH-LZ) transcription factor that forms heterodimers with its binding 

partner Max to form Myc-Max dimers. This active dimer form is able to bind to specific 

DNA sequences called E-boxes, located in the regulatory regions of target genes, in order 

to control transcription (Blackwood and Eisenman, "``"). As well binding to E-boxes, c-

Myc is also able to accumulate at the promoter regions of active genes to amplify 

transcription (Nie et al., #a"#).  

Expression of c-Myc must be tightly regulated under normal conditions, increasing in 

response to discrete signals such as mitogenic signalling to promote proliferation (Kelly et 

al., "`_=). However, c-Myc can become deregulated in cancer and is in fact one of the most 

frequently dysregulated oncogenes across a wide range of cancer types (Beroukhim et al., 
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#a"a). Overexpression of c-Myc can be induced by a number of mechanisms in cancer, 

including chromosomal translocation, gene amplification, somatic mutations and 

mutations of upstream signalling pathways that control c-Myc stability. As a result, 

upregulated c-Myc activity in cancer cells drives various transcriptional programmes that 

allow for tumour initiation, progression and maintenance (Meyer and Penn, #aa_).  

In the following subsections, I will focus in particular on c-Myc’s role in cell cycle 

regulation, the DNA damage response, and protein synthesis and discuss how 

perturbation of these processes via c-Myc deregulation can promote oncogenesis.  

1.7.1. Regulation of protein synthesis by c-Myc 

A genome-wide study to identify c-Myc targets revealed that "=% of c-Myc bound 

promoters were associated with genes that have a direct role in the control of ribosome 

biogenesis or protein synthesis (Dang et al., #aaU; Ruggero, #aa`). c-Myc target genes 

include those that encode for translation initiation factors, translation elongation factors, 

ribosomal proteins and nucleolar assembly components (Coller et al., #aaa; Greasley et 

al., #aaa; Guo et al., #aaa).  

A key paper from #aa_ illustrated the role of c-Myc in regulating protein synthesis, and 

how this effects oncogenesis (Barna et al., #aa_). This paper crossed a mouse model that 

has decreased protein synthesis rates via a ribosomal gene mutation (L7;+/-) with a mouse 

model that overexpresses c-Myc (Eµ-Myc). Firstly, the authors show that Eµ-Myc mice 

have increased levels of protein synthesis, and that this can be restored back to wild-type 

levels in Eμ-Myc;L7;+/− mice. Interestingly, they found that Eμ-Myc;L7;+/− mice had 

significantly reduced lymphoma onset when compared to Eμ-Myc mice and these 

lymphomas had fewer chromosomal abnormalities. They suggest that this is a c-Myc-

specific effect, as reduction of protein synthesis in the same way in a p1)-/- background did 

not have any effect on tumour formation. The study therefore proposed a link between 

increased protein synthesis rates and genomic instability in cancer. Mechanistically, they 

show that c-Myc overexpression increases general cap-dependent translation but does not 

increase IRES-dependent translation, which is important for synthesis of mitosis-related 

proteins. This could explain the mitotic abnormalities they observe in Eμ-Myc mice 

including cytokinesis defects and chromosomal abnormalities, which were rescued by 

lowering of protein synthesis rates in Eμ-Myc;L7;+/− mice.  

A follow up study revealed a link between c-Myc and mTOR, a master regulator of protein 

synthesis. mTOR is able to regulate protein synthesis by phosphorylation of the eukaryotic 

translation initiation factor NE (eIFNE) binding protein " (NEBP"), a negative regulator of 
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eIFNE. Phosphorylation by mTOR removes the inhibitory binding of NEBP" and allows 

eIFNE to initiate translation (Sonenberg and Hinnebusch, #aa`). The study revealed that 

the B lymphocytes isolated from Eμ-Myc mice had increased mTOR-dependent 

phosphorylation of NEBP". Use of an mTOR inhibitor that blocks this phosphorylation led 

to an increase in programmed cell death of Eμ-Myc-derived tumours, a reduction in 

tumour burden and increased survival in Eμ-Myc mice (Pourdehnad et al., #a"=). However, 

the molecular mechanism by which c-Myc promotes mTOR activity is yet to be 

determined. Taken together, the above shows that c-Myc increases protein synthesis rates 

in cancer, and that this confers an advantage for tumour survival and growth.  

1.7.2. c-Myc and the ATM-mediated DNA damage response 

Overexpression of c-Myc is commonly associated with genomic and chromosomal 

instability, driven by the dysregulation of DDR mechanisms (Sherr and Bartek, #a"^). For 

example, c-Myc has been implicated in regulation of the ATM-mediated DDR. In the Eμ-

Myc transgenic mouse model that overexpresses c-Myc, activation of the DDR and 

apoptosis induced by c-Myc was reduced by loss of ATM, and this lead to an increase in 

the development of B-cell tumours (Adams et al., "`_P). The role of ATM in the c-Myc-

induced DDR was further confirmed in a mouse model with overexpression of c-Myc in 

squamous epithelial tissues. Overexpression of c-Myc increased ATM and pP= activation 

and led to gH#AX foci formation, marking induction of an ATM-mediated DDR. As in the 

lymphoma model, inactivation of ATM accelerated tumour development, highlighting the 

importance of this pathway in tumour suppression (Pusapati et al., #aaU). Further 

pathway components have been implicated in this response, including WIP" and TIPUa. 

WIP" negatively regulates ATM and its deletion could delay tumour onset in the Eμ-Myc 

lymphoma model (Shreeram et al., #aaU). Similarly, loss of TIPUa, which acetylates ATM 

in response to DNA damage, could accelerate lymphoma progression in these mice 

(Gorrini et al., #aa^).   

Interestingly, while the above details the role of the c-Myc-induced DDR in tumour 

suppression, overexpression of c-Myc has also been shown to have tumour-promoting 

effects on the DDR. Overexpression of c-Myc is known to generate replication stress, while 

simultaneously causing the upregulation of the replication stress tolerance mechanisms 

in order to reduce the downstream consequences of this, including DNA damage. This 

response will be described further in the section below.  

1.7.3. c-Myc induced replication stress 

Replication stress-driven genomic instability is thought to be an important driver of 

cancer initiation and progression. Oncogenes such as c-Myc that promote proliferation 
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can deregulate DNA replication, leading to RS and its associated DNA damage. In 

precancerous lesions, this RS-induced DNA damage would trigger the activation of a DDR, 

inducing senescence or apoptosis and therefore resulting in a barrier to prevent tumour 

development. However, a tumourigenic environment with persistent RS creates a 

selection pressure for mutations that impair the DDR, therefore allowing cancer cells to 

avoid cell death pathways and to continue proliferating (Halazonetis et al., #aa_; Hills 

and Diffley, #a"N).  

RS is thought to be generated by c-Myc in a variety of ways. For example, oncogenic c-Myc 

activity is thought to increase DNA replication origin firing, known as over-replication, 

causing RS and an increase in DNA damage accumulation in S phase (Campaner and 

Amati, #a"#). Furthermore, c-Myc overexpression is known to prevent appropriate cell 

cycle arrest. In Rat"A cells, amplified c-Myc activity increased the rate of cells passing 

through the G"-S transition, while in human fibroblasts c-Myc permitted cells through this 

transition even in the presence of (phosphonoacetyl)-L-aspartate, an agent that would 

normally lead to cell cycle arrest in S phase (Felsher and Bishop, "```). Mechanistically, c-

Myc is known to increase cell cycle dependent transcription via the E#F family of 

transcription factors, which promotes the G"-S transition (Bertoli et al., #a"U). As well as 

regulation of the G"-S transition, c-Myc has also been implicated other cell cycle 

checkpoints. For example, overexpression of c-Myc uncoupled DNA replication from 

mitosis, allowing cells to progress through the SAC in the presence of colcemid, a known 

mitotic spindle checkpoint activator (Li and Dang, "```).   

1.7.3.1 c-Myc can promote replication stress tolerance 

While c-Myc appears to drive the generation of RS, evidence suggests that overexpression 

of c-Myc can also upregulate tolerance mechanisms to help mitigate these increased stress 

levels. For example, WRN helicase, which resolves topologically unfavourable DNA 

structures that can occur during replication stress, is a transcriptional target of c-Myc. 

Overexpression of c-Myc in fibroblasts lacking WRN leads to accumulation of replication 

stress-induced DNA damage, causing activation of the ATR-Chk" response and the 

promotion of senescence (Robinson et al., #aa`). Upregulation of WRN by c-Myc 

therefore limits replication stress-induced senescence and allows for continued 

proliferation. This activity promotes oncogenesis, as Eμ-Myc mice lacking WRN had 

increased activation of the DDR and significantly reduced tumour growth (Moser et al., 

#a"#).  

Similarly, research from our group showed that upregulation of cell cycle dependent 

transcription by c-Myc could increase tolerance to RS (Bertoli et al., #a"U). This paper 
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showed that overexpressing c-Myc in human retinal epithelium cells increases levels of 

E#F-dependent transcription, which is involved in regulation of the replication stress 

checkpoint. Inhibition of E#F transcription caused an increase in c-Myc induced DNA 

damage and decreased cell survival, while promoting E#F transcription lowered c-Myc-

induced DNA damage. Therefore, it appears that c-Myc driven E#F transcription promotes 

tolerance to RS.  

Replication stress is also thought to be generated due to depletion of nucleotide stores 

following an oncogene-induced increase in the rate of DNA synthesis (Campaner and 

Amati, #a"#). It was shown that replication stress could be rescued via the exogenous 

supply of nucleosides, thereby preventing accumulation of DNA damage and reducing 

oncogenic transformation of cells (Bester et al., #a""). Interestingly, a number of c-Myc 

target genes are regulators of nucleotide biosynthesis. Inhibition of c-Myc in a human 

melanoma cell line caused downregulation of these targets and a subsequent decrease in 

nucleotide pools that inhibited cell proliferation (Liu et al., #aa_; Mannava et al., #aa_). 

Therefore, overexpression of c-Myc can promote nucleotide biosynthesis in order to 

rescue replication stress and prevent DNA damage accumulation.  

Finally, the intimate link between the ATR-Chk" replication stress response pathway and 

c-Myc has been demonstrated by the use of inhibitors of ATR and Chk". For example, the 

Chk" inhibitor UCN-a" caused a regression in c-Myc-induced lymphomas in Eμ-Myc mice 

and was toxic in human lymphoma cell lines. The toxicity of the Chk" inhibitor could be 

recapitulated by expression of oncogenic cyclin E" that also generates RS (Murga et al., 

#a""). Use of ATR/Chk" inhibitors is therefore an exciting therapeutic strategy for the 

targeting of c-Myc driven cancers, as it will increase RS-induced DNA damage in cancer 

cells to cause DNA damage accumulation and apoptosis (Kuzyk and Mai, #a"N).  
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1.8. Research aim: Investigating the interplay between HSF1 and 

c-Myc in early oncogenesis 
The aim of this research project is to investigate the potential interplay between HSF" and 

c-Myc in early oncogenesis. In the sections above I have highlighted the important roles 

played by both HSF" and c-Myc in promoting cancer progression. While a direct 

interaction between HSF" and c-Myc has not yet been shown in the literature, both 

transcription factors are involved in a number of overlapping biological processes. In the 

following section I will briefly summarise these shared responsibilities and detail the 

existing published work that points towards an interplay between these two factors, 

summarised in Figure ".U. 

 

Figure 1.6: A model depicting the potential interplay between HSF1 and c-Myc in the 
proteotoxic stress and genotoxic stress responses 

HSF"’s canonical role is in maintenance of proteostasis, which can become rapidly 

perturbed during oncogenesis. Genome-wide studies have revealed that substantial 

proportion of c-Myc’s target genes are involved in the regulation of protein synthesis 

(Ruggero, #aa`). In a mouse model of lymphoma, a c-Myc-driven increase in protein 

synthesis was shown to essential for tumour development (Barna et al., #aa_). Therefore, 

perturbations to protein synthesis via c-Myc could potentially lead to proteostasis 

disruption and the induction of an HSF"-mediated response. c-Myc’s ability to increase 

protein synthesis may be mediated by mTOR pathway activity, as mTOR inhibition could 

block tumour growth in the same lymphoma mouse model (Pourdehnad et al., #a"=). 

Interestingly, mTOR can phosphorylate HSF" in vitro (Chou et al., #a"#), therefore 

induction of mTOR signalling by c-Myc could hypothetically increase protein synthesis 

and HSF" activation in parallel to promote oncogenesis, although this has not yet been 

shown experimentally. At the start of chapter =, I use an in vitro system to explore the 
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consequences of c-Myc activation on protein synthesis and HSF" pathway induction 

within the first N_ hours of oncogenesis.  

Alongside potential indirect mechanisms, such as those described above through mTOR, 

it remains to be seen if c-Myc can directly activate HSF". Indeed, several oncogenic 

pathways have been implicated in the regulation of HSF" (section ".U.#) and a precedent 

for regulation mediated via transcription factor binding was established in a study of 

NOTCH" (Kourtis et al., #a"_). Here, they show that the transcription factor NOTCH" 

could bind directly to the promoter of HSF" and select HSP target genes in T-ALL cells, 

which overexpress NOTCH". In agreement with this, NOTCH" inhibition could reduce 

HSF" and HSP expression. Intriguingly, c-Myc is a direct downstream target of NOTCH" 

in T-ALL leukaemia (Weng et al., #aaU). I ask if this interaction is more widely applicable 

to other cell types and whether c-Myc is also able to bind to HSF" or HSP gene promoters 

to regulate gene expression in chapter = of this thesis.  

Of note, a correlation between HSF" and c-Myc expression was observed in a mouse model 

of hepatocellular carcinoma (HCC) (Cigliano et al., #a"^). HCC is thought to be driven by 

c-Myc-induced mTOR activation. As HSF" is a known regulator of mTOR, the group 

wanted to investigate a functional interaction between c-Myc and HSF". They found that 

tissue samples from the c-Myc overexpressing mice showed upregulation of HSF" protein 

and mRNA levels, while mice expressing a dominant negative form of HSF" had low c-Myc 

and HSF" expression. These results were recapitulated in human HCC cell lines, as siRNA 

against HSF" could lower c-Myc levels, and vice versa. Loss of HSF" impaired tumour 

growth in vivo and similarly inhibited proliferation and promoted apoptosis of HCC cells 

in vitro. This study therefore outlined a positive correlation between HSF" and c-Myc 

expression in liver cancer that supports tumour growth, supporting the idea of an 

interaction between HSF" and c-Myc. However, the paper did not define the molecular 

mechanism behind this potential interaction and did not validate if this was a direct effect 

of c-Myc.  

Another paper implicates c-Myc in regulation of HSP expression. A biochemical approach 

was used to map changes in HSP complex formation between different human cancer cell 

types (Rodina et al., #a"U). They found that HSP`a existed as a solitary protein or as part 

of a small complex in one group of cancers, while it was part of a much larger protein 

complex termed the epichaperome in others. They showed that increasing c-Myc protein 

expression levels could promote formation of the epichaperome, while inhibition of 

HSP`a could destroy it. This paper therefore suggests a role for c-Myc in the generation 

of a HSP`a-dependent protein network. However, the paper did not investigate the 
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molecular mechanism by which c-Myc could mediate this change, nor did it test the 

involvement of HSF". 

A major characteristic of c-Myc’s oncogenic activity is the ability to deregulate cell cycle 

progression, while HSF" seems to be required to maintain intact checkpoint responses 

(sections ".=.", ".U.=.#, ".U.=.=). An interplay between HSF" and c-Myc could be particularly 

important with respect to the DDR and RS checkpoints, as these two proteins of interest 

have common interaction partners. For example, HSF" co-immunoprecipitates with the 

key RS response components ATR and Chk", which are also activated following c-Myc-

induced replication stress (Logan et al., #aa`; Hills and Diffley, #a"N). It has already been 

shown in the literature that c-Myc employs a number of mechanisms to increase tolerance 

to RS, so it is tempting to speculate that upregulation of HSF" by c-Myc could also promote 

RS tolerance, perhaps through stabilisation of the ATR-Chk" complex. Similarly, c-Myc 

dysregulation can activate the DDR factors ATM and pP=, with pP= a known HSF" binding 

partner. Furthermore, HSPs are implicated in the stabilisation of many DDR components, 

so regulation of their expression via HSF" could be important for an intact response. This 

would be particularly important in the context of genotoxic stress, such as that generated 

by c-Myc overexpression. This may be one mechanism to explain the observation in mouse 

embryonic fibroblasts that loss of HSF" promoted cell death following overexpression of 

c-Myc (Dai et al., #aa^). I investigate the interplay between c-Myc and HSF" with respect 

to the DDR and RS in chapter N of this thesis.  

An accumulation of genotoxic stress will lead to cell cycle checkpoint activation, with c-

Myc overexpression known to drive unscheduled S phase entry. If HSF" does have roles in 

the pathways mentioned above, it is likely that loss of HSF" function may impair cell cycle 

progression. This is explored in chapter P of this thesis.  

In summary, my thesis work aims to explore the interplay between c-Myc and HSF". Work 

in the results chapters will particularly focus on the first N_ hours of oncogenesis in an in 

vitro system with inducible c-Myc activation. I show that proteostasis is perturbed even at 

this early stage of cancer and is accompanied by an upregulation of the HSF" response. I 

present novel insights into transcriptional control of HSF" and its HSP target genes by c-

Myc in the context of cancer, showing how this differs to the canonical proteotoxic stress 

response. I also explore the interplay between HSF" and c-Myc in the context of the DNA 

damage and replication stress responses, as well as cell cycle progression, outlining how 

this interaction may support oncogenesis. Improving our understanding of the molecular 

mechanisms supporting c-Myc driven cancer will help in the development of targeted 

cancer therapies.  
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2. Materials and Methods 

2.1. Cell Culture 
RPE"-TetON c-Myc-ER cells were generated by Cosetta Bertoli as previously published 

(Bertoli et al., #a"U), and will be hereafter described as RPE" c-Myc-ER cells. Briefly, RPE" 

hTERT cells were retrovirally infected with pBABE c-Myc-ER plasmid (Addgene, "`"#_), 

infected cells were selected in Pµg/ml puromycin and the surviving polyclonal population 

was used in further assays. RPE"-TetON ER-Empty cells (hereafter RPE" ER-Empty) were 

generated as above, using a control pBABE-ER plasmid. Cells were cultured at =^˚C, P% 

CO, in DMEM/F"# no phenol red media (Gibco, #"aN") supplemented with ^% charcoal 

treated Fetal Bovine Serum (FBS) (Sigma, F^P#N), "% Penicillin-Streptomycin (P/S) (Gibco, 

"P"Na), =.P% sodium bicarbonate (Gibco, #Pa_a) and initially selected in #µg/ml 

Puromycin when thawing a new vial of cells. Charcoal treated FBS was prepared by 

addition of a.Pg Charcoal (Sigma, C`"P^) and a.aPg Dextran (Sigma, D_`aU) to Paaml 

FBS, stirring for #.Ph at =^˚C, then filtering through a.#µM vacuum filters (Merck 

Millipore, SCGVUaPRE).  

2.2. Drug Treatments and heat shock 
To activate c-Myc, Hydroxytamoxifen (N-OHT) (Sigma, H^`aN) was used at a final 

concentration of "aanM in complete media for the indicated timepoints. Bortezomib 

(Stratech Scientific, S"a"=-SEL) was used at a final concentration of #anM in a."% DMSO 

for U hours before collection. Cadmium chloride (CdCl,) (Sigma, #a#`a_) was used at a 

final concentration of "aµM in H,O for U hours before collection. Canavanine (Sigma, 

C`^P_) was used at a final concentration of #amM in H,O for U hours before collection. 

Torin" (Merck Millipore, N^P``") was used at a final concentration of #PnM in a."% DMSO 

for #N hours before collection. Heat shock was performed by sealing tissue culture dishes 

with parafilm and submerging them in a N#˚C water-bath for " hour. After the heat-shock, 

dishes were wiped with ^a% ethanol and dried with tissue paper before being placed back 

in a =^˚C, P% CO, incubator for P hours of recovery. Camptothecin (Sigma, C``"") was 

used at a final concentration of #µM in a."% DMSO for " hour before collection. 

Hydroxyurea (Sigma, H^`aN) was used at a final concentration of a."mM in H,O for N 

hours before collection.  
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2.3. Transfection 
For siRNA transfection, Lipofectamine RNAiMAX (Thermo Fisher, "=^^_a^P) was used 

following the manufacturer’s reverse transfection protocol, with all dilutions made in 

OptiMEM no phenol red (Gibco, ""aP_a#"). A final concentration of #anM siRNA was used 

in all transfections. Cells were plated on top of transfection complexes at a concentration 

of Nx"a- cells/ml in P/S-free media and cultured overnight. The next morning, culture 

media was replaced with complete media and cultured for the indicated timepoints. Non-

targeting control siRNA (Dharmacon, Horizon Discovery, D-aa"_"a-a"-#a) was used as a 

negative control in all experiments. Custom siRNA targeting HSF" was synthesised by IDT 

with a Sense sequence of P’-CCUGAAGAGUGAAGACAUAUU-=’ and anti-Sense sequence 

of =’-GGACUUCUCACUUCUGUAUAA-P’. The following siRNAs were pre-designed by 

Dharmacon, Horizon Discovery: siHSF"_b (L-a"#"a`-a"-aaaP), ATFN (L-aaP"#P-aa-

aaaP), HSP`aAA" (L-aaP"_U-aa-aaaP). 

2.4. Western Blot 
Cell extracts were prepared in RIPA buffer (Tris-HCL pH ^.P #amM, NaCl "PamM, EDTA 

"mM, EGTA "mM, NPNa "%, NaDOC "%) containing protease inhibitor cocktail (Sigma, 

P_=Na) and phosphatase inhibitor cocktails # (Sigma PP^#U) and = (Sigma PaaNN). Protein 

concentration was determined using the Bradford assay (BioRad, Paa-aaaU) following the 

manufacturer’s protocol. Equal amounts of protein were loaded into Nu-Page Novex N-"#% 

Bis-Tris protein gels (Invitrogen, NPa=##) and electrophoresis run in MOPS buffer 

(Invitrogen, NPaaa"). Protein was wet transferred to nitrocellulose membranes (Sigma, 

GE"aUaaaa") in transfer buffer (#PmM Tris base, #PamM glycine, #a% ethanol). 

Membranes were blocked for " hour in either P% milk or P% Bovine Serum Albumin (BSA) 

(Sigma, A^`aU) diluted in PBS/a.#% Tween, following antibody-supplier instructions. 

Membranes were then incubated overnight at N˚C in primary antibodies diluted in P% 

milk or P% BSA PBS/a.#% Tween (see section #.P). Membranes were washed in PBS/a.#% 

Tween and incubated in secondary HRP antibody for " hour at room temperature in P% 

milk or P% BSA PBS/a.#% Tween. HRP was visualised using Luminata Crescendo HRP 

substrate (Merck, WBLURa"aa), developed onto Amersham Hyperfilm (GE Healthcare 

Life Sciences, #_`aU_=U) with a XOGRAF Compact XN film processor.  
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2.5. Antibodies 

Protein Host Supplier Cat. No. 

53BP1 Rb Santa Cruz sc-22760 
ATF-4 Rb Cell Signaling Technologies  11815 
BrdU Ms Becton Dickinson 347580 
BrdU Rt Abcam ab6326 
c-Myc (ChIP) Ms Abcam ab56 
CCT2 Rb Abcam ab92746 
CDK1 Rb Cell Signaling Technologies  9112 
CDK1 phospho-Thr161 Rb Cell Signalling Technologies 9114 
Chk1 Ms Cell Signaling Technologies 2360 
Chk1 phospho-S345 Rb Cell Signaling Technologies 2341 
Chk2 Rb Cell Signaling Technologies 2662 
Chk2 phopsho-Thr68 Rb Cell Signaling Technologies 2661 
DNAJB1 Ms Abcam ab58978 
GAPDH Ms GeneTex GTX627408 
GAPDH Ms Sigma G8795 
H2A.X Rb Cell Signalling Technologies 2595 
H2A.X phospho-Ser139* Rb Cell Signaling Technologies  9718 
Histone H3 phospho-
Ser10* Rb Cell Signaling Technologies 9701S 

HSF1 Rb Abcam ab52757 
HSF1 phospho-S326* Rb Abcam ab76076 
HSP90AA1 Ms Abcam ab79848 
HSPA1A Ms Abcam ab5439 
HSPB1 Ms Enzo Life Sciences ADI-SPA-800-D 
IgG (ChIP) Ms Santa Cruz sc-2025 
MDC1 Ms Abcam ab241048 
p21 Rb Cell Signaling Technologies  2947 
RPA34-20 Ms Millipore MABE285 
S6 phospho-S235/236 Rb Cell Signaling Technologies 2211 
Tubulin, alpha Ms Cell Signaling Technologies 3873 
Vinculin Rb Abcam ab129002 

Table 2.1: Primary antibodies used in this research. Ms = mouse, Rb = rabbit, Rt = rat. 
Asterix indicates antibody diluted in 5% BSA PBS/0.2% Tween. 
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Antibody Host Supplier Cat. No. 
anti-mouse HRP  Goat Fisher Scientific PA1-74421 
anti-rabbit HRP Goat Fisher Scientific PA1-31460 
Alexa Fluor 488 anti-mouse IgG (H+L) Goat Life Technologies A11029 
Alexa Fluor 555 anti-rat IgG (H+L) Goat Life Technologies A21434 
Alexa Fluor 647 anti-rabbit IgG (H+L) Goat Life Technologies A21244 

Table 2.2: Secondary antibodies used in this research. 

2.6. Quantitative PCR 

Gene Sequence (5’-3’) 
ATF4 F ATGACCGAAATGAGCTTCCTG 
ATF4 R GCTGGAGAACCCATGAGGT 
CCT2 F GCACTACCTCTGTTACCGTTTT 
CCT2 R CTTCTCTCCAACCCGCTATGA 
CCT4 F CCTATCAGGACCGCGACAAG 
CCT4 R AGCATCAGCAACCGCTTTG 
DNAJB1 F AAGGCATGGACATTGATGACC 
DNAJB1 R GGCCAAAGTTCACGTTGGT 
eIF4E F GGGAGGGTTGATTGCCTAAA 
eiF4E R GACAAGTTGCCTGTGTGTTTATT 
GAPDH F GAAATCCCATCACCATCTTCCAGG 
GAPDH R GAGCCCCAGCCTTCTCCATG 
HSF1 F GGAGTCCATAGCATCCAAGTG  
HSF1 R CCTCCACCCCTGAAAAGTG 
HSPA1A F GTGCTCAAACTCGTCCTTCT 
HSPA1A R CGACTTCTACACGTCCATCAC 
HSPA2 F TTCCACTCAGGCCGCGTCCG 
HSPA2 R AATCGGGCCTTGGCAATCGTT 
HSPA5 F AGCCTGGCGACAAGAGTG 
HSPA5 R AATCCAATACTGCCCAAGGA 
HSPA6 F GACCTGAGCGGGAACAAG 
HSPA6 R CGAACAGGGAGTCTATCTCCA 
HSPA8 F TACAAGGGAGAGACCAAAA 
HSPA8 R GTAGCCTGACGCTGAGAGT 
HSPA9 F GCCTTGCTACGGCACATTGTGA 
HSPA9 R CTGCACAGATGAGGAGAGTTCAC 
HSPB1 F GGACGAGCTGACGGTCAAGA 
HSPB1 R CGGGAGATGTAGCCATGCT 
HSPB5 F CCTGAGTCCCTTCTACCTTCG 
HSPB5 R CACATCTCCCAACACCTTAACTT 
HSPC3 F CCAGGCACTTCGGGACAACTC 
HSPC3 R CAAGGGAAAAGCCAGAAGATAGCA 
HSPD1 F AGACGTTCAGCCTCATGACTTAGGA 
HSPD1 R GGAGGGCACAACCCCCTCCCAA  

Table 2.3: qPCR primers used in this research. F = forward primer, R = reverse primer 



 P# 

RNA was extracted using a Qiagen RNeasy Plus Mini Kit (Qiagen, ^N"=N) following the 

manufacturer’s protocol. The reaction was carried out using One Step Mesa Blue 

mastermix (Eurogentec, a=#XNR), supplemented with Euroscript Reverse 

Transcriptase/RNase inhibitor (Eurogentec, RT-a"#P-ER) for reverse transcription of RNA. 

Reactions were carried out in a total volume of "Nµl per well, with ^µl of Mesa Blue 

(supplemented with a.a=Pµl Euroscript reverse transcriptase), ".Pµl of PµM forward primer, 

".Pµl PµM reverse primer and Nµl of #ang/µl RNA product. Each sample was run in 

triplicate. Primers are listed in Table #.=. 

The qPCR reaction was run on a BioRad CFX Connect machine. Reverse transcription 

qPCR steps were as follows: =am at N_˚C, Pm at `P˚C, Na cycles of =s at `P˚C and NPs at 

Ua˚C and melt curve analysis from UP-_P˚C with "as at each temperature in increments of 

"˚C. Data was analysed using the ∆∆Ct method to normalise transcript levels to the 

housekeeping gene GAPDH. Statistical analysis was performed on the ∆Ct values.  

2.7. Chromatin Immunoprecipitation PCR (ChIP-PCR) 
Cells were cultured in "Pcm dishes for "Uh with or without addition of N-OHT. Cells were 

then washed with PBS before crosslinking was performed via addition of "% formaldehyde 

for "am at room temperature. The crosslinking was quenched by addition of ".#PM glycine 

for "am at room temperature. Cells were then collected in PBS and spun down, with the 

cell pellets resuspended in "ml ice cold buffer A ("aamM HEPES pH _, "aamM EDTA, 

PmM EGTA, #.P% Triton-X "aa) and rocked at N˚C for "am. Another wash was then 

repeated using ice cold buffer B ("aamM HEPES pH _, #M NaCl, "aamM EDTA, PmM 

EGTA, a."% Triton-X "aa) before cells were resuspended in ice cold ChIP buffer (#PmM 

Tris-HCl pH _, #mM EDTA, "P mM NaCl, "% Triton-X "aa, a."% SDS). Cells were sonicated 

with a Bioruptor Pico machine for =as on, =as off for #am at maximum output. Following 

sonication, the lysates were spun at maximum speed for "Pm at N˚C. Protein A solution 

was made my resuspending beads in ChIP buffer with "µg/ul BSA and a.#Pµg/µl ssDNA to 

create a Pa% slurry, and rocking for "am at N˚C. The supernatant was transferred into 

fresh eppendorf tubes and pre-cleared by adding the blocked protein A solution and 

rocking at N˚C for #h. Cleared soluble chromatin was centrifuged for Nm, Naaarpm, N˚C 

and the supernatant transferred into fresh eppendorf tubes. At this point, "% of the 

solution was reserved to use as an input. The remaining soluble chromatin was incubated 

overnight at N˚C with =µg of either c-Myc antibody (anti-c-Myc, Abcam, abPU) or mouse 

IgG antibody (normal mouse IgG, Santa Cruz Biotechnology, sc-#a#P).  
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The next morning, #aµl of freshly made protein A beads were added to the chromatin and 

rocked for a further #h at N˚C. The beads were then spun down for #m at #aaarpm and 

washed in ChIP buffer, wash buffer " (#PmM Tris-HCl pH _, #mM EDTA, PaamM NaCl, 

"% Triton-X "aa, a."% SDS), wash buffer # (#PamM LiCl, "% NPNa, "% NaDOC, "mM EDTA, 

"amM Tris-HCl pH _), and twice in TE pH _. The samples were then spun and the pellets 

resuspended in elution buffer ("% SDS, "aamM NaHCO=). The samples were then 

incubated overnight at UP˚C in order to reverse crosslinking. The following morning, 

RNAse A was added to each sample for a further =am at UP˚C, before samples were purified 

using QIAquick PCR Purification kit (Qiagen) and diluted in ddH#O.  

The qPCR reaction was carried out using One Step Mesa Blue mastermix (Eurogentec, 

a=#XNR). Reactions were carried out in a total volume of "Nµl per well, with ^µl of Mesa 

Blue, ".Pµl of PµM forward primer, ".Pµl PµM reverse primer and Nµl of DNA product. Each 

sample was run in triplicate. Primers are listed in Table #.N. The qPCR reaction was run 

on a BioRad CFX Connect machine. ChIP-qPCR steps were as follows: Pm at `P˚C, Na 

cycles of =s at `P˚C and NPs at Ua˚C and melt curve analysis from Ua-_P˚C with "as at each 

temperature in increments of "˚C. Data was analysed using the percent input method.  

Gene Sequence (5’-3’) 
FBXW8 F GTGATAGGCAGCAGAGCTGA 
FBXW8 R TGTACGCACGTGGTGGTC 
HSF1 F CAGTCCGCTCTGCCTGAGAC 
HSF1 R CCCGCGCCCAGTGAATC 
Intergenic F ATGTCAGGCCCATGAACGAT 
Intergenic R GCATTCATGGAGTCCAGGCTTT 

Table 2.4: ChIP-qPCR primers used in this research. F = forward primer, R = reverse primer.  

2.8. DNA Fibre Analysis 
Fibre spreading and labelling was performed largely as described in (Petermann et al., 

#a"a). Cells were labelled with #PµM chlorodeoxyuridine (CldU) (Sigma, CU_`") for "Pm 

followed by #PaµM iododeoxyuridine (IdU) (Sigma, "^"#P) for "Pm. After labelling, cells 

were trypsinised and resuspended in PBS to a final concentration of "aax"a- cells/ml. #µl 

of cell suspension was incubated on a glass slide for Pm at room temperature, before ^µl 

of spreading buffer (#aanM Tris pH ^.N, PanM EDTA, a.P% SDS) was mixed with the cell 

suspension and left to incubate for #m at room temperature. Glass slides were tilted to 

spread the DNA along the slide and left to air-dry for #m at room temperature. Slides were 

then incubated in methanol/acetic acid (=:" solution) for "am at room temperature in a 

coplin jar, air dried and stored at N˚C until immunostaining.  
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Slides were denatured in freshly made #.PN hydrochloric acid (Thermo Fisher, "aaaa"_a) 

for "h"Pm, before being rinsed twice with PBS and twice with blocking solution ("% BSA 

PBS/a.#% Tween). Slides were blocked for "h in blocking solution before antibody 

incubation. Slides were incubated in darkness with ""Pµl of primary antibodies (Abcam rat 

anti-BrdU, abU=#U, ":#Pa; Becton Dickinson mouse anti-BrdU, =N^P_a, ":"aa) covered by 

strips of parafilm for "h at room temperature. Slides were then rinsed three times in PBS 

before fixation with N% paraformaldehyde (PFA) (Sigma, #P#PN`) for "am. Slides were 

then rinsed in PBS and incubated with ""Pµl secondary antibodies (Life Technologies anti-

rat Alexafluor PPP, A#"N=N, ":Paa; Life Technologies anti-mouse Alexafluor N__, A""a#`, 

":Paa) in the dark for "h=am at room temperature. Slides were then washed with PBS and 

coverslips mounted with Fluoroshield (Sigma, FU"_#) and sealed with clear nail varnish. 

Images were taken using a Leica SPE# with U=x (".= NA) oil objective lens and analysed 

with Fiji. At least "aa fibres were measured for each condition. As DNA replication track 

lengths do not necessarily display a Gaussian distribution, significance was determined 

using the non-parametric Mann Whitney test. 

2.9. Immunofluorescence 
2.9.1. Extracted Cells 

Cells were plated on coverslips pre-coated with fibronectin (Sigma, F""N"). Cells were 

extracted to remove protein not bound to chromatin. For extraction, cells were incubated 

in ice cold PBS a.#% Triton X-"aa (Sigma, T_^_^) for "m, then fixed with N% PFA for #am. 

Coverslips were then blocked in "% BSA PBS a.#% Tween for "h at room temperature and 

incubated in primary antibody (Table #.") diluted in blocking solution, overnight at N˚C. 

Coverslips were then washed with PBS a.#% Tween and incubated in secondary antibody 

(Table #.#) for "h at room temperature. Following PBS a.#% Tween washes, coverslips 

were incubated in Hoechst ==N# trihydrochloride, trihydrate (Invitrogen, H=P^a, ":"a,aaa) 

for Pm at room temperature and mounted on slides with Fluoroshield (Sigma, FU"_#). 

Coverslips were left to dry and then sealed with clear nail varnish. Images were acquired 

using a Leica TCS SPE# confocal microscope with a U=x (".= NA) or Nax ("."P NA) oil 

objective lens and processed in Fiji.  

2.9.2. Non-extracted cells 

Cells were fixed in N% PFA for #am, rinsed with PBS a.#% Tween and then permeabilised 

in PBS a.#% Triton X-"aa for Pm. Processing was then performed as described above.  
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2.10. Image analysis 
2.10.1. Quantification of fluorescence intensity with Fiji 

Quantification of images was performed in Fiji software using a customised macro. The 

code below allows for the maximum intensity projection of images to be generated, nuclei 

to be segmented using the StarDist Fiji plugin (Schmidt et al., #a"_), and intensity values 

for each channel of the image to be recorded. The regions of interest (ROIs) are then saved 

as a .zip file to allow for re-visualisation of the nuclear segmentation. 

1. dir=getDirectory("Choose ROI directory")   
2. imgArray = newArray(nImages);   
3. for (i=0; i<nImages; i++)    
4. {   
5. selectImage(i+1);   
6. imgArray[i] = getImageID();     
7. }   
8. for (i=0; i< imgArray.length; i++)    
9. {   
10. selectImage(imgArray[i]);   
11. run("Z Project...", "start=1 stop=99999 projection=[Max Intensity]");   
12. ti=getTitle();   
13. run("Split Channels");   
14. selectImage("C2-"+ti);   
15. run("StarDist 2D");   
16. waitForUser("Pause","Correct ROIs");   
17. roiManager("Deselect");   
18. run("Set Measurements...", "mean standard min redirect=None decimal=3");   
19. selectWindow("C1-"+ti);   
20. roiManager("Measure");   
21. waitForUser("Pause","Copy results");   
22. selectWindow("ROI Manager");   
23. roiManager("Deselect");   
24. roiManager("Save",dir+ti+"roi"+".zip");   
25. }   

Where intensity values in all nuclei have been measured, parametric tests are used to 

determine significance. A student’s t-test was used for tests of two conditions, while one-

way ANOVA was used for multiple comparisons. As the fluorescence intensity values in S 

phase cells do not display a Gaussian distribution, significance was determined using the 

non-parametric Mann Whitney test. 

2.10.2. Measurement of DNA fibres 

The analysis of DNA fibre length was performed using Fiji. Firstly, maximum intensity 

projections of the images were generated, then the channels were combined to provide a 

composite image of the red and green channels. The ‘line’ tool was used to measure the 

length of the red and green tracks in the stained regions that represent ongoing DNA 

replication forks. These are identified by regions with a clear red track followed by a green 

track. Other stained regions such as DNA replication initiation or termination events were 

avoided.  
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2.11. Flow cytometry  
2.11.1. EdU incorporation assay 

For analysis of cellular proliferation by P-ethynyl-#’-deoxyuridine (EdU) incorporation, 

cells were subjected to a pulse of "aµM EdU =am prior to collection. Cells were trypsinised, 

washed in PBS, and fixed in N% PFA for "Pm. After a PBS wash, EdU detection was then 

carried out using Click-iT EdU Alexa Fluor UN^ Flow Cytometry Assay Kit (Thermo Fisher, 

C"aN#N) following the manufacturer’s protocol. Samples were measured on a BD LSRII 

flow cytometer using DIVA software (BD) and analysed using FlowJo software (BD). Cells 

were gated firstly according to size using a forward scatter (FSC) vs side scatter (SSC) plot. 

Cells were secondly gated to exclude doublets and cell clumps using a forward scatter area 

(FSC-A) vs height (FSC-H) plot.  

2.11.2. DNA content analysis using propidium iodide 

For analysis of DNA content using propidium iodide (PI) staining, cells were trypsinised 

and fixed in ^a% ice-cold ethanol overnight at -#a˚C. The cell pellet was washed in PBS 

and resuspended in PBS containing "aaµg/ml RNase A (Sigma, RN_^P) for Pm on ice. The 

pellet was then resuspended in Paµg/ml PI (Sigma, PN_UN) diluted in PBS, overnight at 

N˚C. Samples were measured on a BD LSRII flow cytometer using DIVA software and 

analysed with FlowJo. Cells gated as above.  

2.11.3. Proteostat protein aggregation assay 

For analysis of protein aggregation, the Proteostat Aggresome detection kit (Enzo Life 

Sciences, ENZ-P"a=P-aa#P) was used. Cells were trypsinised and the pellet washed in PBS. 

Cells were fixed in N% PFA for =am at room temperature, pellet washed in PBS and then 

permeabilised in PBS/a.aP% Triton X-"aa for =am on ice. The pellet was then washed in 

PBS and resuspended in freshly made Proteostat Aggresome Detection Reagent and 

incubated for =am at room temperature. Samples were measured on a BD LSRII flow 

cytometer in the FL= channel using DIVA software and analysed with FlowJo. Cells gated 

as above.  

2.12. Comet Assay 
For detection of DNA damage within cells, the Trevigen CometAssay Reagent Kit for 

Single Cell Gel Electrophoresis Assay (Trevigen, N#Pa-aPa-K) was used. Cells were 

collected by trypsinisation and resuspended in ice-cold Ca,+ and Mg,+ free PBS (Sigma, 

D_P=^) and processed following the manufacturer’s protocol for Alkaline Comet Assay. 

Lysis was performed at N˚C overnight and electrophoresis was run at "V/cm and a current 

of =aamA for Nam at N˚C. DNA was stained with "aµg/ml of propidium iodide. Images of 
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comets were captured on a Zeiss Axio Imager widefield microscope with "ax (a.= NA) air 

objective lens. Scoring of comets was performed manually using established grading 

criteria as outlined in a review from Andrew Collins (Collins, #aaN).   

2.13. Colony Formation Assay 
The colony formation assay was performed as previously described (Franken et al., #aaU). 

After treatment, cells were harvested by trypsinisation and counted with a 

haemocytometer. "Paa cells per treatment were re-plated in "acm dishes and left to 

incubate at =^˚C, P% CO, for ^-"N days. Cells were fixed in ^a% ethanol and colonies 

stained with "% Methylene Blue (Sigma, MN"P`) for #am at room temperature. Excess 

stain was washed with ddH,O and stained colonies were counted manually. 
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3. The interplay between c-Myc and the proteotoxic 
stress response in early oncogenesis 

In this chapter I focus on the canonical role of HSF" in maintaining proteostasis, and how 

this is influenced by activation of c-Myc in an in vitro model system. Previous research has 

implicated c-Myc’s transcriptional network in the regulation of protein synthesis related 

genes and suggests that an upregulation of protein synthesis is required for tumour 

progression in a c-Myc driven model of cancer (Barna et al., #aa_; Ruggero, #aa`). Here, 

I explore how protein aggregation levels are affected by up to N_ hours of oncogenic c-

Myc activity. In this way I am able to characterise the impact of these processes on 

proteotoxic stress generation during the early stages of c-Myc-induced oncogenesis.  

Following on from this, I go on to test the consequences of c-Myc activation on activation 

of the transcription factor HSF", the master regulator of the heat shock response. Many 

cancer types display increased HSF" mRNA and protein expression (Dudeja et al., #a""; 

Santagata et al., #a""; Fang et al., #a"#; Mendillo et al., #a"#; Kourtis et al., #a"P), and a 

correlation was observed between c-Myc and HSF" expression in hepatocellular carcinoma 

(Cigliano et al., #a"^). Several oncogenic signalling pathways have previously been 

implicated in the regulation of HSF" (Dai, #a"_). However, whether c-Myc is able to 

directly or indirectly influence activation of HSF" has remained as of yet unexplored. In 

this chapter I ask whether c-Myc activation can lead to an increase in HSF" activation in 

our model of early oncogenesis. I also explore the regulation of downstream targets of 

HSF" and compare c-Myc-induced changes to that of classical proteotoxic stress inducers.  

3.1. Activation of c-Myc increases protein aggregation in the cell 
To test if activation of c-Myc leads to proteotoxic stress, I first decided to see how levels 

of protein aggregation change following activation of c-Myc. Throughout most of my study, 

I use the Retinal Pigmented Epithelial (RPE") cell line that are immortalised with hTERT 

and are diploid (www.ATCC.org). The cell line was further modified by lab member 

Cosetta Bertoli to express a plasmid containing c-Myc conjugated to the oestrogen 

receptor (ER) and are hereafter referred to as RPE" c-Myc-ER cells (Bertoli et al., #a"U). 

Activation of c-Myc can be induced in these cells upon addition of hydroxytamoxifen (N-

OHT), hereafter tamoxifen, to cell culture media. 

After activating c-Myc for U, #N, or N_ hours, cells were fixed and stained using Proteostat, 

a dye which fluoresces upon binding to aggregated proteins. As a positive control, cells 
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were treated with #anM of the proteasome inhibitor bortezomib (BTZ) for Uh before 

collection, in order to induce protein aggregation.  

The histograms in Figure =."A show a shift in Proteostat fluorescence intensity in the 

treated cells (coloured) compared to untreated cells (grey) and these changes are 

quantified in Figure =."B. We can see that there is a modest accumulation of protein 

aggregates within U hours of c-Myc being activated, and this increases to a peak level of 

aggregation at #Nh that is statistically significant. The slight drop in aggregate level 

between #N and N_h of c-Myc activity may suggest that proteotoxic stress response 

mechanisms have started to deal with the accumulated protein. These c-Myc-induced 

increases in protein aggregation are at a similar level to that seen with Uh of proteasome 

inhibition (BTZ), suggesting that the protein aggregation is of physiological significance. 

As these data suggest that c-Myc activity leads to an accumulation of misfolded protein, 

the classical example of proteotoxic stress, I next wanted to test if proteotoxic stress 

response mechanisms are activated to counter this.  

 

Figure 3.1: Activation of c-Myc increases levels of protein aggregation in the cell. To 
assay cellular protein aggresome levels, RPE1 c-Myc-ER cells had c-Myc activated for the 
indicated timepoints or bortezomib (BTZ) treatment for 6h before they were stained with 
Proteostat protein aggresome dye and analysed by flow cytometry. (A) Representative 
histograms showing Proteostat dye intensity of treated cells, coloured, compared to untreated 
cells, in grey. (B) Mean fluorescence intensity (MFI) of Proteostat staining. Error bars are SD, 
n=3, statistical analysis was performed using one-way ANOVA (*p<0.05).  
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3.2. c-Myc increases activation of HSF1 
In this section I explore if the heat shock response (HSR) mediated by HSF" is employed 

in order to counter c-Myc-induced protein aggregation. Firstly, c-Myc was activated in 

RPE" c-Myc-ER cells for #Nh before transcript levels of eIF;E and HSF6 were assessed by 

qPCR. The experiment was performed in parallel with RPE" ER-Empty cells, which express 

an unconjugated ER protein, to rule out that addition of tamoxifen alone could alter 

transcription of the tested genes. The translation initiation factor eIF;E is a well-

established target of c-Myc and acts as a positive control of c-Myc activation (Ruggero, 

#aa`). First, we see that addition of tamoxifen to RPE" c-Myc-ER cells significantly 

increases transcription of eIF;E (Figure =.#A), therefore marking a successful increase in 

c-Myc activity. As expected, tamoxifen addition to RPE" ER-Empty cells does not have a 

significant effect on eIF;E transcription. Interestingly, activation of c-Myc also causes a 

significant increase in HSF6 transcript levels (Figure =.#B). As discussed earlier, 

transcriptional upregulation of HSF6 is not typically induced upon proteotoxic stress, 

although upregulation of HSF6 mRNA has been detected in tumour samples. Furthermore, 

HSF6 has not been previously shown to be a target of c-Myc. As with eIF;E, addition of 

tamoxifen to the ER-empty cell line does not cause an increase in HSF6 transcription, 

suggesting that the response in RPE" c-Myc-ER cells is solely due to the activity of c-Myc 

and not an off-target effect of tamoxifen treatment.  

 

Figure 3.2: c-Myc activation increases transcription of HSF1. RPE1 c-Myc-ER cells and 
RPE1 ER-Empty cells were untreated (UT) or were treated for 24h with 4-OHT before RNA was 
extracted for RT-qPCR analysis. Expression levels of (A) eIF4E and (B) HSF1 were normalised 
to GAPDH. eIF4E is an early target of c-Myc and was used as a positive control of c-Myc 
activity. Error bars are SEM, n=3 except for RPE1 ER-Empty HSF1, where n=2. Statistical 
analysis was performed using paired Students’ t-test (*p<0.05).  

In order to establish a direct regulation of HSF6 transcription by c-Myc, I next wanted to 

test if c-Myc binds to the promoter region of HSF6 using chromatin immunoprecipitation 
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(ChIP). RPE" c-Myc-ER cells were either untreated or had "Uh of tamoxifen treatment 

before cells were collected and subjected to ChIP, pulling down samples with antibodies 

raised against c-Myc and IgG. Subsequently, qPCRs were run with primers targeting the 

promoter region of HSF6, upstream of a c-Myc E-Box binding motif, as well as the validated 

c-Myc target FBXWK (Walz et al., #a"N), and a negative control region. Data was 

normalised to input samples that represent the total amount of chromatin used per sample 

in the ChIP.  

 

Figure 3.3: c-Myc binds to the promoter region of HSF1. RPE1 c-Myc-ER cells were 
untreated (UT) or treated for 16h with 4-OHT before cells were collected for chromatin 
immunoprecipitation (ChIP). Samples were pulled down with antibody for IgG or c-Myc before 
qPCRs were run targeting the promoter region of (A) HSF1, primer-binding schematic shown on 
the right (B) FBXW8 or (C) a control intergenic region. Statistical analysis was run on 
percentage input values using two-way ANOVA (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001), 
n=4, error bars are SEM.  
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Firstly, in Figure =.=A qPCRs were run to test enrichment at the HSF6 promoter. We see 

very low enrichment of signal in the negative control IP samples that were pulled down 

with IgG antibody, with no difference between UT and tamoxifen treated samples, as 

expected. This demonstrates a low level of background noise in the assay. In comparison, 

within the samples that were pulled down with c-Myc we see a significant enrichment in 

tamoxifen treated samples over UT, suggesting that c-Myc is binding to the HSF6 promoter 

region. There is a low level of enrichment in the UT c-Myc pull down sample, but this is 

not significantly different to the IgG signal. This may represent the binding of endogenous 

c-Myc or of ‘leakiness’ of the c-Myc-ER fusion protein system, with a low level of nuclear 

localisation of this protein expected even in the absence of tamoxifen.  

To validate the result seen with HSF6, the samples were also run in qPCRs with other 

control genes. In Figure =.=B, we look at FBXWK, an FBOX gene that is a known c-Myc 

target gene (Walz et al., #a"N). As expected, we see significant enrichment in untreated 

and tamoxifen treated samples pulled down with c-Myc. Whilst this is likely mostly 

through endogenous c-Myc we do observe a further increase upon c-Myc-ER induction. 

Conversely, qPCRs run with primers targeting an intergenic region (Figure =.=C), where 

we do not expect c-Myc binding, do not show any enrichment in the c-Myc pulldown 

samples.  

The above thereby provides novel evidence of a direct interaction between c-Myc and HSF". 

We found that c-Myc activation increases binding of c-Myc to the HSF6 promoter region, 

and subsequently an increase in HSF6 transcription. These results could explain the 

finding of others that show increased expression of HSF" in cancer samples (Dudeja et al., 

#a""; Santagata et al., #a""; Fang et al., #a"#; Mendillo et al., #a"#; Heimberger et al., #a"=; 

Kourtis et al., #a"P). Whilst gene amplification of HSF6 may play an important role in the 

context of cancer, allowing HSF" to better exert its pro-tumourigenic functions, it further 

implicates c-Myc as a potential key driver of HSF6 expression in cancer. While previous 

research by Cigliano et al. (#a"^) suggested a correlation between HSF" and c-Myc 

expression, here we provide evidence for a direct regulatory interaction between these two 

genes.  

Alongside transcriptional regulation, HSF" can be regulated by a number of post-

translational mechanisms including the post-translation modification (PTM) of its protein 

structure. Therefore, I next asked if c-Myc expression leads to regulation of HSF" post-

translationally. In these next experiments, I activated c-Myc in RPE" c-Myc-ER cells for the 

indicated timepoints, before collecting cells for analysis of HSF" phosphorylation levels via 

Western blot and immunofluorescence (Figure =.N).  
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Figure 3.4: c-Myc activity increases phosphorylation levels of HSF1. (A) RPE1 c-Myc-ER 
cells were subjected to analysis by Western blot. Protein samples were taken from untreated 
cells (UT), and cells with c-Myc activated for the indicated timepoints. Samples were probed for 
protein expression levels of total HSF1 and pHSF1 S326, with GAPDH used as a loading 
control. n=3 with a representative blot shown here. (B) Band intensities were quantified and the 
protein expression levels of pHSF1 S326 and total HSF1 were normalised to GAPDH, then a 
fold change ratio between pHSF1 S326 and total HSF1 expression was calculated. Error bars 
are SEM, n=3. Statistical analysis was performed using one-way ANOVA (*p<0.05). (C) 
Representative immunofluorescence images of RPE1 c-Myc-ER cells collected after the 
indicated treatments and stained for pHSF1 S326 and nuclei with Hoechst. BTZ=bortezomib. 
Scale bar=20μM. (D) Graph of single cell data from one representative experiment. Error 
bars=SEM, statistical analysis performed via one-way ANOVA (****p<0.0001) (E) Quantification 
of the mean fluorescence intensity values of pHSF1 S326 staining normalised to UT cells. Error 
bars are SEM, n=4 except 24h c-Myc where n=3. Statistical analysis was performed using one-
way ANOVA (*p<0.05).  
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While a number of post-translational modifications of HSF" have been identified, I focused 

on phosphorylation of serine residue =#U (S=#U), which has been implicated as a critical 

modification required for HSF"’s activation and induction of its transcriptional response 

(Guettouche et al., #aaP).   

In Figure =.NA, I show that activation of c-Myc leads to a noticeable band shift of total 

HSF", which indicates the presence of post-translational modifications. Looking 

specifically at pHSF" S=#U levels, we see an increase at #Nh and N_h of c-Myc activation, 

and this is quantified in Figure =.NB. As part of its activation process, HSF" is translocated 

into the nucleus (Anckar and Sistonen, #a"") so I therefore decided to look at the nuclear 

localisation of pHSF" S=#U via immunofluorescence (Figure =.NC). Here, we see that the 

nuclear intensity of pHSF" staining significantly increases upon activation of c-Myc. 

Nuclear intensity peaks at #Nh c-Myc, causing a similar increase to that of the positive 

control, where cells were treated with the proteasome inhibitor BTZ. Single cell data from 

one representative experiment are displayed in Figure =.ND, while the mean intensity 

values from N independent experiments are graphed in Figure =.NE. This data suggests that 

c-Myc activity leads to an increase in HSF" activation, as marked by increases in its 

phosphorylation at S=#U and its nuclear localisation. Post-translational modifications such 

as these are required by HSF" in order to induce its downstream transcriptional network 

(Guettouche et al., #aaP). Together, my data shows that c-Myc activation causes the direct 

transcriptional upregulation of HSF6, and in parallel leads to an increase in post-

translational activation of HSF" protein.  

It has previously been reported that mTOR signalling can promote the phosphorylation of 

S=#U of HSF" in response to proteotoxic stress (Chou et al., #a"#). As c-Myc overexpression 

also increases mTOR signalling in a mouse model of lymphoma (Pourdehnad et al., #a"=), 

I next asked if the increase in S=#U phosphorylation I observed following c-Myc activation 

was mediated by an increase in mTOR signalling. To test this, I used a potent mTORC" 

inhibitor, Torin, to inactivate mTOR signalling. RPE" c-Myc-ER cells were either untreated 

or had c-Myc activated for #N hours, with or without #Nh of Torin treatment, before 

protein lysates were collected for Western blot analysis (Figure =.PA). As a readout of 

mTOR activation, I looked at protein phosphorylation levels of the NaS ribosomal protein 

SU, a downstream target of mTOR (Ma and Blenis, #aa`). Again, I find an increase in HSF" 

phosphorylation upon activation of c-Myc. I see that Torin treatment alone causes a 

reduction in pHSF" S=#U levels, in agreement with the findings of Chou et al. (#a"#). 

However, I still observe a c-Myc induced increase in pHSF" S=#U upon inhibition of mTOR 

signalling, although not to the same extent as untreated c-Myc activated cells (Figure =.PB). 
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This suggests that while the c-Myc-induced increase in HSF" phosphorylation could partly 

be attributed to mTOR function, this c-Myc-induced increase must also be mediated by 

another kinase. 

 

Figure 3.5: The c-Myc-induced increase in phosphorylation of HSF1 S326 is not mediated 
by mTOR signalling. RPE1 c-Myc-ER cells were untreated or had c-Myc activated for 24h, with 
or without 24h of Torin1 treatment to inhibit mTOR signalling. Protein lysates were collected for 
Western blot analysis. (A) Representative blot shown (B) Quantification of pHSF1 S326 protein 
levels, normalised to Vinculin loading control, for each condition. Error bars are SEM, n=3. 

In summary, data from this section suggests that c-Myc activity leads to the activation of 

HSF". Firstly, transcript levels of HSF6 significantly increase following c-Myc activity, in 

parallel to an increase in c-Myc binding to the HSF6 promoter region. Next, I saw increased 

phosphorylation of HSF" at a residue essential for its activation and this coincided with an 

increase in the nuclear localisation of pHSF". It is only upon post-translational 

modification and nuclear localisation that HSF" is able to induce its transcriptional 

network of HSP genes, suggesting that c-Myc activation may also lead to upregulation of 

HSF"’s gene network, and I explore this in more detail in the next section. Furthermore, I 

found the c-Myc-induced phosphorylation of HSF" S=#U was not completely dependent 

upon mTOR signalling, which was previously implicated in proteotoxic stress-induced 

increases in this PTM. This could suggest that c-Myc upregulates other kinases 

independent of the proteotoxic stress response to activate HSF". Nevertheless, as it 

appears that induction of c-Myc leads to the activation of HSF", either directly through c-

Myc-dependent transcriptional activation or via the canonical proteotoxic stress response, 

I next wanted to investigate what might be happening downstream of this, by looking at 

how transcript levels of HSF" targets change following c-Myc activation.  

3.3. c-Myc induces proteotoxic stress-dependent and 

proteotoxic stress-independent transcriptional changes 
As master regulator of the heat-shock response, HSF" induces the transcription of 

molecular chaperones, also known as heat shock proteins (HSPs), in order to protect the 

cell from proteotoxic stress (Lindquist, "`_U; Morimoto, #a""). As the number of 
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chaperones regulated by HSF" is extensive, I decided to test a subset of targets that gave 

good coverage across the subfamilies of HSPs (Table =.", list kindly provided by Dr. John 

Labbadia, UCL). The tested targets include genes from the HSPA, DNAJB, HSPB, HSP`a 

and Chaperonin families of HSPs. All tested genes are known to be regulated by HSF", 

except HSPA1, which was included as a non-HSF" target control gene and is a component 

of the unfolded protein response triggered by endoplasmic reticulum stress (Chapman et 

al., "``_).  

Family Gene Other names Expression 

HSPA (HSP70)  HSPA1A HSP70-1, HSP72 Inducible 

HSPA5* BIP, GRP78, MIF2 Constitutive 

HSPA6 Heat shock 70kD protein 6 Inducible 

HSPA8 HSC70, HSC71, HSP71, HSP73 Constitutive 

HSPA9 GRP75, HSPA9B, MOT, MOT2 Constitutive 

DNAJ (HSP40) DNAJB1 HSP40, HSPF1 Inducible 

HSPB (small 
HSPs) 

HSPB1 CMT2F, HMN2B, HSP27, HSP28, HSP25 Inducible 

HSPB5 CRYAB, crystallin alpha b Inducible 

HSP90 HSP90AA1 HSPC1, HSPCA, HSP90a Inducible 

HSP90AB1 HSPC3, HSPCB, HSP90b Constitutive 

Chaperonins CCT2 CCTB, TCP-1-beta Constitutive 

CCT4 CCTD, TCP1-delta Constitutive 

Table 3.1: List of HSF1 targets tested. Gene candidates kindly provided by John Labbadia 
(UCL). Table adapted from (Kampinga, 2006). *Non-HSF1 target control. 

In the following experiment, I activated c-Myc in RPE" c-Myc-ER cells for the indicated 

timepoints before collecting RNA for qPCR analysis. Cells were also transfected with either 

a non-targeting siRNA (siControl) or siRNA against HSF6 (siHSF") N_h before collection.  

Figure =.U is a heat map summarising the mean fold-change in transcript levels of each 

gene from three independent experiments. I categorised the data into genes I describe as 

either ‘HSF"-dependent’ or ‘HSF"-independent’ in the context of c-Myc activation (as all 

genes are known HSF" targets). HSF"-dependent genes show increased transcript levels 

following c-Myc activity in siControl cells (top left quadrant of the heatmap), but this 

activation is lost in siHSF" cells (top right quadrant). In contrast, HSF"-independent genes 

show increased transcript levels following c-Myc activity in both siControl (lower left 

quadrant) and siHSF" cells (lower right quadrant).  

This data suggests that HSF"-independent genes may be activated directly by c-Myc, or 

through another non-HSF"-pathway, highlighting the possibility of a c-Myc-induced 
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transcriptional response of canonical HSF" targets that is independent of HSF". Conversely, 

the HSF"-dependent genes are only activated in the presence of HSF", suggesting that their 

increase in transcript levels following c-Myc activity is an indirect effect, likely due to c-

Myc increasing HSF" activation, both directly and through proteotoxic stress (section =.#), 

which would in turn increase transcription of these targets. Interestingly, all of the 

identified HSF"-dependent genes are known to have inducible expression in response to 

heat shock (Table =."), while all of the identified HSF"-independent genes are known to 

have constitutive expression, except for HSPB1. This further supports the idea that the 

HSF"-dependent genes are being upregulated due to c-Myc-generated proteotoxic stress 

triggering the stress-inducible HSF" response. In contrast, the HSF"-independent targets 

are being upregulated by c-Myc, independently of the HSF" stress response.  

 

Figure 3.6: Heatmap showing gene expression of HSF1 targets following activation of c-
Myc, with and without silencing of HSF1. RPE1 c-Myc-ER cells were subjected to qPCR 
analysis of gene expression. Cells were either untreated (UT) or had c-Myc activated for the 
indicated timepoints and were transfected with control siRNA or siRNA against HSF1. 
Expression data for each gene was normalised to GAPDH loading control, then normalised to 
siControl UT cells to generate fold-change values. Upregulated genes are red and 
downregulated genes are blue. HSF1-dependent genes are highlighted in green, while HSF1-
independent genes are highlighted in purple. HSF1 and HSPA5 are included as control genes 
for their respective categories. n=3 independent experiments. Data for each individual gene are 
presented in Figures 3.7-3.8.  

HSF" targets have been shown to display different gene expression kinetics in response to 

heat shock (Mahat et al., #a"U), so it is possible this also applies to other stresses including 

that induced by c-Myc. Figure =.^ displays the gene expression data for each HSF"-

dependent gene on individual graphs, in order to show the kinetics of each response more 

clearly. Peak expression of each gene differs, with HSPAC, HSPB6 and DNAJB6 peaking at 

_h c-Myc; HSPA6A at #Nh; and HSPMNAA6 at N_h. The graphs also show that all genes 
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retain some basal expression following silencing of HSF6 but lose the spike in expression 

induced by c-Myc. The variable kinetics and loss of inducible response with silencing of 

HSF" supports the idea that for this group of targets the c-Myc induced response is 

working via the downstream activation of HSF". 

 

Figure 3.7: Per gene graphs showing expression of HSF1-dependent targets following 
activation of c-Myc, with and without silencing of HSF1. RPE1 c-Myc-ER cells were 
subjected to qPCR analysis as described in Figure 3.6. Statistical analysis was performed using 
repeated measures two-way ANOVA (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). Error bars 
are SEM, n=3. 
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Figure 3.8: Per gene graphs showing expression of HSF1-independent targets following 
activation of c-Myc, with and without silencing of HSF1. RPE1 c-Myc-ER cells were 
subjected to qPCR analysis as described in Figure 3.6. Statistical analysis was performed using 
repeated measures two-way ANOVA (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). Error bars 
are SEM, n=3. 
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The per-gene data for the HSF"-independent genes are shown in Figure =._. Here we see 

less variation in the kinetics of response, with most genes peaking in expression at #Nh of 

c-Myc activation. Peak c-Myc activity in the Proteostat and pHSF" data above was also at 

#Nh, which could suggest c-Myc induced changes are more temporally consistent and 

provides further evidence that this group of genes are induced independently of HSF", 

which appears to show more variable temporal regulation of genes.  

In order to see how these changes in transcription are reflected at the protein level, I 

repeated the time course of c-Myc activation in siControl and siHSF" RPE" c-Myc-ER cells 

and collected protein lysates for Western blot analysis (Figure =.`). Changes in protein 

level are similar to that seen at the RNA level, with all tested HSF"-dependent genes 

demonstrating an increase in protein with c-Myc activation that is lost following silencing 

of HSF6. Similarly, the HSF"-independent gene CCT7 has a c-Myc induced increase in 

protein level with or without silencing of HSF6. The kinetics of induction are remarkably 

similar between RNA and protein for all targets tested, except DNAJB", which has peak 

protein expression at a later timepoint than the peak in RNA level.  

siRNAs may have off-target effects which can affect the interpretation of experimental data. 

In order minimise the impact of off-target effects, and to validate the above findings, I 

repeated the HSF"-target screen using an alternative siRNA against HSF". This siRNA, 

labelled siHSF"_b, is a pool of four individual siRNAs that target HSF". Pooled siRNAs are 

thought to reduce off-target effects (Jackson and Linsley, #a"a). In Figures =."a and =."" I 

present the HSF"-target gene transcription data following #Nh of c-Myc expression with 

or without knockdown of HSF6 using siHSF"_b. We see a near perfect replication of the 

data observed in Figures =.U-=._. Again, the HSF"-target genes can be divided into HSF"-

dependent and HSF"-independent groups. A notable exception is HSPAC, which in this 

case is not downregulated following knockdown of HSF" by siHSF"_b.  

The data above provides strong evidence for the differential regulation of canonical HSF" 

targets by c-Myc. Transcription of all tested HSF" targets increased following activation of 

c-Myc, but some targets lost this response when HSF" was silenced. It is likely that c-Myc 

activation is increasing proteotoxic stress, thereby triggering HSF" activation to indirectly 

induce expression of these HSF"-dependent targets. Conversely, the HSF"-independent 

targets do not require HSF", instead they are induced directly by c-Myc activity or via a 

non-HSF" pathway. I would like to perform follow up experiments to confirm direct 

binding of c-Myc to these targets using ChIP. This finding has parallels to a study using T-

ALL leukaemia models, where it was shown that the transcription factor NOTCH" could 

bind to both HSF" and HSP gene promoters, including HSPMNAB6 and HSPAK, to increase 
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their gene expression (Kourtis et al., #a"_). My data therefore provides another example 

of transcription factor regulation of HSF", and the ability to regulate HSP targets 

independently of HSF". Interestingly, c-Myc is a downstream target of NOTCH" (Weng et 

al., #aaU), so there may be amplification of this effect in T-ALL.  

 

Figure 3.9: Protein levels of HSF1-dependent and HSF1-independent targets following a 
time course of c-Myc activation. (A) RPE1 c-Myc-ER cells were untreated or had c-Myc 
activated for the indicated timepoints, before protein lysates were collected for Western blot 
analysis. Targets that were categorised as HSF1-dependent targets are highlighted in green, 
with HSF1-independent targets in purple. Staining for pHSF1 was run as a control for the siRNA 
knockdown. Representative blots shown from n=3 independent experiments. (B) Quantification 
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Figure 3.9 Continued: of Western blots. Band densities were normalised to loading control 
(GAPDH or Vinculin) and then further normalised to siControl UT samples to calculate a fold 
change value. Error bars are SEM, n=3. Statistical analysis was run on the mean fold change 
value calculated from 3 independent experiments using two-way ANOVA (*p<0.5, **p<0.01, 
***p<0.001, ****p<0.0001). 

 

Figure 3.10: Heatmap showing gene expression of HSF1 targets following activation of c-
Myc, with and without silencing of HSF1 with siHSF1_b. RPE1 c-Myc-ER cells were 
subjected to qPCR analysis of gene expression. Cells were with or without 4-OHT treatment for 
24h to activate c-Myc and were transfected with control siRNA or a second siRNA against HSF1 
(siHSF1_b). Expression data for each gene was normalised to GAPDH loading control, then 
normalised to siControl UT cells to generate fold-change values. Upregulated genes are red 
and downregulated genes are blue. HSF1-dependent genes are highlighted in green, while 
HSF1-independent genes are highlighted in purple. n=3 independent experiments.  
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Figure 3.11: Per gene graphs showing expression of HSF1-dependent targets following 
activation of c-Myc, with and without silencing of HSF1 with siHSF1_b. RPE1 c-Myc-ER 
cells were subjected to qPCR analysis as described in Figure 3.10. Statistical analysis was 
performed using repeated measures two-way ANOVA (*p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001). Error bars are SEM, n=3. 
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3.4. HSF1 targets are differentially upregulated by c-Myc 

compared to other stresses known to activate HSF1 
As I found that c-Myc was upregulating the expression of a unique subgroup of HSF" 

targets independently of HSF", I next wanted to see if the gene expression signature of c-

Myc differed to that of other proteotoxic stress inducers known to activate HSF". Indeed, 

HSF" can be activated by a number of different stress treatments which have been well 

established in the literature. These include the use of proteasome inhibitors, such as 

bortezomib (Selimovic et al., #a"=); heat shock (Lindquist, "`_U); heavy metals (Steurer et 

al., #a"_); and amino acid analogues (Konovalova et al., #a"P; Mivechi et al., "``N). I 

wanted to test if the pattern of genes induced by these classical HSF"-activators would be 

similar to that seen with the activation of c-Myc. 

  

Figure 3.12: Activation of HSF1 following stress treatments. (A) RPE1 c-Myc-ER cells were 
untreated (UT) or subjected to 24h of c-Myc activation, 6h of bortezomib (BTZ), 1h of heat 
shock followed by 5h of recovery (Heat), 6h of cadmium chloride (CdCl2) or 6h of canavanine 
(Can) before collection of protein lysates for Western blot analysis and RNA for qPCR analysis. 
(B) In siControl cells, protein levels were quantified by normalising to loading control, before 
calculating the fold change in expression of pHSF1 over total HSF1 for each treatment. (C) Fold 
change in expression of HSPA1A, normalised to GAPDH (D) Transcription of HSF1 following 
the stress treatments was determined by qPCR analysis. Error bars=SEM, n=3, statistical 
analysis performed using (B) Students’ t-test, (C) one-way ANVOVA, and (D) two-way ANOVA 
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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To test this, RPE" c-Myc-ER cells were subjected a range of HSF"-activating stresses, 

including #Nh of c-Myc activation, before protein and RNA samples were collected for 

Western blot and qPCR analysis, respectively. The Western blot in Figure =."#A 

(quantification in Figure =."#B) shows that all tested stresses lead to increased 

phosphorylation of HSF" at S=#U, used as a readout of HSF" activation. The increase in 

phosphorylation of HSF" following heat shock is variable across experimental repeats, so I 

would like to test the use of a shorter recovery period than the Ph used in these 

experiments, as this may be allowing too much time for proteotoxic stress to be dealt with. 

Despite this, this data confirms that the stresses used in follow-up experiments are 

sufficient to activate HSF". As further validation I found that protein levels of HSPA"A, a 

target of HSF", are also significantly increased by the stresses and this stress-dependent 

induction is lost following silencing of HSF" (Figure =.`C). I found that transcriptional 

upregulation of HSF6 is a unique response to c-Myc activation, with none of the other 

proteotoxic stress inducers causing a strong increase in RNA levels (Figure =."#D). This is 

additional support of the idea that HSF" transcriptional upregulation is an important 

characteristic in cancer contexts, while not being typical of the classical proteotoxic stress 

response. 

 

Figure 3.13: Heatmap showing gene expression of HSF1 targets following c-Myc 
activation and proteotoxic stress-inducing treatments. RPE1 c-Myc-ER cells were stressed 
as in Figure 3.12 before collection of RNA for qPCR analysis. Expression data for each gene 
was normalised to GAPDH loading control, then normalised to siControl UT cells to generate 
fold-change values. Upregulated genes are red and downregulated genes are blue. Mean 
values were used from n=3 independent experiments, except for HSP90AA1 where n=1. 
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The gene expression data of HSF" targets is presented in Figure =."= as a heat map to better 

visualise any differences in gene induction patterns, with the per-gene data shown in 

Figure =."N. I have again divided the tested genes into the HSF"-dependent and HSF"-

independent categories I determined in Figure =.U. Looking at HSF"-dependent gene 

expression in siControl cells (top left quadrant), we see that these genes are the most 

highly induced by the canonical proteotoxic stressors, and that this response is greatly 

diminished by silencing of HSF" (top right quadrant). This supports the idea that these 

genes are regulated directly by HSF", as part of a stress-induced response. Interestingly, 

BTZ, heat shock and CdCl, are able to induce expression of HSPAC and DNAJB6 even with 

silencing of HSF", although not to the same levels as control cells, suggesting these genes 

may be regulated in part through other pathways. 

In contrast, expression of HSF"-independent genes in siControl cells (lower left quadrant) 

is most highly induced by c-Myc, while still demonstrating a minor induction with the 

other stresses. The pattern of activation is strikingly similar following silencing of HSF" 

(lower right quadrant). Again, I see that this group of genes can still be upregulated by 

activation of c-Myc even in the absence of HSF", confirmation of my data in Figure =.U. 

The lack of induction within this group of genes by the other proteotoxic stressors is also 

in agreement with the idea that the HSF"-independent group contains mostly 

constitutively expressed genes while the HSF"-dependent group contains stress-inducible 

genes (Table =.").  

Therefore, the data indicates that c-Myc’s induction of HSF"-independent genes is not 

driven by the generation of proteotoxic stress and may instead be a direct transcriptional 

effect, as it does not depend on the presence of HSF" and these genes are not upregulated 

by other proteotoxic stressors. Conversely, the induction of HSF"-dependent genes by c-

Myc may be due to the generation of proteotoxic stress that in turn activates HSF", 

triggering the transcription of these downstream targets. In support of this, these genes 

are mostly highly induced by proteotoxic stressors and this response is lost by silencing of 

HSF". As suggested in section =.=, ChIP experiments would help determine if c-Myc is 

directly binding to the HSF"-independent genes but not the HSF"-dependent genes.  
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Figure 3.14: Per gene data showing gene expression of HSF1 targets following c-Myc 
activation and proteotoxic stress-inducing treatments. siControl transfected cells are the 
black bars, siHSF1 transfected cells are the grey bars. HSF1-dependent genes are labelled in 
green, HSF1-independent genes in purple. Error bars=SEM, n=3 except for HSP90AA1 where 
n=1, statistical analysis performed using two-way ANOVA (*p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001). 

3.5. Summary 
In this chapter I have described the interplay between c-Myc activity and the proteotoxic 

stress response mediated by HSF", summarised in a model below (Figure =."P). Firstly, I 

have shown that activation of c-Myc leads to an increase in protein aggregation, a cause 

of proteotoxic stress. Due to this accumulation of proteotoxic stress, I next asked if c-Myc 

activation would also upregulate proteotoxic stress response mechanisms in order to deal 

with the accumulation of such stress. I found that c-Myc activation led to phosphorylation 

and nuclear localisation of HSF" indicating that HSF" is indeed induced following c-Myc 

activation. Surprisingly I found that c-Myc activation results in an increase in the 

transcription of HSF" and that c-Myc directly binds to the HSF" promoter, indicating a 

direct regulation of HSF" by c-Myc. 
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As the heat shock response is invoked following c-Myc activation, I next wanted to 

investigate what happens downstream of HSF". By looking at transcription and protein 

levels of known HSF" targets, I found that expression of all tested targets increased after 

c-Myc induction. Targets could be classified as HSF"-dependent genes that lose c-Myc-

induction with the silencing of HSF6, or HSF"-independent genes that could be 

upregulated even in HSF6’s absence. It is likely c-Myc generates proteotoxic stress, and 

therefore the activation of HSF", which induces the HSF"-dependent targets. In contrast, 

some targets are induced by c-Myc even in the absence of HSF", suggesting that c-Myc 

may be able to turn on transcription of these targets directly, although I have yet to show 

direct binding. This data is supported by the gene expression data of cells following 

treatment with a panel of proteotoxic stressors. Here, it seems that the HSF"-dependent 

genes are induced indirectly by c-Myc due to the generation of proteotoxic stress, while 

the HSF"-independent genes are upregulated by c-Myc independently of an HSF"-

mediated proteotoxic stress response. Since c-Myc appears to be regulating expression of 

HSF" targets independent of proteotoxic stress, it highlights the idea that other processes 

influenced by HSF" may also be important in the context of c-Myc activation, which is the 

focus of the next chapter. Overall, data from this chapter reveals an interplay between the 

activity of c-Myc and activation of HSF" and its transcriptional programme, improving our 

understanding of the role of the heat shock response in the early initiating events of cancer.  

 

Figure 3.15: Model depicting the interplay between c-Myc and HSF1 in the proteotoxic 
stress response. (a,b,c) Activation of c-Myc leads to the accumulation of protein aggregates, 
generating proteotoxic stress. This triggers the activation of the proteotoxic stress response 
mediated by HSF1. Activated HSF1 induces HSP gene expression, to counter a rise in 
proteotoxic stress. The ‘HSF1-dependent’ gene group identified in this chapter are activated in 
this pathway. (d,e) Independently of proteotoxic stress, c-Myc directly upregulates HSF1 
transcription and a subset of HSP gene transcription. The genes upregulated in this way are 
classified as ‘HSF1-independent’ in this chapter. (f,g) Upregulation of these pathways may have 
important proteotoxic stress-independent functions for c-Myc-driven cancers.  



 ^` 

4. The interplay between c-Myc and HSF1 in the DNA 
damage and replication stress responses 

HSF"’s ability to promote oncogenesis by regulation of a diverse set of biological processes 

was demonstrated in a seminal paper from the Lindquist lab (Mendillo et al., #a"#). Here, 

they showed that alongside the management of proteostasis, HSF" could also influence 

processes including DNA repair and cell cycle progression to aid cancer cell survival. 

Indeed, loss of HSF" in mouse models is known to sensitise cells to DNA damage-inducing 

ionising radiation (Li and Martinez, #a""), while HSF" is thought to interact with DNA 

repair pathway components such as pP=, ATR and PARP" (Logan et al., #aa`; Fujimoto et 

al., #a"^). Considering c-Myc’s ability to dysregulate cell cycle progression and cause DNA 

damage and replication stress in cancer (Hills and Diffley, #a"N), it raises the possibility of 

HSF" activity being important to tolerate these oncogenic activities. In the following 

chapter, I attempt to tease apart the extent to which HSF" is important in this context. 

4.1. Proteotoxic stress influences c-Myc-induced DNA damage 

levels 
In the previous chapter I showed that c-Myc activity led to activation of HSF" in two ways. 

Firstly, oncogenic c-Myc generates proteotoxic stress, causing an indirect activation of the 

proteotoxic stress response via HSF". However, c-Myc can also directly upregulate 

transcription of HSF" and a subgroup of HSF" targets in a manner that was distinct to that 

generated by the proteotoxic stress response. It is already well established that c-Myc 

dysregulation causes DNA damage via an increase in replication stress (Hills and Diffley, 

#a"N). I wondered if the generation of proteotoxic stress could also contribute to c-Myc-

induced DNA damage generation and aimed to answer this question in the following set 

of experiments. 

First, to check if proteotoxic stress can cause DNA damage, I activated c-Myc in RPE" c-

Myc-ER cells for the indicated timepoints or treated cells for Uh with the proteasome 

inhibitor BTZ, before collecting protein lysates for Western blot (Figure N."). I used protein 

levels of gH#AX as a readout of DNA damage, as this is one of the earliest markers of ATM-

mediated DNA damage checkpoint activation (Burma et al., #aa"). Firstly, we see that c-

Myc activation for #N or N_h generates DNA damage, marked by accumulation of gH#AX 

protein, as expected. Interestingly, BTZ-induced proteotoxic stress also generates DNA 

damage, and this is to comparable levels of c-Myc activation.  
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Figure 4.1: Proteotoxic stress generates DNA damage. RPE1 c-Myc-ER cells were 
untreated or had c-Myc activated for the indicated timepoints, or 6h BTZ treatment prior to 
collection of protein lysates for Western blot analysis. n=3, representative blot shown.  

In parallel, I assayed for cell viability using a colony formation assay. Here, RPE" c-Myc-

ER cells had #Nh c-Myc activation, Uh BTZ treatment, or a combination before being re-

plated at low density and left to grow for ^-"N days. Colonies were stained with methylene 

blue and counted manually to determine cell viability for each treatment type (Figure N.#). 

In line with the DNA damage data, I find that c-Myc activation and BTZ treatment both 

lead to a decrease in cell viability. Interestingly, a combination of c-Myc and BTZ 

treatment causes the greatest drop in colony formation (Figure N.#B). This could be 

evidence of c-Myc’s role in generating proteotoxic stress-induced DNA damage or may 

simply represent an additive effect. Nonetheless, this data suggests that proteotoxic stress 

may generate DNA damage. To confirm, I would like to perform single-cell gel 

electrophoresis assays to assess DNA DSB levels directly upon proteasome inhibition, as 

accumulation of gH#AX upon BTZ treatment may be the result of a decrease in gH#AX 

protein degradation, as opposed to a direct rise in DNA damage. To tease this apart in 

more detail, I next ask to what extent proteotoxic stress contributes specifically to c-Myc-

induced DNA damage generation. To do so, I aim to prevent proteotoxic stress in cells 

experiencing oncogenic c-Myc activity by altering protein synthesis rates via manipulation 

of the mTOR pathway. 

Previous work has shown that the mTORC" complex is activated by oncogenic stimuli to 

promote protein synthesis via the hyperphosphorylation of NE-BP", causing it’s 

dissociation from eIFNE to enhance cap-dependent protein translation (Saxton and 

Sabatini, #a"^). In the following experiment I use a potent inhibitor of mTORC", Torin, to 

reduce levels of protein synthesis (Liu et al., #a"#; Thoreen et al., #a"#). Conversely, 

silencing ATF;, a transcription factor that normally increases expression of NE-BP", the 

negative regulator of mTORC", promotes protein synthesis (Tameire et al., #a"`). In this 

way I could test if changing the rate of protein synthesis would lead to any differences in 

the accumulation of c-Myc induced DNA damage.  

RPE" c-Myc-ER cells had c-Myc activated for #Nh and were either treated with Torin or 

transfected with siRNA against ATF;, before protein lysates were collected for Western 
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blot. I again used protein levels of gH#AX as a readout of DNA damage and confirmed that 

#Nh of c-Myc activity leads to a pronounced increase in DNA damage levels in control 

silenced cells (Figure N.=A,B). To quantify the extent of mTOR pathway activation, I 

looked at phosphorylation of the ribosomal protein SU, a downstream target of mTOR (Ma 

and Blenis, #aa`). As expected, Torin treatment decreases pSU levels while silencing of 

ATF; increases SU phosphorylation, demonstrating a decrease and increase in mTOR 

activity, respectively (Figure N.=C). By inhibiting mTOR activity with Torin, I see a 

dramatic reduction in the level of c-Myc-induced DNA damage. Conversely, by increasing 

activation of mTOR with silencing of ATF;, I found that c-Myc-induced DNA damage 

increased.  

 

Figure 4.2: Cell viability is impaired following proteotoxic stress. (A) RPE1 c-Myc-ER cells 
were subjected to 24h c-Myc, 6h bortezomib or a combination before being re-plated at a 
density of 1500 cells per dish and allowed to grow for 1-2 weeks. Colonies were then stained 
and imaged. Representative images shown from n=3 independent experiments. (B) Colony 
number was manually counted and fold changes in the number of colonies compared to control 
UT cells were quantified. Error bars are SEM, n=3. Statistical analysis was performed using 
one-way ANOVA (*p<0.05, ***p<0.001, ****P<0.0001).  
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Figure 4.3: Altering protein synthesis rates via mTOR promotes c-Myc induced DNA 
damage. RPE1 c-Myc-ER cells were either untreated or had 24h of c-Myc activation, and were 
treated with Torin, an mTOR inhibitor. Cells were transfected with siControl or siATF4, to 
increase mTOR activity. Protein lysates were collected for analysis via Western blot. (A) 
Representative blot shown. (B) Fold-change increase in gH2AX protein levels over siControl c-
Myc cells were quantified. (C) Fold change in pS6 protein levels over siControl UT cells were 
quantified. n=3 independent experiments, statistical analysis performed using one-way ANOVA 
(*p<0.05, **p<0.01).  

Therefore, it appears that c-Myc-induced proteotoxic stress contributes extensively to 

DNA damage accumulation upon activation of c-Myc. Firstly, I show that a general 

proteotoxic stress inducer, BTZ, generates DNA damage, confirming a link between 

proteotoxic stress and DNA damage. Next, I show that c-Myc-induced DNA damage levels 

are dramatically affected by altering mTOR activity, which regulates protein synthesis 

rates. By inhibiting mTOR function with Torin and therefore lowering protein synthesis 

rates, c-Myc activation no longer causes DNA damage. Conversely, an increase in protein 

synthesis through silencing of ATFN causes an increase in c-Myc-induced DNA damage. 

This suggests that c-Myc-induced proteotoxic stress is a major contributor to the DNA 

damage generated upon c-Myc activation. I would like to follow up this experiment by 

showing that Torin treatment and ATFN silencing cause a decrease and increase, 

respectively, in c-Myc-induced protein aggregation levels via proteostat staining. While 

the mTOR pathway manipulations used above have been reported to affect protein 
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synthesis rates as described (Thoreen et al., #a"#; Tameire et al., #a"`), I would like to 

confirm these effects in our system. Furthermore, I would like to confirm that 

manipulation of the mTOR pathway does not cause proteotoxic stress-independent effects 

on c-Myc activity or cell cycle progression, by checking c-Myc nuclear localisation via 

immunofluorescence, and cell cycle profiles via flow cytometry, respectively. 

As I have shown in the previous chapter that c-Myc activates HSF", both due to proteotoxic 

stress-related and unrelated mechanisms, and I have just presented data that suggests c-

Myc-induced proteotoxic stress may generate DNA damage, I next wanted to assess the 

impact of HSF" knockdown on c-Myc induced DNA damage.  
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4.2. HSF1 is required for a functional DNA damage response and 

prevents DNA damage accumulation induced by c-Myc 
Dysregulation of c-Myc in cancer can cause activation of the DNA damage response (DDR) 

mediated by the effector kinase ATM. As HSF" has been similarly implicated in the DDR 

and I have just shown that proteotoxic stress may generate DNA damage, I wanted to test 

the impact of silencing HSF6 on the accumulation of c-Myc-induced DNA damage. If HSF" 

is indeed an important regulator of the DDR, its removal could lead to aberrant checkpoint 

signalling and an increase in DNA damage generated by c-Myc.  

4.2.1. Silencing HSF1 decreases levels of the DNA damage response component 

gH2AX, but does not otherwise impair DDR-signalling 

In the following experiments, RPE" c-Myc-ER cells were transfected with siControl or 

siHSF" siRNAs for N_h and had c-Myc activated for the indicated timepoints before 

samples were collected for Western blot and immunofluorescence analysis. In Figure N.N, 

I see that levels of DNA damage, marked by gH#AX, increase with activation of c-Myc in 

siControl cells. Surprisingly, however, knockdown of HSF" drastically reduced levels of 

gH#AX in response to c-Myc activation.  

 

Figure 4.4: Western blot showing a marker of c-Myc-induced DNA damage is lost 
following silencing of HSF1. siControl or siHSF1 RPE1 c-Myc-ER cells were either untreated 
(UT) or had c-Myc activated for the indicated timepoints before protein lysates were collected 
for Western blot analysis. A representative blot is shown from n=3 independent experiments. 
gH2AX is used as a readout of DNA damage.  

The corresponding immunofluorescence experiment in Figure N.PA recapitulates these 

findings. Here, I stained cells for chromatin-bound gH#AX to assay DNA damage, as well 

as RPA#, a marker of single-stranded DNA that can used as an indicator of cells 

undergoing DNA replication (Zou et al., #aaU). In siControl cells, I see an increase in 

gH#AX levels with c-Myc activation and this response is lost following the silencing of 

HSF" (Figure N.PB), in agreement with the Western blot data. By looking at RPA#-positive 

cells only, which can be used as a proxy for S phase cells, I also quantified the levels of 

chromatin-bound gH#AX during DNA replication, to see if there were any differences in 

DNA damage specifically induced by replication stress (Figure N.PC). However, as with the 

total cell population data, knockdown of HSF" abolishes the c-Myc-dependent increase in 
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replication stress-induced DNA damage. The data presented in N.PB and C is from one 

representative experiment, with quantification of all experimental repeats reported in 

Figure N.PD. 

 

Figure 4.5: Immunofluorescence showing the DNA damage mark gH2AX is lost following 
silencing of HSF1. (A) siControl and siHSF1 RPE1 c-Myc-ER cells were extracted for 
immunofluorescence analysis after 24 or 48h of c-Myc activity and stained for gH2AX and 
RPA2. Representative images shown from n=3 independent experiments, scale bar=20μM. (B) 
Scatter plot showing mean nuclear intensities of chromatin bound gH2AX, error bars are SD. (C) 
Scatter plot showing the mean nuclear intensities of chromatin bound gH2AX in S phase cells 
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Figure 4.5 Continued: (RPA value greater than 80A.U.), error bars are SD. (D) Table showing 
the mean intensity values gH2AX for the three experimental repeats. Statistical significance 
determined using one-way ANOVA (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).  

The findings in Figures N.N and N.P were unexpected, as I would predict that cells without 

the HSF" pathway would accumulate c-Myc-induced DNA damage, due to loss of this 

protective pathway with a proposed role in the DDR. Additionally, as I have just shown 

that c-Myc-induced proteotoxic stress can generate DNA damage, loss of the proteotoxic 

stress response pathway mediated by HSF" would be expected to increase proteotoxic 

stress levels, and consequently DNA damage. Phosphorylation of the histone protein 

H#AX is one of the first steps in the initiation of DNA repair, and this is a widely accepted 

marker of DNA damage within the field (Sherr and Bartek, #a"^). However, in this instance, 

loss of gH#AX could either indicate an absence of DNA damage or alternatively an 

impairment to DDR signalling. Phosphorylation of histone H#AX is dependent on key 

DNA repair proteins including ATM, MDC" and Chk# (Ciccia and Elledge, #a"a). In order 

to confirm normal activation of these key DDR pathway components, I performed another 

series of Western blots following knockdown of HSF" and a time course of c-Myc 

activation (Figure N.U).  

The DDR kinase ATM phosphorylates the mediator kinase Chk# in response to DNA 

damage detection, which in turn accelerate the recruitment of downstream DDR 

components including gH#AX (Harper and Elledge, #aa^). In Figure N.U we see that 

knockdown of HSF" does not disrupt protein phosphorylation levels of Chk# in response 

to c-Myc activation; phosphorylation increases in a c-Myc-dependent manner in both 

control and HSF" silenced cells. Activation of Chk# in response to c-Myc activation 

suggests that HSF" knockdown cells have functional ATM and that these cells are correctly 

detecting DNA damage. MDC" is another important component of the DDR, binding 

directly to gH#AX to propagate the ATM-mediated response (Lou et al., #aaU). Again, we 

see that silencing of HSF" does not perturb MDC" levels, suggesting this is not the cause 

of loss of gH#AX signalling. I also confirm that siHSF" cells have normal levels of H#AX 

histone protein, so this effect is not due to a total loss of this histone. Since replication 

stress can lead to DNA damage if left unchecked, I also looked at phosphorylated and total 

Chk" protein levels, as a readout of ATR kinase activation. Again, I see that Chk" is 

phosphorylated in a c-Myc-dependent manner in both siControl and siHSF" cells, 

suggesting that this response is also intact.  

In Figure N.^,  I look at P=BP" foci formation via immunofluorescence. RPE" c-Myc-ER cells 

were transfected with siControl or siHSF" siRNA and were either untreated or had c-Myc 
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activated for #Nh, before cells were fixed and stained with antibody against P=BP". P=BP" 

accumulates at sites of DNA damage in an ATM- and MDC"-dependent manner (Panier 

and Boulton, #a"N). Here, we see that HSF" knockdown cells accumulate P=BP" foci in 

response to c-Myc, again suggesting normal DDR pathway function. In fact, siHSF" cells 

have higher levels of P=BP" foci compared to controls, which may be a sign that these cells 

have higher levels of DNA damage than controls (explored in section N.#.# below). Taken 

together, the above rules out loss of ATM, MDC" or ATR-mediated signalling as the cause 

of a decrease in c-Myc-induced gH#AX levels. Even though this commonly used marker of 

DNA damage is absent, induction of the DDR following c-Myc activation suggests that 

siHSF" cells are experiencing DNA damage, which I explore next. 

 

Figure 4.6 HSF1 knockdown cells have an intact DNA damage response, excluding 
γH2AX. siControl or siHSF1 RPE1 c-Myc-ER cells were untreated (UT) or subjected to the 
indicated timepoints of c-Myc activation, before lysates were collected for Western blot. A 
representative blot is shown from n=3 independent experiments.  
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Figure 4.7: 53BP1 foci formation remains intact following knockdown of HSF1. RPE1 c-
Myc-ER cells were transfected with siControl and siHSF1 siRNAs with and without 24h of c-Myc 
activation before samples were fixed and stained for 53BP1 foci via immunofluorescence. (A) 
Representative images, scale bar=20µM. (B) Quantification of cells with ≥10 foci, n=1.  

4.2.2. Loss of HSF1 sensitises cells to c-Myc-induced DNA damage  

In order to test if HSF" knockdown cells do indeed have DNA damage induced by c-Myc 

which is not being correctly marked by gH#AX accumulation, I moved on to using single-

cell gel electrophoresis, also known as the comet assay. The comet assay directly measures 

DNA strand breaks without the need for a surrogate marker of DNA damage. Cells 

embedded within an agarose layer on a microscope slide are lysed in a high salt detergent, 

leaving supercoiled loops of DNA linked to the nuclear matrix (Collins, #aaN). Subsequent 

electrophoresis at alkaline pH results in comet-like structures that can be visualised with 

fluorescence microscopy, with an increase in the intensity of the comet tail relative to the 

head correlating to an increase in DNA breaks within the cell. This is because DNA loops 

with breaks lose their supercoiling and are able to extend towards the anode (Collins, 

#aaN).   

In the following experiment, RPE" c-Myc-ER cells were transfected with siControl or 

siHSF" siRNAs for N_h and had c-Myc activated for #Nh or N_h before cells were collected 

for the comet assay. Figure N._A shows representative images from one of three 

independent experiments, demonstrating the typical staining of DNA comets following 

treatment. Images were scored and the quantification is depicted in Figure N._B. Firstly, 

in siControl cells we see that untreated cells do not have high levels of DNA damage, as 

expected, but damage increases with induction of c-Myc, peaking at N_h, in agreement 
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with the levels of gH#AX staining measured in Figures N.N and N.P. Looking next at HSF" 

knockdown cells, we see that untreated cells already appear to have DNA damage, and 

these damage levels increase with induction of c-Myc. HSF" knockdown cells possessing 

significantly more DNA damage compared to control cells in the UT and #Nh c-Myc 

conditions, in agreement with the DDR pathway activation data above. These data show 

that the reduction of gH#AX staining in HSF" knockdown cells does not indicate lower 

levels of DNA damage, but rather an inability to maintain gH#AX levels.  

The assay was repeated once with siHSF"_b, and again I found that untreated HSF" 

silenced cells have higher levels of DNA damage compared to untreated siControl cells. In 

this case, however, I did not see a c-Myc-induced increase in DNA damage in HSF" 

knockdown cells. This may be due to higher levels of cell death in these cells prior to 

starting the assay, with the surviving cells having more moderate DNA damage levels. I 

aim to repeat this experiment to see if this is a reproducible result. Nevertheless, this data 

confirms that cells with HSF" knockdown experience DNA damage. 

 

Figure 4.8: c-Myc induced DNA damage increases in HSF1 silenced cells. (A) siControl or 
siHSF1 RPE1 c-Myc-ER cells were untreated (UT) or subjected to the indicated timepoints of c-
Myc activation, before DNA damage levels were assessed by alkaline DNA Comet assay. The 
greater the intensity of the comet tail compared to the head, the higher the amount of DNA 
damage present in the cell. Representative images are shown from one of n=3 independent 
experiments. (B) Visual scoring of DNA comets was performed, and data normalised to 
siControl UT cells. Error bars are SEM, n=3, statistical analysis was performed using two-way 
ANOVA (*p<0.05, **p<0.01).  
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Figure 4.9: Comet assay repeat with siHSF1_b. RPE1 c-Myc-ER cells were subjected to the 
Comet assay as in Figure 4.8, using siHSF1_b. n=1. 

4.2.3. HSF1 is required for stabilisation of gH2AX 

The above confirms that the loss of gH#AX in siHSF" cells is not the result of an absence 

of DNA damage. Another explanation for the loss of gH#AX could be that HSF" is involved 

its stabilisation. It has previously been reported that HSF" knockdown lowered 

doxorubicin-induced gH#AX foci formation via PARP" in HeLa cells (Fujimoto et al., #a"^) 

and that HSP`aAA", an HSF" target, may be involved in the stabilisation of gH#AX (Quanz 

et al., #a"#). Therefore, loss of gH#AX in this context may be due to its destabilisation 

brought about the silencing of HSF", which could disrupt HSF"-PARP" complexes and 

lower expression of HSP`aAA".  

From my HSF"-target screen in the previous chapter, I know that protein and RNA 

expression of HSP`aAA" is decreased in RPE" c-Myc-ER cells upon knockdown of HSF" 

(data shown again in Figure N."aA-C). To test if knockdown of HSP`aAA" alone could 

recapitulate the loss of gH#AX in cells experiencing oncogenic c-Myc, which I previously 

observed following knockdown of HSF", I silenced HSP`aAA" and subjected cells to a time 

course of c-Myc activation (Figure N."aD). Here, in siControl cells we see that activation 

of c-Myc for #N or N_ hours leads to gH#AX accumulation, as expected. Interestingly, in 

siHSP`aAA" cells, a large depletion in HSP`aAA" protein is observed alongside a loss of 

c-Myc-induced gH#AX accumulation. Therefore, I found that HSP`aAA" knockdown 

could replicate the loss of c-Myc-induced gH#AX seen upon silencing of HSF". This 

provides a potential mechanism to explain why silencing HSF" causes a decrease in gH#AX 

levels. Silencing of HSF" leads to a downregulation of HSP`aAA" levels, which in turn is 

required for stabilisation of gH#AX induced by c-Myc. To validate these findings, I would 

like to perform a rescue experiment whereby I introduce a plasmid containing HSP`aAA", 

causing its overexpression, into siHSF" cells and test if gH#AX levels return in response to 
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c-Myc activation. This would determine if the loss of gH#AX after siHSF" treatment in cells 

experiencing oncogenic c-Myc is solely due to a reduction in HSP`aAA" levels. 

 

Figure 4.10: Loss of HSP90AA1 may explain the absence of c-Myc-induced γH2AX 
following knockdown of HSF1. RPE1 c-Myc-ER cells were transfected with siControl or 
siHSF1 siRNAs before c-Myc was activated for the indicated timepoints. Protein levels of 
HSP90AA1 were analysed via Western blot. (A) Representative blot (B) Quantification of protein 
expression from n=3 independent experiments. (C) RNA levels of HSP90AA1 were assessed 
via RT-qPCR in a series of parallel experiments, n=3. (D) RPE1 c-Myc-ER cells were 
transfected with siControl or siHSP90AA1 siRNAs before c-Myc was activated for the indicated 
timepoints. Protein lysates were collected for Western blot analysis, n=3. Statistical analysis 
was performed using two-way ANOVA (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).  

 

Figure 4.11 Acute induction of γH2AX in siHSF1 cells. RPE1 c-Myc-ER cells were 
transfected with siControl or siHSF1 siRNAs, before 24h of c-Myc activation or 1h of 
camptothecin (CPT, 2μM) treatment prior to collection for Western blot. n=3, representative blot 
shown.  
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To further investigate if silencing of HSF" is causing destabilisation of gH#AX as opposed 

to complete loss of signal induction, I next wanted to test if gH#AX accumulation would 

be visible following an acute treatment of a DNA damage-inducing agent. Camptothecin 

(CPT) is a topoisomerase I inhibitor that causes replication fork collapse and DNA double 

strand break formation, leading to an accumulation of gH#AX (Teicher, #aa_). By treating 

cells with #µM of CPT for " hour before collection, I aimed to cause an acute accumulation 

of gH#AX that would not become destabilised in the short term.  

In Figure N."", we can see that in control silenced cells, both CPT treatment and #Nh c-Myc 

activation increase gH#AX levels. As described above, upon silencing of HSF", I no longer 

see an increase in gH#AX upon c-Myc activation. However, I observe high gH#AX levels in 

CPT treated siHSF" cells. This indicates that HSF" knockdown cells are able to successfully 

phosphorylate H#AX as part of the DDR and suggests that it is a lack of protein 

stabilisation that results in loss of c-Myc-induced gH#AX over time. To follow up, I would 

like to perform earlier timepoints of c-Myc activation in siHSF" cells, to determine if acute 

c-Myc activation leads to an accumulation of gH#AX that later becomes destabilised.  

4.2.4. Summary 

The above experiments have revealed an interesting consequence of the loss of HSF" for 

the DDR. Whilst in control cells, activation of c-Myc leads to the accumulation of gH#AX, 

an important component of the DDR, this accumulation is severely reduced in cells with 

knockdown of HSF". By investigating upstream pathway components of the DDR, I have 

shown that loss of HSF" does not appear to affect activation of the kinases ATM, ATR, 

Chk# and Chk". Similarly, P=BP" is still able to accumulate following c-Myc-dependent 

DNA damage induction and the gH#AX-binding protein MDC" is not lost upon HSF" 

knockdown. Instead, it seems that the loss of gH#AX may be due to a lack of stabilisation 

mediated by the HSF"-target HSP`aAA", in support of other findings in the literature.  

Taken together, it appears that cells with HSF" silencing are sensitised to c-Myc-induced 

DNA damage for two reasons, summarised in Figure N."#. Firstly, as c-Myc-induced 

proteotoxic stress generates DNA damage, loss of the proteotoxic stress response pathway 

mediated by HSF" will generate further proteotoxic stress and consequently DNA damage. 

Secondly, it appears that HSF" knockdown cells have a compromised DDR, with an 

inability to maintain gH#AX levels. We can see that silencing of HSF" causes an increase 

in DNA damage levels, and that these levels are exacerbated by induction of c-Myc. This 

remarkable increase in DNA damage is, however, not accompanied by an accumulation of 

gH#AX, likely due to an absence of the HSF"-target HSP`aAA" for its stabilisation. 
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Therefore, these data suggest that HSF"-dependent maintenance of gH#AX confers a 

protective effect on cells to prevent the accumulation of c-Myc-induced DNA damage, 

which can be generated by c-Myc-induced proteotoxic stress, corroborating with data that 

shows that loss of HSF" can sensitise cells to DNA damaging agents (Li and Martinez, #a"").  

 

Figure 4.12: Model of the role of HSF1 in c-Myc-induced DNA damage generation. c-Myc 
activation leads to the generation of proteotoxic stress, which in turn causes DNA damage. 
HSF1 is activated by an increase in proteotoxic stress and direct transcriptional upregulation via 
c-Myc. HSF1 functions to lower proteotoxic stress, reducing proteotoxic stress-induced DNA 
damage. In parallel HSF1, via its downstream target HSP90AA1, stabilises the DDR component 
gH2AX to ensure timely repair of c-Myc-induced DNA damage.  

4.3. HSF1 protects the cell from replication stress 
Data from our lab and others has shown that oncogene activation, including c-Myc, drives 

unscheduled S phase entry and generates replication stress (RS) (Hills and Diffley, #a"N; 

Bertoli et al., #a"U). Compounding this, HSF" was shown to interact with the RS 

checkpoint factors ATR and Chk", suggesting a potential role for HSF" in the response to 

RS (Logan et al., #aa`). Above I have shown the contribution of proteotoxic stress to the 

generation of c-Myc-induced DNA damage and an additional role for HSF" in stabilising a 

DDR component. In the following section I address the involvement of replication stress 

in increasing DNA damage levels in HSF" knockdown cells.  

First, I ask if the increase in c-Myc-induced DNA damage I observed in HSF" knockdown 

cells is due to an increase in replication stress by performing DNA fibre analysis. The DNA 

fibre assay exploits the use of nucleotide analogues which can be incorporated into 

nascent DNA to sequentially label progressing replication forks. Immunostaining of these 

analogues allows the visualisation of DNA tracks and analysis of parameters such as 

replication track length and origin firing (Quinet et al., #a"^). As replication stress can be 

defined as the slowing or stalling of replication forks, a decrease in replication track length 

can be used as a readout of replication stress (Zeman and Cimprich, #a"N).   
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Figure 4.13: HSF1 knockdown significantly slows DNA replication fork speed. (A-D) 
Histograms of measured DNA replication tracks 48h after transfection of the indicated siRNAs, 
with or without 24h of c-Myc activation, from one representative experiment. Curves represent a 
Gaussian fit of the data. (E) Means and SDs from 3 independent repeats. Statistical analysis 
using the Mann-Whitney test (**p>0.01, ****p>0.0001).  

Here, I transfected RPE" c-Myc-ER cells with siControl or siHSF" siRNA for N_h, before 

activating c-Myc for #Nh and proceeding with the DNA fibre assay. The histograms in 

Figure N."=A-D present data from one representative experiment, with the quantification 

for all three experimental repeats in Figure N."=E. Firstly, my data confirms that activation 

of c-Myc causes a shortening of replication track length, and therefore replication stress, 

in control cells (Figure N."=A). Mirroring this, replication stress is also induced by c-Myc 

in HSF" knockdown cells (Figure N."=B). Interestingly, replication tracks of untreated 

siHSF" cells are significantly shorter than untreated siControl cells (Figure N."=C). 

Furthermore, in cells with activation of c-Myc, siHSF" cells have replication tracks that are 

significantly shorter than those in siControl cells (Figure N."=D). I repeated the DNA fibres 

assay with siHSF"_b siRNA and found similar results (Figure N."N). Again, HSF" 



 `P 

knockdown cells displayed shorter DNA replication tracks compared to siControl cells in 

untreated and c-Myc activated cells. Together, this suggests that loss of HSF" leads to a 

degree of replication stress, and a combination of HSF" knockdown and oncogene 

activation sensitises the cell further to replication stress generation. This data suggests a 

role for HSF" in replication stress-tolerance. Even in unperturbed conditions HSF" is 

needed to prevent the generation of replication stress, and this is exacerbated upon c-Myc-

induced replication stress generation.  

 

Figure 4.14: DNA fibres assay repeat with siHSF1_b. (A-D) Histograms of measured DNA 
replication tracks 48h after transfection of the indicated siRNAs, with or without 24h of c-Myc 
activation, from one experiment. Curves represent a Gaussian fit of the data. (E) Means and 
SDs from one experiment. Statistical analysis using the Mann-Whitney test (**p>0.01, 
****p>0.0001), n=1.  

As I have shown above that c-Myc-induced proteotoxic stress could lead to DNA damage, 

I next wanted to test to what extent this was via an increase in replication stress. In the 

above experiment, activation of c-Myc generates both replication stress and proteotoxic 

stress, making it difficult to tease apart their contributions to replication stress-induced 

DNA damage. In the following experiment, I treated cells with a potent replication stress 

inducer, hydroxyurea (HU), with and without knockdown of HSF". HU is a ribonucleotide 
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reductase inhibitor that lowers dNTP levels, causing replication fork stalling. Importantly, 

HU is not known to cause proteotoxic stress. By comparing the response of HSF" 

knockdown cells to a replication stress-inducer (HU) with a combined proteotoxic 

stress/replication stress-inducer (c-Myc), we should be able to determine the contribution 

of proteotoxic stress to a c-Myc-induced increase in replication stress. 

In Figure N."P, RPE" c-Myc-ER cells were transfected with siControl or siHSF" siRNAs for 

N_h, before treating cells with a."mM HU for Nh. The results of the DNA fibre assay are 

summarised in Figure N."PA. Firstly, I confirm that silencing of HSF" leads to a shortening 

of DNA replication track length compared to control cells (Figure N."PB), as above. Next, 

I show that treatment with HU leads to a dramatic reduction in replication track length 

in siControl cells (Figure N."PC), confirmation that HU acts as a potent RS-inducer. 

Similarly, HU treatment in HSF" knockdown cells also causes a shortening of replication 

tracks (Figure N."PD) and DNA replication tracks are shorter than those of control cells 

(Figure N."PE). A summary of = independent repeats is displayed in (Figure N."PF). As I had 

previously shown that unperturbed siHSF" cells have shorter replication tracks than 

controls, I quantified the fold-reduction in length between the UT and HU-treated 

conditions for siControl and siHSF" cells to get a better visualisation of the sensitivity to 

HU treatment (Figure N."PG). Here, we can see that siHSF" cells are not more sensitive to 

HU treatment, with a ~=.P-fold decrease in replication track length observed for both 

siControl and siHSF" cells. In parallel, I performed a colony formation assay in HSF" 

knockdown cells to test how cells recovered from HU treatment (Figure N."U). Again, I did 

not see a difference in sensitivity to HU, with treatment causing a similar drop in colony 

number (~#a%) when compared to controls, in line with the DNA fibres data. 

Interestingly, colony number is slightly higher in siHSF" cells, suggesting they may 

proliferate faster, which is explored in chapter P. From the above, it appears likely that 

proteotoxic stress can cause replication stress. To confirm this, I would like to perform the 

DNA fibres assay in cells treated with BTZ, with or without knockdown of HSF". This will 

determine if proteotoxic stress can directly cause replication stress, and if knockdown of 

HSF" sensitises cells to proteotoxic stress-induced replication stress.  

In summary, in this section I have explored the influence of replication stress in the 

generation of DNA damage in HSF" knockdown cells. Firstly, I show that knockdown of 

HSF" causes a decrease in DNA fibre length, a readout of replication stress, and this is 

exacerbated by c-Myc activation. Interestingly, siHSF" cells were not more sensitive than 

controls to the potent replication stress-inducing treatment HU in DNA fibre and colony 

assays. Together, this suggests that, rather than preventing replication stress, HSF" may 
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be involved in replication stress-tolerance by preventing proteotoxic stress-induced DNA 

damage. This explains the increased sensitivity to c-Myc activation in HSF" knockdown 

cells, as c-Myc causes an increase in proteotoxic stress which would subsequently cause 

replication stress and DNA damage. While c-Myc activation generates replication stress 

in cancer cells via cell-cycle dysregulation, it is also established that replication stress-

tolerance mechanisms are upregulated by c-Myc in order to improve cancer cell survival 

in high-replication stress conditions. Such mechanisms include the upregulation of E#F 

transcription and WRN helicase (Moser et al., #a"#; Bertoli et al., #a"U). From the data 

presented above, it could be speculated that the upregulation of HSF" by c-Myc may 

therefore be another way in which c-Myc increases replication stress-tolerance.  
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Figure 4.15: HSF1 knockdown cells have similar sensitivity to hydroxyurea (HU) in a DNA 
fibres assay compared to control cells. (A-E) Histograms of measured DNA replication tracks 
48h after transfection of the indicated siRNAs, with or without 4h of 0.1mM HU treatment, from 
one representative experiment. Curves represent a Gaussian fit of the data. (F) Means and SDs 
from 3 independent repeats. Statistical analysis using the Mann-Whitney test (****p>0.0001).  
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Figure 4.15 continued: (G) Fold change in DNA replication track length between UT and HU 
treated conditions was quantified for siControl and siHSF1 cells. Error bars are SEM, n=3. 
Statistical analysis performed using paired t-test. 

 

 

Figure 4.16: Sensitivity of HSF1 knockdown cells following HU treatment in a colony 
formation assay. RPE1 c-Myc-ER cells were transfected with siControl or siHSF1 siRNA for 
48h, before 4h of 0.1mM HU treatment and subsequent re-plating at low density. (A) Colonies 
were grown for 7 days before being stained and imaged, representative image shown. (B) Fold 
change number of colonies was quantified for n=3 independent experiments, statistical analysis 
performed using two-way ANOVA (*p<0.05).  
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4.4. Summary 
At the beginning of this chapter, I showed that proteasome inhibition caused 

accumulation of the DNA damage marker gH#AX, suggesting that proteotoxic stress may 

cause DNA damage. Building on this finding, I showed that levels of c-Myc-induced DNA 

damage could be reduced by inhibiting mTOR, thereby slowing protein synthesis, and 

conversely c-Myc-induced DNA damage was increased by activating mTOR, promoting 

protein synthesis. Due to HSF"’s role in maintaining proteostasis, I wondered if its absence 

would also perturb DNA damage levels in response to c-Myc activation. Additionally, 

previous reports from the literature had implicated HSF" and its targets in regulation of 

the DDR, highlighting this area as an important avenue for investigation.  

A surprising observation was that cells with silencing of HSF" no longer had an 

accumulation of gH#AX in response to c-Myc activation. Phosphorylation of histone 

H#AX is an early marker of DDR activation and is important for successful DNA lesion 

repair. Broadly speaking, an absence of gH#AX could be explained by either a lack of DNA 

damage or by problems in the cellular signalling of DNA damage. Therefore, to understand 

the reason for loss of gH#AX, I next looked at other important components of the DDR. I 

found that the central DDR kinase ATM was functional by observing c-Myc-induced 

increases in Chk# phosphorylation. Similarly, the gH#AX binding partner MDC" was also 

present at normal levels in HSF" silenced cells, while P=BP" foci formation was induced by 

c-Myc activity. Together, this data suggested that the DNA damage checkpoint was being 

activated in c-Myc cells in the absence of HSF", but that DDR signalling through gH#AX 

was impaired.  

Activation of the DDR in HSF" knockdown cells suggests they are experiencing DNA 

damage. To conclusively establish if siHSF" cells experience DNA damage following c-Myc 

activation, I performed the Comet assay. In fact, levels of DNA damage in HSF" knockdown 

cells were much higher than controls, with untreated cells even possessing DNA damage. 

This data suggests that HSF" silenced cells have greater levels of proteotoxic stress-

induced DNA damage and are less able to respond to DNA damage due to their inability 

to signal through gH#AX. Previously published work had suggested that HSP`aAA", an 

HSF" target, may be important for gH#AX stabilisation. To test this, I silenced HSP`aAA" 

and also found a loss of c-Myc-induced gH#AX accumulation. If the loss of gH#AX was 

therefore due to its destabilisation, I reasoned that use of an acute DNA damage-inducing 

treatment, "h of CPT, may generate enough H#AX phosphorylation to be visualised by 

Western blot, while not allowing enough time for it to become destabilised. Indeed, I 

found that HSF" silenced cells could accumulate gH#AX in response to acute CPT 
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treatment. These data suggest that it may be a lack of gH#AX stabilisation via HSF"-

dependent upregulation of HSP`aAA" that is the mechanistic reason for an absence of c-

Myc-induced gH#AX in siHSF" treated cells. 

One of the main drivers of c-Myc induced DNA damage is an increase in replication stress. 

In order to examine the impact of HSF" on the replication stress response, I performed the 

DNA fibres assay. Interestingly, I found that knockdown of HSF" alone caused replication 

stress, as marked by a decrease in replication track length. Activation of c-Myc caused a 

greater increase in replication stress in HSF" silenced cells compared to control cells, while 

there was no difference in sensitivity upon HU treatment. This suggests that proteotoxic 

stress may contribute to replication stress, although I want to test this directly by treating 

cells with BTZ in the DNA fibres assay. An upregulation of HSF" by c-Myc may be 

important for replication stress-tolerance, alongside previously reported factors such as 

E#F-transcription and WRN expression. A summary of the findings in this chapter are 

modelled below (Figure N."^).  

 

Figure 4.17: Refined model of the role of HSF1 in c-Myc-induced DNA damage 
generation. c-Myc activation leads to the generation of proteotoxic stress, which in turn causes 
DNA damage via an increase in replication stress. HSF1 is activated by an increase in 
proteotoxic stress and direct transcriptional upregulation via c-Myc. HSF1 functions to lower 
proteotoxic stress, reducing proteotoxic stress-induced replication stress and DNA damage. In 
parallel HSF1, via its downstream target HSP90AA1, stabilises the DDR component gH2AX to 
ensure timely repair of c-Myc-induced DNA damage. A role for HSF1/HSPs within the 
replication stress response (RSR) remains an open question.  
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5. Investigating the interplay between HSF1 and c-Myc 
in cell cycle progression 

Deregulation of the cell cycle is an important step in tumourigenesis, allowing cancer cells 

to grow and divide continuously, thereby promoting tumour growth and mutation. Indeed, 

c-Myc is known to drive cell cycle progression, upregulating genes such as cyclin D", cyclin 

E" and E#F"/# to promote S phase entry (Meyer and Penn, #aa_). While most research has 

focused on c-Myc’s role in S phase progression, accumulation of DNA damage and 

replication stress can lead to defects during mitosis (Hills and Diffley, #a"N; Baudoin and 

Cimini, #a"_). As data from the previous chapter has shown that HSF" knockdown leads 

to an accumulation of DNA damage and replication stress, I wondered how this would 

affect cell cycle progression. Normally, cell cycle checkpoints would detect such damage 

and stall the cell cycle to allow time for repair. In light of this, this chapter focuses on the 

regulation of the cell cycle upon knockdown of HSF", in the context of c-Myc activation.  

5.1. HSF1 is required for normal cell cycle dynamics 
In the previous chapter I show that HSF" knockdown causes replication stress. 

Consequently, we would expect an accumulate of cells in S-G# while repair of replication 

stress and subsequent DNA damage takes place. To test this, I asked if there is a change 

in cell cycle progression following knockdown of HSF" using flow cytometry. RPE" c-Myc-

ER cells were either untreated or had c-Myc activated for #Nh and were incubated for "h 

with P’-ethynyl-#’-deoxyuridine (EdU), a nucleotide analogue that is incorporated into 

replicating cells and can be labelled with a fluorescent azide (Salic and Mitchison, #aa_). 

After "h of EdU labelling, cells were washed to remove unincorporated EdU and samples 

collected at a, #, N, and _h after washout for analysis by flow cytometry. Cells were also 

stained with DAPI to assess DNA levels. By gating the data for positive EdU staining, we 

can identify cells which were undergoing DNA replication at the start of the time course. 

We can then follow these cells as they progress through S, G# and M phases before 

returning to G" phase and the start of another cell cycle. 

The histograms in Figure P." show the DAPI staining of EdU-positive cells throughout the 

time course. Firstly, by looking at untreated siControl cells in the top row of the figure, we 

can establish the expected rate of cell cycle progression at each timepoint. As expected, at 

ah nearly all EdU-positive cells are in S phase, as denoted by a DNA content of between 

#N and NN. We see that cells are progressing through S phase by the #h timepoint, 

indicated by an increase in NN cells. By Nh the majority of cells are in G#-M phases, 

denoted by the NN DNA content peak, with some cells having completed mitosis and 
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returning to G", represented by the smaller peak at #N. By _h, most cells have completed 

a cell cycle, indicated by the peak of #N DNA content, with a small proportion of cells 

remaining in G#-M. The following rows of histograms in Figure P." depict the EdU-positive 

populations for siControl c-Myc, siHSF" UT and siHSF" c-Myc treated cells, respectively. 

To better compare the cell cycle progression between samples, I performed a number of 

quantifications, which are detailed in the following figures. 

 

 

Figure 5.1: HSF1 silenced cells accumulate in S and G2-M phases of the cell cycle. 
siControl or siHSF1 RPE1 c-Myc-ER cells were either untreated (UT) or had c-Myc activated for 
24h before being labelled with EdU for 1h. Unincorporated EdU was washed out of the cells 
before samples were collected at the indicated timepoints for analysis via flow cytometry. 
Histograms show DAPI incorporation against cell count for EdU-positive cells. The histograms 
shown are a representative example of one of n=3 independent experiments.  



 "aN 

Firstly, in Figure P.#A I quantified the proportion of cells in G", S and G#-M phases at each 

timepoint of the time course, and then separated the data by cell cycle phase in Figure 

P.#B-D. In Figure P.#B, we can see that the rate of progression through S phase is equal in 

all conditions #h and Nh after EdU washout. However, by _h after EdU washout we can 

see that c-Myc treated cells, both control and HSF" silenced, trend towards an increase in 

S phase populations. This could represent an increase in replication stress generated by c-

Myc, slowing progression of DNA replication. Interestingly, there is no difference between 

untreated HSF" knockdown cells and controls in this S phase delay, even though I 

previously showed that HSF" knockdown alone can slow replication track progression. The 

slowing down of replication forks might be the result of an increase in active forks, which 

would therefore explain why there is not an overall decrease in DNA synthesis. I aim to 

test this in the future.  

As I found with S phase cells, the proportion of G#-M phase cells are similar across the 

conditions at #h and Nh after EdU washout (Figure P.#C). By _h after EdU washout, we 

can see an increase in G#-M cells in siHSF" UT, siControl c-Myc and siHSF" c-Myc cells 

compared to siControl UT cells, with a statistically significant increase for siHSF" c-Myc 

cells. This is mirrored by a significant decrease in the proportion of G" cells in the siHSF" 

c-Myc condition, _h after EdU washout (Figure P.#D). This data suggests that knockdown 

of HSF" or c-Myc activation alone cause a detectable but not statistically significant delay 

in G#-M of the cell cycle. Knockdown of HSF" combined with c-Myc activation has a 

synergistic effect, substantially increasing the proportion of G#-M cells at the end of the 

time course. A G#-M accumulation is likely the result of the increase in replication stress 

and DNA damage reported in the previous chapter, which would lead to prolonged 

activation of the replication stress and DNA damage checkpoints prior to entry into 

mitosis. Furthermore, it appears that HSF" knockdown cells with c-Myc activation have a 

shorter G", driving cells into S phase, and G#-M following this, prematurely.  

While the above data analysed the rate of progression of EdU-positive cells throughout 

the time course, I also quantified how the cell cycle phase proportions changed in the total 

cell population (Figure P.=). Firstly, in Figure P.=A, I quantified the proportion of cells that 

were EdU-positive across the time course. Interestingly, I found that knockdown of HSF" 

increases the EdU-positive population by roughly #-fold compared to controls, with a 

slightly bigger increase seen for c-Myc-activated cells compared to UT. This suggests that, 

within the total population of cells, cells that have had silencing of HSF" are more likely 

to be undergoing DNA replication. In support, when I quantify the percentage of S phase 

cells across the time course, I see that knockdown of HSF" increases S phase proportion 
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compared to controls (Figure P.=B). The data from Figure P.#B and Figure P.=A,B together 

suggest that knockdown of HSF" increases the number of cells that are undergoing DNA 

replication, but that the rate of progression through S phase is not perturbed. Again, this 

may be the result of a shorter amount of time spent in G", as the total proportion of cells 

in G" is decreased in HSF" knockdown cells (Figure P.=D).  

As I had seen that HSF" silenced cells had a delay in G#-M progression, I next asked if 

there was an increase in the proportion of G#-M phase cells amongst the whole cell 

population (Figure P.=C). Indeed, I find that knockdown of HSF" significantly increases 

the proportion of G#-M cells compared to controls, with a combination of HSF" 

knockdown and c-Myc activation causing the greatest level of accumulation. Again, the 

increase in G#-M phase cells is mirrored by a decrease in G" cells (Figure P.=D). Therefore, 

the increase in G#-M cells can be attributed both to a shorter G" phase as well as a delay 

in G#-M progression, described above. 
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Figure 5.2: Quantification of the cell cycle progression of EdU-positive cells over time. 
siControl or siHSF1 RPE1 c-Myc-ER cells were either untreated (UT) or had c-Myc activated for 
24h before being labelled with EdU for 1h. Unincorporated EdU was washed out of the cells 
before samples were collected at the indicated timepoints for analysis via flow cytometry. (A) XY 
charts showing the change in proportion of each cell cycle phase for the indicated samples over 
time. (B) Quantification of S phase cells for each sample across the time course. (C) 
Quantification of G2-M phase cells for each sample across the time course. (D) Quantification of 
G1 phase cells for each sample across the time course. Error bars are SEM, n=3. Statistical 
analysis performed using two-way ANOVA (**p<0.01).  
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Figure 5.3: Quantification of the whole cell population across the EdU pulse time course. 
siControl or siHSF1 RPE1 c-Myc-ER cells were either untreated (UT) or had c-Myc activated for 
24h before being labelled with EdU for 1h. Unincorporated EdU was washed out of the cells 
before samples were collected at the indicated timepoints for analysis via flow cytometry. (A) 
Quantification of EdU-positive cells across the time course for each sample. (B) Percentage of 
S phase cells amongst the total cell population across the time course. (C) Percentage of G2-M 
phase cells amongst the total cell population across the time course. (D) Percentage of G1 
phase cells amongst the total cell population across the time course. Error bars are SEM, n=3. 
Statistical analysis performed using two-way ANOVA (*p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001).   
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In order to examine a G#-M delay in more detail, I next performed Western blot to identify 

the activation state of CDK", the key mitotic kinase. After CDK" binds to its cyclin partner, 

cyclin B, its kinase activity is switched on by the phosphorylation of its T loop residue at 

Thr"U" by CDK^ (Draetta, "``=; Crncec and Hochegger, #a"`). Simultaneously, inhibitory 

phosphorylations at Thr"N and Tyr"P are lost through CDC#P phosphatase activity. Here, 

I perform a time course of c-Myc activation in siControl and siHSF" cells, before assessing 

protein levels of CDK" and its activating phosphorylation (Figure P.N). Unexpectedly, I find 

that cells with knockdown of HSF" accumulate higher levels of the active CDK" marker 

(phopsho-Thr"U") when compared to control cells. However, this data is hard to interpret 

without the corresponding levels of the inhibitory phosphorylations at Thr"N/Tyr"P, which 

I plan to test in the future. While the active mark is higher in HSF" knockdown cells than 

controls, these cells may also have a corresponding increase in inhibitory phosphorylation 

levels of CDK", therefore preventing entry into mitosis.  

 

Figure 5.4: HSF1 knockdown cells have greater CDK1 activation. RPE1 c-Myc-ER cells 
were transfected with siControl or siHSF1 siRNA for 48h before activation of c-Myc for the 
indicated timepoints. Protein lysates were collected for Western blot analysis. A representative 
blot is shown, n=3.  

In summary, I find that HSF" is needed for normal cell cycle progression. Knockdown of 

HSF" greatly increases global DNA replication levels, as measured by EdU incorporation, 

and this corresponds with a greater proportion of S phase cells within asynchronous 

populations. However, by looking more specifically at cell cycle dynamics, it appears that 

HSF" knockdown cells are able to progress through S phase at a comparable rate to control 

cells. In contrast, knockdown of HSF" appears to cause a delay in G#-M progression that 

is exacerbated by c-Myc activation, and this results in an increase in the proportion of G#-

M cells across an asynchronous population. This data supports a role for HSF" in 

preventing the accumulation of DNA damage and replication stress. Following 

knockdown of HSF", DNA damage and replication stress levels increase. This will trigger 

activation of the DNA damage and replication stress checkpoints, mediated by ATM and 

ATR respectively, preventing entry into mitosis and causing G#-M accumulation. 

Compounding this, HSF" knockdown cells with activation of c-Myc appear to spend less 
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time in G", which will also increase S and G#-M cell populations. A shortening of G" could 

explain an increase in replication stress observed in HSF" knockdown cells in the previous 

chapter, by causing S phase entry before sufficient licensing of origins, known as under-

replication (Hills and Diffley, #a"N). I aim to test this in the future by measuring origin 

licencing and firing levels in HSF" knockdown cells.  

5.2. HSF1 silenced cells have defects during mitosis 
As I saw a delay in G#-M progression in cells following knockdown of HSF", likely due to 

DNA damage and replication stress, I next asked if cells lacking HSF" would have defects 

in mitosis and whether this would be affected in a c-Myc dependent manner. DNA damage 

left unresolved before entry into mitosis can lead to several defects, including nuclear 

morphology changes and the formation of micronuclei and chromatin bridges (Baudoin 

and Cimini, #a"_). Micronuclei are extranuclear chromatin bodies contained within a 

nuclear envelope that are known to form from lagging chromosomes or chromosome 

fragments, typically induced by DNA damage, that are not included in either daughter 

nuclei during telophase (Hintzsche et al., #a"^). Similarly, chromatin bridges are thought 

to be formed by defective processes in anaphase and telophase, and can be driven by under 

replicated regions in the genome following replication stress (Hills and Diffley, #a"N; 

Baudoin and Cimini, #a"_). Finally, it has previously been shown that UV-induced DNA 

damage can cause nuclear deformation (Yoon et al., #a"`). 

I tested for the presence of such defects by immunofluorescence microscopy. RPE" c-Myc-

ER cells were transfected with siControl or siHSF" siRNAs for N_h and c-Myc was activated 

for #Nh before samples were collected for immunofluorescence, with staining of DNA 

using Hoechst dye. Representative images of nuclei for each sample are shown in Figure 

P.PA. By eye, we can see that HSF" knockdown nuclei are much more irregular in shape, 

with the presence of folds and protrusions which become more pronounced following 

activation of c-Myc. In Figure P.PB-C, I quantified the circularity of nuclei as a measure of 

roundness. A circularity value of " represents a perfectly round circle, while a value of a 

represents an elongated polygon. Here, we can see that knockdown of HSF" causes a 

decrease in nuclear circularity and this effect is exacerbated by the activation of c-Myc. As 

DNA damage has previously been shown to impair nuclear morphology, this change might 

reflect the accumulation of DNA damage in these cells (Yoon et al., #a"`).  



 ""a 

 

Figure 5.5: Irregular nuclear morphology of HSF1 silenced cells. (A) siControl and siHSF1 
RPE1 c-Myc-ER cells were either untreated (UT) or subjected to 24h of c-Myc activation before 
being fixed and stained with Hoechst nuclear dye. Inset is a zoom of the nuclear morphology 
defects observed in siHSF1 c-Myc treated cells, notched arrow indicates a chromatin bridge 
while a flat arrow indicates a micronucleus. Scale bar=20μM. (B) Nuclear circularity of cells was 
quantified, with the single cell data from one representative experiment shown. (C) Mean 
nuclear circularity (D) Mean percent nuclei associated with micronuclei. (E) Mean percent nuclei 
with chromatin bridges. Statistical analysis performed with two-way ANOVA (*p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001), n=3 independent experiments.  
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In Figure P.PD, I quantify the presence of micronuclei in each sample. Micronuclei can be 

caused by DNA damage-induced chromatin fragments (Hintzsche et al., #a"^). Here, I find 

that knockdown of HSF" alone does not cause a significant increase in the percentage of 

nuclei that are associated with micronuclei. I find that activation of c-Myc in control cells 

trends towards an increase in micronuclei formation, and that knockdown of HSF" in 

combination with c-Myc activation causes a significant increase in the presence of 

micronuclei. This is in corroboration with my DNA damage data from chapter N, 

suggesting that siHSF" c-Myc cells experience a high level of DNA damage that is carried 

into mitosis, eventually leading to the formation of micronuclei.  

Chromatin bridges are formed by replication stress-induced under-replication (Hills and 

Diffley, #a"N; Baudoin and Cimini, #a"_). While control silenced nuclei don’t have 

chromatin bridges, with or without c-Myc activation, I find that HSF" silenced cells trend 

towards an increase in UT conditions, with a statistically significant increase in chromatin 

bridge formation in cells with c-Myc activation (Figure P.PE). This data is in corroboration 

with the replication stress data presented in chapter N, suggesting that HSF" increases 

tolerance to c-Myc-induced replication stress. 

Taken together, I find that HSF" knockdown cells present with numerous markers of 

defects during mitosis. Firstly, the morphology of nuclei is perturbed, with a significant 

decrease in nuclei roundness following knockdown of HSF" that decreases further upon 

activation of c-Myc. Furthermore, HSF" knockdown in cells with activation of c-Myc 

present with increased levels of micronuclei and chromatin bridges, likely due to an 

increase in DNA damage and replication stress.  

5.3. HSF1 ensures cell viability following induction of oncogenic 

c-Myc activity 
As I have shown roles for HSF" in the tolerance of c-Myc-induced proteotoxic stress, DNA 

damage and replication stress that prevent cell cycle defects, I wanted to test how cells 

proliferate upon knockdown of HSF". As I have previously shown that c-Myc induces HSF", 

there might be an increased dependency on HSF" in cells with high c-Myc activation, 

which would make it a more compelling target for cancer therapy in Myc-driven cancers. 

I performed colony formation assays on RPE" c-Myc-ER cells that had been transfected 

with siControl or siHSF" siRNAs for N_h with or without #Nh of c-Myc activation, before 

re-plating cells and leaving them to grow for ^ days and staining colonies with methylene 

blue. 



 ""# 

 

Figure 5.6: Cell viability is impaired following HSF1 knockdown. (A) siControl or siHSF1 
RPE1 c-Myc-ER cells with or without 24h c-Myc activation were re-plated at a density of 1500 
cells per dish and allowed to grow for 1-2 weeks. Colonies were then stained and imaged. 
Representative images shown from n=3 independent experiments. (B) Colony number was 
manually counted and fold changes in the number of colonies compared to siControl UT cells 
was calculated for each treatment type. Error bars are SEM, n=3. Statistical analysis was 
performed using an unpaired t-test (*p<0.05).  

Interestingly, I find that knockdown of HSF" only causes a decrease in cell viability 

compared to control cells upon oncogenic c-Myc activity (Figure P.UA-B). While I found 

that unperturbed cells are able to cope with loss of HSF", viability is significantly decreased 

in c-Myc activated cells upon loss of HSF". This suggests that there is an increased 

dependence of c-Myc activated cells on HSF" and therefore provides an interesting 

therapeutic window for targeting HSF" in cancer, as such treatments should not harm 

healthy cells. This data supports the idea that HSF" is important for dealing with the 

consequences of c-Myc, which may include increases in proteotoxic stress, DNA damage 

and replication stress.  

5.4. Summary 
As I found that HSF" has important functions in the DNA damage and replication stress 

responses, I wondered how this would affect cell cycle checkpoint activation, and 

therefore cell cycle progression. Firstly, I found that the proportion of cells undergoing 

DNA replication was increased following silencing of HSF". HSF" knockdown cells do 

appear to have a slight S phase delay in the context of c-Myc activation, but this was not 

significantly different to control-silenced c-Myc-activated cells. However, the proportion 

of cells within G#-M following HSF" knockdown was significantly increased compared to 
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control cells, and these cells also have a G#-M delay. This was mirrored by an increase in 

micronuclei and chromatin bridge formation and a decrease in nuclear circularity in HSF" 

knockdown cells, defects caused by unresolved DNA damage and replication stress prior 

to mitosis, which were exacerbated by activation of c-Myc. In light of this, I next wanted 

to test the dependence of cells on HSF" in the context of c-Myc activation. Using a colony 

formation assay, I showed that knockdown of HSF" alone does not cause a viability defect 

in cells. However, upon activation of c-Myc, cell viability is significantly decreased in 

siHSF" cells compared to controls. This demonstrates the importance of HSF" for 

maintaining the oncogenic activities of c-Myc, particularly in the tolerance to proteotoxic 

stress, DNA damage and replication stress. This is further evidence of the important role 

played by HSF" in cancer progression and highlights new avenues for drug development.  
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6. Discussion 

The aim of this thesis was to investigate the interplay between the oncogene c-Myc and 

the transcription factor HSF" in early oncogenesis. Historically, research into HSF" focused 

on its role as the master regulator of the heat shock response, whereby it coordinates a 

transcriptional program to deal with increases in proteotoxic stress. However, following 

the discovery that mice with knockout of Hsf6 were less susceptible to tumour formation, 

attentions turned to explore HSF"’s role in supporting oncogenesis (Dai et al., #aa^; Min 

et al., #aa^).  

Indeed, work over the last decade has shown that HSF" is highly expressed in a broad range 

of cancers, while its transcriptional network includes genes unrelated to its canonical role 

in the proteotoxic stress response. A number of different oncogenic signalling pathways 

have been shown to influence HSF" expression and activation, including RAS/MAPK-

dependent upregulation of MEK and PI=K/AKT signalling driven by the HER7 oncogene 

(Chu et al., "``_; Santagata et al., #a""; Mendillo et al., #a"#; Tang et al., #a"P). We became 

interested in exploring if c-Myc could also play a part in the regulation of HSF" during 

oncogenesis for a number of reasons. Firstly, c-Myc is involved in the regulation of protein 

synthesis genes and c-Myc-dependent increases in protein synthesis were shown to drive 

lymphoma (Barna et al., #aa_; Ruggero, #aa`), suggesting that c-Myc driven tumours 

may harbour increased levels of proteotoxic stress that would necessitate activation of 

HSF". Furthermore, a study in mouse models of liver cancer presented a positive 

correlation between HSF" and c-Myc gene expression, and that loss of HSF" supressed 

tumour growth (Cigliano et al., #a"^). Furthermore, many of the genes within HSF"’s 

cancer programme could be linked to the DDR and cell cycle, functions which are also 

strongly influenced by c-Myc. Together, this suggested that c-Myc could regulate tumour-

promoting processes through HSF", which served further investigation.  

In order to explore the potential interplay between HSF" and c-Myc, I use an in vitro cell 

line with inducible expression of c-Myc, allowing the investigation of the earliest stages of 

oncogenesis. I find that c-Myc and HSF" directly interact, with activation of c-Myc driving 

increases in HSF" transcription and post-translational activation. I use this system to show 

that c-Myc-dependent activation of HSF" can be attributed to both proteotoxic-stress 

related and proteotoxic-stress-independent effects. Interestingly, however, I find that the 

HSF"-mediated transcriptional response to c-Myc activation is unique to that of other 

proteotoxic-stress inducers, suggesting that the interplay between the HSF"-mediated 

transcriptional response and c-Myc is not entirely proteotoxic-stress related. Investigating 
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this further, I show that HSF" is important in the response to c-Myc driven DNA damage 

and replication stress. My findings suggest that a c-Myc-induced increase in proteotoxic 

stress contributes to the generation of DNA damage and replication stress. I find that 

silencing of HSF" upon c-Myc activation leads to an increase in DNA damage, replication 

stress and a decrease in cell viability. Mechanistically, I show the role of an HSF" target, 

HSP`aAA", in stabilising the DDR component gH#AX. Further, I find that cells with 

silencing of HSF" have cell cycle defects which are exacerbated by oncogenic c-Myc activity, 

likely due to the accumulation of replication stress and DNA damage in G#.  

Together, my work highlights an extensive interplay between HSF" and c-Myc in early 

oncogenesis. HSF" is important for promoting c-Myc-driven oncogenesis and functions to 

protect cells from c-Myc driven increases in proteotoxic stress, DNA damage and 

replication stress.  

6.1. Regulation of HSF1 by c-Myc 
6.1.1. c-Myc activation increases HSF1 transcription and activation 

HSF" is overexpressed in a large range of cancer types and a number of different oncogenic 

signalling pathways have been implicated in this effect. Oncogenes previously shown to 

have a role in HSF" pathway activation include RAS/MAPK and PI=K/AKT. Until now, the 

direct activation of HSF" by c-Myc has not been shown experimentally. Recently, Cigliano 

et al. (#a"^) demonstrated a correlation between c-Myc and HSF" expression in 

hepatocellular carcinoma, while in T-ALL leukaemia HSF" was regulated by NOTCH" 

signalling, of which c-Myc is a downstream target (Weng et al., #aaU; Kourtis et al., #a"_).  

Upregulation of HSF" transcriptionally has been reported in a range of cancer types 

including breast, liver, pancreas, multiple myeloma and T-ALL leukaemia. Here, I show 

that activation of c-Myc in RPE" c-Myc-ER cells causes an increase in HSF6 transcription. 

To determine if this was a direct effect of c-Myc, I used ChIP-qPCR to show that c-Myc 

binds directly to the promoter region of HSF6. My data therefore implicates c-Myc as 

another transcriptional regulator of HSF". It has been recently proposed that HSF"’s cancer 

programme is only activated following the accumulation of a sufficient number of HSF" 

molecules above a threshold value. This threshold can be reached by cancer cells in a 

number of ways, including the downregulation of ubiquitin ligases that normally degrade 

HSF", or the upregulation of PTMs which promote HSF" stability (Kourtis et al., #a"P; Dai 

and Sampson, #a"U; Kourtis et al., #a"_). Transcriptional upregulation of HSF" via 

oncogenic signalling is suggested to be another important mechanism for reaching this 

threshold level of HSF", through transcription factors such as NOTCH". My work suggests 
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that an upregulation in c-Myc signalling could represent another mechanism whereby 

cancer cells can accumulate enough HSF" to allow activation of its cancer-specific 

transcriptional programme. To follow this up, I would like to look at downstream targets 

of HSF"’s cancer programme, to see if these are upregulated upon c-Myc activation.  

Alongside a c-Myc-mediated transcriptional upregulation of HSF", my work identified an 

increase in the phosphorylation of HSF" at S=#U, a residue that is essential for its 

transcriptional activation (Guettouche et al., #aaP). Nuclear localisation of this 

phosphorylated form of HSF" also increased with expression of c-Myc, another hallmark 

of HSF" activation. Unlike the transcriptional effect, it is unclear whether the increased 

phosphorylation of S=#U is a direct consequence of c-Myc activation. It may be that c-Myc-

driven increases in proteotoxic stress lead to the activation of HSF", of which 

phosphorylation of S=#U is an important step. Several different kinases have been shown 

to phosphorylate HSF" at S=#U, including mTOR, MEK and p=_ MAPK (Chou et al., #a"#; 

Tang et al., #a"P; Naidu et al., #a"U). As c-Myc is known to upregulate mTOR activity 

(Pourdehnad et al., #a"=; Hsieh et al., #a"P; Stine et al., #a"P), I decided to investigate if 

the c-Myc-mediated increase in HSF" S=#U levels was mTOR-dependent. I found that c-

Myc is still able to increase HSF" S=#U phosphorylation in cells treated with the mTORC" 

inhibitor Torin, suggesting that this increase is at least in part mediated by another kinase. 

Future work would aim to dissect the kinase responsible for increasing S=#U 

phosphorylation of HSF" in a c-Myc-dependent manner. MEK would be an interesting 

candidate, as reports from the literature highlight a c-Myc-MEK regulatory feedback loop, 

with MEK inhibition lowering c-Myc levels in HCC cells (Zhou et al., #a"`). Further, 

recently published work identified DYRK# as another kinase with the ability to 

phosphorylate HSF" at S=#U and showed that levels of DYRK# and HSF" were positively 

correlated in triple negative breast cancer samples (Moreno et al., #a#a). Interestingly, c-

Myc is known to be upregulated in triple-negative breast cancer, making DYRK# an 

interesting candidate to explore in the future (Horiuchi et al., #a"#).      

6.1.2. Proteotoxic stress-dependent activation of HSF1 following c-Myc activation 

Cancer cells are thought to experience proteotoxic stress for a number of reasons, 

including aneuploidy, overproduction of ROS, hypoxia and through an increase in protein 

synthesis rates (Torres et al., #aa^; Luo et al., #aa`; Oromendia et al., #a"#; Sabharwal 

and Schumacker, #a"N; Truitt and Ruggero, #a"U). Indeed, a substantial proportion of c-

Myc’s target genes are involved in protein synthesis-related processes and overexpression 

of c-Myc has previously been shown to cause an increase in protein synthesis rates (Barna 

et al., #aa_; Ruggero, #aa`), which may in turn lead to increased proteotoxic stress if 
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proteostasis machineries are unable to respond to increased demand. Alternatively, c-

Myc-driven increases in HSF" may be entirely proteotoxic stress-independent, instead 

reflecting the role of HSF" in promoting oncogenesis. Therefore, I wanted to establish to 

what extent c-Myc-driven upregulation of HSF" could be attributed to proteotoxic stress-

dependent and independent mechanisms.  

In this study, I show that c-Myc induction causes the generation of proteotoxic stress 

within #N hours. Firstly, I show a significant increase in protein aggregation upon c-Myc 

activation, as measured by the fluorescent dye Proteostat. Furthermore, I show that c-Myc 

upregulates transcription of the translation initiation factor, eIF;E, suggesting protein 

synthesis rates may be increased, although I would like to test additional translation-

related genes. Together, this indicates that c-Myc activation generates proteotoxic stress. 

Therefore, it is likely that activation of HSF" following c-Myc activation is due in part to 

the generation of proteotoxic stress.  

My data supports previously published literature that highlights the importance of c-Myc-

induced changes in protein synthesis for the promotion of oncogenesis. In lymphomas 

driven by c-Myc, an increase in protein synthesis rates was essential for the progression of 

tumours in mice (Barna et al., #aa_). Interestingly, the authors went on to show that 

perturbations to protein synthesis rates in p1)-/--driven tumours did not have any impact 

on cancer development, suggesting this could be an c-Myc-specific effect. I build on this 

work by showing that increases in protein synthesis rates as a consequence of c-Myc 

activation result in accumulation of protein aggregates and the induction of the HSF"-

mediated stress response. Induction of this response in parallel to an increase in protein 

synthesis may also be important for supporting cancer progression. Indeed, I find that cells 

are sensitised to c-Myc activation upon silencing of HSF", demonstrating the importance 

of HSF" for maintaining cell viability in the context of c-Myc-induced proteotoxic stress. 

Upregulation of HSF" by c-Myc complements the previously reported role for ATFN in 

reducing c-Myc-driven proteotoxic stress (Tameire et al., #a"`). Here, they show that c-

Myc upregulates the transcription factor ATFN that acts as a negative regulator of 

translation, thereby limiting c-Myc-induced proteotoxic stress. Together, it seems that c-

Myc induces two complementary pathways to increase tolerance to proteotoxic stress. 

HSF" upregulation handles proteotoxic stress that has already been generated, while ATFN 

activation aims to limit the generation of further proteotoxic stress. 
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6.1.3. c-Myc can induce a proteotoxic stress-independent transcriptional 

response 

To determine to what extent c-Myc mimics a typical proteotoxic stress-related 

transcriptional response, I compared the transcription levels of HSF" target genes 

following c-Myc activation to that of known proteotoxic stress inducers. Interestingly, the 

transcriptional response following c-Myc activation was distinct to that of the proteotoxic 

stress inducers. As expected, the PS-inducers caused a substantial upregulation of the 

inducible HSF" targets, including HSPA6A and DNAJB6, but did not cause upregulation of 

the constitutively expressed HSF" targets such as CCT7 or HSPMNAB6. In contrast, c-Myc 

caused a broad-spectrum upregulation of all tested HSF" targets, including stress-

inducible genes and those thought to be constitutively expressed. Whilst the proteotoxic-

stress inducers caused greater than =-fold (in some cases reaching #aa-fold) increases in 

stress-inducible gene expression, c-Myc activation led to a more modest increase in 

transcript level, and this upregulation was consistent across the stress-inducible and 

constitutive HSF" targets.  

To determine if an increase in transcription was dependent on HSF", in parallel I treated 

cells with an siRNA against HSF". I found that the c-Myc-mediated increase in 

transcription of some genes was HSF"-dependent, while for other genes upregulation 

occurred in an HSF"-independent manner. All of the HSF"-dependent genes I identified 

are stress-inducible genes, while the HSF"-independent genes are constitutively expressed, 

with the exception of HSPB1. Therefore, it seems that c-Myc’s regulation of HSF" targets 

is two-fold. Firstly, c-Myc causes upregulation of the stress-inducible response mediated 

by HSF", likely as protection from a rise in c-Myc-generated proteotoxic stress. Secondly, 

c-Myc is also able to upregulate key HSP genes independently of HSF". These genes may 

be specifically required to support c-Myc-driven processes. This is in agreement with 

previous findings in the field that suggest transcription factors other than HSF" may be 

able to control HSF" target gene expression in disease. For example, the metabolism-

related transcription factor PGC"a colocalises with HSF" on HSF"-target promoters and 

overexpression of PGC"a leads to induction of a large proportion of heat shock related 

genes (Minsky and Roeder, #a"P; Xu et al., #a"U). As previously discussed, the 

transcription factor NOTCH" can bind to HSP gene promoters in T-ALL leukaemia, 

including HSPMNAB6, identified in my study as an HSF"-independent target (Kourtis et al., 

#a"_). Further, knockdown of HSF" in a panel of cancer cell lines failed to reduce HSP 

levels to the basal levels seen in non-transformed cells (Whitesell and Lindquist, #aa`). 

Taken together, it seems that while HSF" exerts extensive control over the expression of 
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HSPs in non-cancerous cells, it does not have an exclusive control in an oncogenic context. 

My data suggests that c-Myc is an additional transcription factor that is able to control 

HSF" target gene expression independently of HSF". In future experiments, I would like to 

expand this analysis genome-wide using RNA-sequencing and ChIP-sequencing 

techniques in order to establish a broader picture of c-Myc’s regulation of HSF" targets.  

As the pattern of HSF" and HSF"-target gene expression was distinct to that of the other 

PS-inducers, it suggests that c-Myc can upregulate these targets in a process that is distinct 

to the generation of proteotoxic stress. Functionally, HSF" has multiple roles in promoting 

oncogenesis alongside its most well-understood role in mediating the proteotoxic stress 

response, including involvement in cell cycle regulation, the DNA damage response and 

apoptosis (Mendillo et al., #a"#). In cancer, c-Myc may promote the activation of HSF" in 

order to exploit its pro-tumourigenic roles in one or more of these pathways. The 

functional significance of HSF" in c-Myc driven cancers is discussed in more detail below.  

6.2. Functional interplay between c-Myc and HSF1 in genotoxic 

stress response pathways 
In cancer, HSF" regulates genes involved in a diverse range of biological processes that are 

distinct from the proteotoxic stress response (Mendillo et al., #a"#). Amongst these 

processes are genes involved in cell cycle regulation, the DNA damage response and the 

replication stress response. Oncogenic c-Myc activity is known to dysregulate cell cycle 

progression and downstream of this cause replication stress-induced DNA damage, 

driving genomic instability (Hills and Diffley, #a"N). The data presented in chapter N and 

P of my thesis demonstrates that c-Myc and HSF" are intimately linked in these functions. 

I show that HSF" has a protective role following activation of c-Myc, preventing the 

accumulation of c-Myc-induced DNA damage. Additionally, HSF" is important for 

increasing tolerance to replication stress induced by c-Myc and the loss of HSF" leads to 

cell cycle delay, particularly in G#-M. Interestingly, I find that proteotoxic stress is a major 

contributor to these c-Myc-induced increases in DNA damage and replication stress, 

demonstrating the interlinked functions of HSF". Finally, I show that cells with 

knockdown of HSF" have decreased viability compared to controls upon activation of c-

Myc. Data in these chapters therefore outline a clear role for HSF" in supporting c-Myc 

driven genomic instability.  
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6.2.1. HSF1 is required for an intact DNA damage response following activation 

of c-Myc 

A link between HSF" and the DDR was demonstrated in a Hsf6-/- knockout mouse study, 

where loss of HSF" was shown to sensitise mice to DNA damage-inducing ionising 

radiation (Li and Martinez, #a""). Indeed, HSF" can interact with numerous DDR 

components, including PARP" and pP= (Logan et al., #aa`; Fujimoto et al., #a"^). Further, 

HSPs are purported to stabilise proteins involved in all DNA repair pathways (Dubrez et 

al., #a"`). Since c-Myc promotes oncogenesis by driving genomic instability, I asked if 

HSF" is required for a complete DDR in response to activation of c-Myc.  

Using the comet assay I show that cells with knockdown of HSF" accumulate significantly 

more DNA damage upon c-Myc activation compared to control cells. Interestingly, loss of 

HSF" in untreated conditions also leads to a modest increase in DNA damage compared 

to control cells, demonstrating the importance of HSF" for preventing DNA damage even 

in unperturbed conditions. Importantly, while HSF" knockdown in c-Myc cells clearly 

resulted in greatly increased DNA damage levels, this was not reflected in the appropriate 

activation of the DDR. Unlike the response in control cells, I did not see upregulation of 

gH#AX, one of the earliest markers of DDR pathway activation, in response to c-Myc 

activation. Despite significant reduction of gH#AX, I see proper activation of the upstream 

ATM signalling pathway in response to c-Myc activation, as marked by an increase in 

pChk# protein levels. Similarly, the gH#AX stabilisation protein MDC" is also present in 

HSF" knockdown cells, and levels of H#AX histone protein are stable. Furthermore, 

accumulation of P=BP" foci, which is dependent on ATM and MDC" function, occurs 

normally in HSF" knockdown cells. Together, this data suggests that the ATM-mediated 

DNA damage response is functioning properly in response to c-Myc-induced DNA damage, 

with the exception of gH#AX accumulation.  

Rather than a complete absence of gH#AX generation, I propose that this is the result of 

improper stabilisation of gH#AX protein. Firstly, I show that HSF" knockdown cells are 

able to accumulate a significant amount of gH#AX by treatment with the topoisomerase I 

inhibitor CPT for " hour before collection. Reports from the literature have suggested that 

HSP`aAA", a HSF" target, can co-localise with gH#AX at sites of DNA damage (Quanz et 

al., #a"#). In this paper they show that the co-localisation occurs NP minutes after 

irradiation treatment, by which point more than _a% of the DNA damage had already 

been repaired. The authors suggest that the remaining DNA damage is more complex and 

that HSP`aAA" may have a role in repair of this type of DNA damage in particular. In my 

system, I saw that knockdown of HSF" reduced HSP`aAA" RNA and protein levels, and I 
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found that silencing of HSP`aAA" could replicate my HSF" knockdown phenotype; cells 

had significantly reduced gH#AX accumulation in response to c-Myc activation. A rescue 

experiment, where I overexpress HSP`aAA" in siHSF" cells, would conclusively determine 

if the gH#AX phenotype is caused by a loss of HSP`aAA" upon HSF" knockdown. Together, 

my data suggests that knockdown of HSF" leads to gH#AX destabilisation, likely via a 

reduction in HSP`aAA" chaperone levels.  

An inability to stabilise gH#AX at sites of DNA damage can have consequences for genomic 

stability. Mice with complete knockout of H#AX histone protein were sensitised to 

irradiation treatment, with defects to DNA repair and increased chromosomal instability 

(Celeste et al., #aa#). Despite this, H#AX-/- MEFs were still able to induce cell cycle 

checkpoints in response to DNA damage. It must be noted that in our system, HSF" 

knockdown cells still possess the ability to generate gH#AX, so direct comparisons with 

H#AX knockouts must be taken with caution. For example, it was shown that knockout of 

H#AX led to a complete loss of irradiation-induced P=BP" foci formation in MEFs, while 

in my hands P=BP" formation was not impaired upon knockdown of HSF". To help tease 

apart these differences, I would like to determine the kinetics of gH#AX destabilisation 

upon silencing of HSF" in our system. It may be that gH#AX is able to accumulate initially 

in response to c-Myc activation, allowing the formation of P=BP" foci and other key 

components of the DDR in the first few hours following DNA lesion formation. A 

destabilisation of gH#AX may have more pronounced effects for the resolution of more 

complex DNA damage which cannot be repaired in the first few hours of the DDR.  

A previous report from the literature has also demonstrated an impairment to gH#AX foci 

formation following knockdown of HSF" (Fujimoto et al., #a"^). Here, HeLa cells with 

HSF" knockdown had a ~Pa% reduction in gH#AX foci formation upon treatment with 

doxorubicin. The authors suggest that HSF" forms a complex with PARP" and its binding 

partner PARP"=, and that loss of HSF" prevents proper localisation of PARP" at sites of 

DNA damage, thereby impairing DDR component recruitment. Interestingly, in this 

system they find that knockdown of HSF" also causes a reduction in P=BP" foci formation, 

in contrast to my findings. Indeed, previous work has suggested that PARP" localisation to 

sites of DNA damage is thought to be important for binding of the MRN complex, and that 

PARP"-deficient cells are unable to accumulate P=BP" foci (Haince et al., #aa_). However, 

it has been shown that PARP"-knockout cells are able to form gH#AX foci in response to 

irradiation treatment and that gH#AX and PARP" localisation to sites of DNA damage 

occurs simultaneously, suggesting that PARP" is not required for gH#AX foci formation 

(Tartier et al., #aa=; Haince et al., #aa_). Nevertheless, I would like to assess PARP" 
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recruitment to sites of DNA damage in my system, to see if this is contributing towards 

my observed phenotype.  

Overall, my data provides more support for the role of HSF" in the DDR. In particular, I 

show that knockdown of HSF" leads to an accumulation of c-Myc-induced DNA damage, 

likely because the DDR is impaired in the ability to stabilise gH#AX, a key step in the ATM-

mediated DNA damage checkpoint. My work suggests this may be due to a decrease in 

HSP`aAA" expression upon knockdown of HSF", as I could recapitulate these findings in 

HSP`aAA" silencing experiments. My findings have important implications for our 

understanding of cancer cell survival, suggesting that c-Myc-dependent upregulation of 

HSF" may be required for protection against genotoxic stress in cancer.  

6.2.2. The role of proteotoxic stress in c-Myc-induced DNA damage 

My work demonstrates that proteotoxic stress is likely a key factor in DNA damage 

generated by c-Myc activation. I show that treating cells with a proteasome inhibitor, 

thereby generating proteotoxic stress, can generate DNA damage at a similar level to c-

Myc activation. Proteasome inhibition has been previously implicated in DNA damage 

generation, with bortezomib treatment causing inhibition of the Fanconi anaemia DNA 

repair pathway in HeLa cells and causing DNA damage in DRG neurons (Jacquemont and 

Taniguchi, #aa^; Palanca et al., #a"N). To understand the role of proteotoxic stress 

specifically in c-Myc-induced DNA damage generation, I altered protein synthesis rates in 

my cell system. By manipulating the mTOR pathway, and therefore protein synthesis rates, 

in c-Myc activated cells I show that c-Myc-induced DNA damage accumulation is 

significantly decreased in cells with inhibition of mTOR, and vice versa. This suggests that 

proteotoxic stress is a major contributor to the DNA damage induced following c-Myc 

activation.  

Proteotoxic stress may lead to DNA damage accumulation in several ways. For example, 

protein aggregates could present a topological barrier to successful DNA replication, 

transcription and repair. It is known that the transcription and replication machineries 

can often collide in events termed transcription-replication conflicts, and that these 

collisions can lead to DNA damage (García-Muse and Aguilera, #a"U). It could be 

hypothesised that protein aggregates that localise on or around the DNA could cause a 

similar physical disturbance to transcription and replication machineries, and a 

subsequent generation of DNA damage. Similarly, if bulky protein aggregates blocked 

access to the DNA, DNA repair components would be less efficient at facilitating lesion 

repair.  
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Alongside an increase in topological stress, proteotoxic stress may generate DNA damage 

through perturbances to protein complex stoichiometry and conformation. In particular, 

many DNA repair components are known to interact with HSPs, including HSP`a with 

CHK" and HSPB" with ATM (Arlander et al., #aa=; Guttmann et al., #a"=). Indeed, my 

work shows that HSP`aAA" appears to be important for stabilisation of the ATM-

mediated DDR component gH#AX. If the availability of HSPs became a limiting factor in 

situations of high proteotoxic stress, it could be hypothesised that the function of these 

DNA repair complexes could become compromised, thereby leading to an increase in DNA 

damage.  

Together, this highlights another important reason for the upregulation of HSF" in c-Myc 

activated cells. HSF" activation will control a rise in proteotoxic stress levels, reducing 

DNA damage and genomic stability. In parallel, activation of HSF" will increase HSP`aAA" 

levels, aiding in gH#AX stability and the response to DNA damage, as described above.  

6.2.3. HSF1 is involved in replication stress tolerance following activation of c-
Myc 

It is thought that a considerable amount of genomic instability generated by c-Myc in 

cancer arises from replication stress-induced DNA damage. Replication stress manifests 

as replication fork slowing or stalling, exposing ssDNA. An accumulation of ssDNA is 

recognised by the replication stress checkpoint, mediated by the kinases ATR and Chk" 

that promote cell cycle arrest, recruitment of DNA repair machinery and the inhibition of 

new origin firing (Sherr and Bartek, #a"^). Therefore, in the context of cancer progression, 

mechanisms to prevent the accumulation of replication stress-induced DNA damage 

would be advantageous. Indeed, there is an increasing body of evidence to suggest that c-

Myc driven cancers upregulate replication stress tolerance mechanisms. For example, c-

Myc upregulates expression of WRN helicase, which is involved in resolving replication 

stress-induced DNA structures, thereby reducing activation of the replication stress 

response and allowing for continued cell cycle progression and tumour growth (Robinson 

et al., #aa`; Moser et al., #a"#). Similarly, c-Myc overexpression causes upregulation of 

E#F transcription and nucleotide synthesis, two mechanisms that lead to a reduction in 

replication stress-induced DNA damage (Liu et al., #aa_; Mannava et al., #aa_; Bester et 

al., #a""; Bertoli et al., #a"U).   

My data suggests that c-Myc-induced overexpression of HSF" may be another mechanism 

of replication stress tolerance. I found that cells with HSF" knockdown experience RS as 

marked by a shortening of replication track length in the DNA fibres assay. This effect is 

exacerbated by activation of c-Myc, which is known to cause replication stress. 
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Interestingly, HSF" was previously shown to co-immunoprecipitate with both ATR and 

Chk", the central replication stress checkpoint kinases (Logan et al., #aa`). In my system, 

knockdown of HSF" did not impair Chk" phosphorylation, which is mediated by ATR, in 

response to c-Myc activation. It would be interesting to repeat the co-

immunoprecipitation experiment in our cell line, to test for an interaction between HSF" 

and ATR/Chk" that may be lost upon knockdown of HSF".  

Compared to controls, HSF" knockdown cells are more sensitive to c-Myc activation while 

sensitivity to HU treatment is unchanged. While HU treatment only causes replication 

stress, c-Myc activation causes proteotoxic stress in addition to replication stress. A 

difference in the sensitivity of cells to these two conditions could therefore highlight a 

potential role for proteotoxic stress in the generation of replication stress, although this 

link needs to be established in more detail. By performing DNA fibre analysis on cells 

treated with BTZ to induce proteotoxic stress, I hope to determine the influence of 

proteotoxic stress on replication stress generation. 

Together, my data suggests that HSF" may play a role in replication stress tolerance. While 

knockdown of HSF" already generates replication stress in unperturbed conditions, the 

consequences of HSF" knockdown become more severe upon activation of c-Myc.  

A role for HSF" within replication stress tolerance has interesting implications for the field. 

Following the discovery that HSF" knockout mice were sensitised to DNA damage-

inducing agents such as ionizing radiation, most research has focused on exploring a 

potential role for HSF" in DNA repair and the DNA damage checkpoints (Li and Martinez, 

#a""). Indeed, work from myself and others have shown that HSF" does have important 

functions in these pathways. However, HSF" knockout cells may also be harbouring 

replication stress-induced DNA damage, which would also explain the sensitisation to 

DNA damage-inducing agents. Therefore, investigating the function of HSF" within the 

replication stress response and to what extent the DNA damage seen in HSF" knockdown 

cells can be attributed to replication stress will be important for improving our 

understanding of this radiation-sensitivity phenotype. This will improve therapeutic 

strategies for targeting cancers.  

6.2.4. HSF1 is required for normal cell cycle progression following activation of 

c-Myc 

Having established the importance of HSF" in tolerance to DNA damage and replication 

stress following activation of c-Myc, I next sought to investigate how this interplay could 

affect cell cycle progression, as accumulation of such defects is likely to lead to cell cycle 
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checkpoint activation. HSF" has previously been implicated in cell cycle regulation. The 

cell cycle-related genes CDCC, CKS6B and CKS7 are target genes within HSF"’s cancer 

programme (Mendillo et al., #a"#), while a protein-protein interaction between HSF" and 

CDC#a was shown in a proteomics screen (Burchfiel et al., #a#a). Further, spatiotemporal 

regulation of HSF" is required for normal progression through mitosis (Lee et al., #aa_b, 

#aa_a; Kim et al., #aa`). Similarly, c-Myc is known to regulate cell cycle progression, 

promoting S phase entry through the upregulation of cyclins D and E, as well as E#F-

dependent transcription (Hills and Diffley, #a"N; Matthews et al., #a#a).  

My thesis work shows that knockdown of HSF" can lead to cell cycle progression defects 

upon activation of c-Myc. My first observation is that the proportion of cells within S phase, 

as measured by EdU incorporation, is increased in cell populations with knockdown of 

HSF" and this is further increased by c-Myc activation. While the percentage of S phase 

cells is increased, the time spent progressing through S phase is similar to controls, ruling 

out a delay in S phase progression as the reason for this increase in S phase population. 

Another explanation would be that S-phase entry is being accelerated in these cells. In 

support of this, it seems that HSF" knockdown cells spend less time in G", especially upon 

c-Myc activation. As c-Myc activation is known to promote S phase entry, it is tempting 

to speculate that this is the explanation for an increase in S phase populations. However, 

even untreated HSF" knockdown cells have a significantly increased proportion of S phase 

cells, and while I see a small increase in S phase percentage in control cells upon activation 

of c-Myc, this is not a significant increase in my assay. An alternative explanation would 

be that the DNA damage checkpoint in G" is not correctly activated upon detection of 

DNA damage. In G", the DDR is mediated by the ATM-Chk#-pP= signalling cascade, which 

results in pP=-dependent activation of p#" and subsequent inhibition of G"-S–promoting 

cyclin-CDK complexes (Matthews et al., #a#a). As discussed above, while I do see a loss 

of gH#AX upon HSF" knockdown, I still see normal activation of ATM. Therefore, it seems 

that an impaired DDR in G" is also not the explanation for an increased proportion of S 

phase cells following knockdown of HSF". Instead, a shortening of G" phase may be the 

result of destabilisation of the E#F transcription-inhibitor Rb, allowing an increase in E#F 

transcription to drive S phase entry (Matthews et al., #a#a). Rb protein may require 

stabilisation via chaperone targets of HSF", which would be lost upon HSF" knockdown. I 

would like to look at protein levels of Rb and its phosphorylated forms in my system to 

test this. Upstream of this, CDK inhibitors may also require chaperone stabilisation, so it 

would be important to also look at their protein levels upon knockdown of HSF". A 

destabilisation of CDK inhibitors would promote G"-S CDK activity, increasing inhibition 

of Rb and promoting E#F transcription.  
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While the mechanism is not clear from my work, a shortening of G" and an increase in S 

phase cells upon HSF" knockdown could explain the replication stress phenotype 

described above. A shortening of G" phase will limit the time available for origin licensing, 

leading to a decrease in origin firing during S phase, known as under-replication (Hills and 

Diffley, #a"N). As under-replication causes replication stress, this may explain the decrease 

in replication track length observed in HSF" knockdown cells.  

A second cell cycle-related observation from this thesis work is that HSF" knockdown cells 

accumulate in G#-M phase. I show a delayed progression through G#-M that is 

accompanied by a general increase in the proportion of G#-M cells, and these phenotypes 

are exacerbated in cells that have high c-Myc activity. Alongside this, cells with 

knockdown of HSF" have several markers of defects in mitosis, typically brought about by 

unresolved DNA damage in G#-M, including a decrease in nuclear circularity and an 

increase in chromatin bridge and micronuclei formation (Hills and Diffley, #a"N; 

Hintzsche et al., #a"^; Baudoin and Cimini, #a"_; Yoon et al., #a"`). This data 

complements the findings above that cells with knockdown of HSF" present with DNA 

damage and replication stress, which is likely causing this G#-M delay.  

A delay in G#-M could also be explained by impaired mitotic progression. While I did not 

explore this in my thesis work, there is evidence to suggest a role for HSF" in the regulation 

of mitosis. The SAC acts as a checkpoint to mitotic exit, ensuring the correct attachment 

of microtubules from opposite poles to their respective kinetochores and the accurate 

segregation of chromosomes. The SAC machinery can be activated by CDK" and Aurora B, 

a CDK" substrate, so it would be interesting to the check SAC activity in HSF" knockdown 

cells via immunofluorescence. Indeed, an interaction between HSF" and the mitotic 

checkpoint complex component CDC#a has already been reported by two groups (Lee et 

al., #aa_b; Burchfiel et al., #a#a). The spatiotemporal regulation of HSF" in mitosis 

appears to be important, as Lee et al. also found that complete knockout of HSF" in MEFs 

lead to defective mitotic progression. In the future, it will be important to assess the 

localisation of HSF" and CDC#a during mitosis in RPE" c-Myc-ER cells with and without 

c-Myc activation and HSF" knockdown, to determine if mitotic delay is contributing to the 

observed G#-M accumulation.  

Furthermore, work from the Sistonen lab has demonstrated an important role for HSF" 

and HSF# in control of mitosis (Vihervaara et al., #a"=; Elsing et al., #a"N). They show that 

a HSF"-mediated increase in HSPA"A expression prevents mitotic defects, including 

micronuclei formation, following heat shock. The increase in micronuclei formation I 

observe in c-Myc-activated HSF" knockdown cells may therefore also be the result of a 
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decrease in HSPA"A expression during mitosis, and I would like to explore the cell-cycle 

dependent regulation of HSPA"A in my system. Importantly, HSF" transcriptional activity 

in mitosis depends upon a downregulation of HSF#-expression, and mitotic HSF# 

downregulation was shown to occur more frequently in cancer cell lines. Therefore, it 

would be interesting to look at HSF# levels in my system, and how this may change in a 

cell-cycle dependent manner and upon activation of c-Myc.  

In summary, knockdown of HSF" appears to have important consequences for cell cycle 

progression. There is an increase in S phase cells upon knockdown of HSF", although 

progression through S phase is not significantly impaired. This may reflect a decrease in 

time spent in G", although the mechanism behind this is not clear. A shorter G" will 

decrease the amount of origin licensing before S phase entry, causing under-replication, 

which may explain the replication stress observed in HSF" knockdown cells. HSF" 

knockdown cells also have a delay in G#-M, which is likely representative of the increases 

in DNA damage and replication stress explained above.  

6.2.5. Perspectives for cancer therapy 

The purpose of this thesis work was to investigate the interplay between HSF" and c-Myc 

in early oncogenesis. As both proteins are thought to be important for cancer cell survival, 

much work has gone into exploring their therapeutic potential as drug targets. 

Improvements to drug development and efficacy are only possible by refining our 

understanding of how these proteins regulate processes that are important for promoting 

cancer growth. In this thesis I have outlined how the actions of c-Myc and HSF" are 

intertwined in processes surrounding two of the stress phenotypes of cancer, proteotoxic 

and genotoxic stress. By exploiting the addiction of cancer cells to pathways that promote 

tolerance to such cellular stresses, it is hoped that cancer therapies can be developed to 

selectively kill cancer cells, while sparing non-cancerous cells which are less dependent on 

these support pathways for survival.  

Firstly, my work has shown that c-Myc activation generates proteotoxic stress and 

activation of the proteotoxic stress response pathway mediated by HSF". Therefore, a 

possible therapeutic approach for cancers expressing high levels of c-Myc would be to 

target the proteotoxic stress response. The potential for this approach has already been 

shown in MEK-driven melanomas. Here, pharmacological inhibition of MEK was shown 

to inactivate HSF", and a combined treatment with proteasome inhibition, thereby 

increasing proteotoxic stress levels, led to a reduction in melanoma growth and metastasis, 

improving tumour survival in vivo (Tang et al., #a"P). Indeed, colony formation assay data 

in this thesis shows that survival is greatly reduced in c-Myc-activated cells treated with a 
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proteasome inhibitor. To investigate this further, I would like to use a panel of cancer cell 

lines that have variable expression levels of c-Myc. In theory, cancer cell lines with high c-

Myc expression should also have high HSF" expression, and therefore should be more 

sensitive to proteasome inhibition or combined proteasome and HSF" inhibition when 

compared to cancer cell lines with low c-Myc expression. A downside of this approach is 

that neither c-Myc or HSF" have clinically approved inhibitors currently available for use, 

although small molecule inhibitors of HSF", such as IHSF)""P, are in development (Vilaboa 

et al., #a"^).  

My work also shows that proteotoxic stress can generate DNA damage and that this might 

account for a significant proportion of the DNA damage generated by activation of c-Myc. 

As I also show that HSF" is important for the regulation of the DDR signalling component 

gH#AX and that loss of HSF" generates DNA damage, targeting the genotoxic stress 

response may be another avenue for exploitation of the interplay between HSF" and c-Myc 

in cancer. Combining standard chemotherapy treatment with proteasome inhibition has 

already shown promise for treatment of myeloma and leukaemia in clinical trials, 

demonstrating this interplay between proteotoxic and genotoxic stress (Berenson et al., 

#aaU; Hoff et al., #a#a). Further, the use of HSP inhibitors to sensitise cancer cells to 

radiotherapy and chemotherapy is already being explored. For example, use of the HSPB 

inhibitor OGX-N#^ radio-sensitised typically radioresistant head and neck squamous cell 

carcinomas in vivo and led to an increase in survival of mice (Hadchity et al., #aa`). 

However, targeting HSF" instead of individual HSPs may have a more promising clinical 

outcome in this respect. Firstly, HSP inhibition can paradoxically increase HSF" expression 

due to the chaperone titration model of HSF" activation (Zheng et al., #a"U). Secondly, as 

I discussed in the introduction, HSF" controls the expression of a number of different 

genes involved in the response to genotoxic stress, so inhibition of a single HSF" target is 

likely to be less effective than inhibition of HSF" itself, which should have a pleiotropic 

effect. However, if I can show that loss of HSP`aAA" is the single cause for loss of c-Myc-

induced gH#AX upon HSF" knockdown by rescue experiments, targeting of HSP`aAA" 

alone may prove to be an effective strategy for inhibiting the role of HSF" in the DDR.  

Many of the client proteins of HSP`a are oncoproteins, including EGFR, HER#, AKT, PP= 

and RB (Garcia-Carbonero et al., #a"=). To this end, extensive research has been 

undertaken to investigate the use of HSP`a inhibitors, such as "^-AAG and "^-DMAG, as 

cancer therapeutics. Indeed, clinical trials of HSP`a inhibitors have shown promise, with 

particular success for the treatment of HER#-positive breast cancer. However, the efficacy 

of HSP`a inhibition is variable depending on the genetic background of the targeted 
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cancer, highlighting the need for a greater understanding of the molecular mechanisms 

behind the oncogenic properties of HSPs such as HSP`a. As the work presented in this 

thesis points towards a role for HSP`aAA" in the DDR, it could suggest that HSP`a 

inhibitors may prove particularly effective in treatment of tumours with mutations to DNA 

repair proteins, such as BRCA"/#-driven breast cancer. Similarly, if HSP`a inhibition leads 

to an impaired DNA damage response, as suggested by this thesis work, combination of 

HSP`a inhibition with genotoxic stress-inducing chemotherapies should provide a 

synergistic effect in the treatment of cancer.  

My thesis work has also demonstrated that HSF" is important for protection against c-

Myc-induced replication stress. Targeting the replication stress response machinery is a 

current avenue of drug development and inhibitors of Chk" and ATR have been trialled in 

cancer studies with varying success. A combination of Chk"/ATR inhibition alongside 

conventional chemotherapies have proven to be particularly potent for killing cancer cells 

(Forment and O’Connor, #a"_). Similarly, inhibiting HSF" to reduce replication stress 

tolerance may prove a fruitful avenue for cancers that exhibit high replication stress levels, 

such as those with deregulation of c-Myc. In the future I would like to test the sensitivity 

of cells with HSF" knockdown to Chk"/ATR inhibitors, to see if this provides a synergistic 

effect in the killing of cancer cells. Combining HSF" inhibition with the targeting of other 

replication stress tolerance pathways, such as E#F-transcription, could also be an exciting 

strategy for targeting c-Myc-driven cancers.  

6.3. Summary 
In summary, my thesis work has explored the interplay between c-Myc and HSF" in early 

oncogenesis, summarised in Figure U.". I found that c-Myc activation leads to proteotoxic 

stress, activating the proteotoxic stress response mediated by HSF". Interestingly, I found 

that c-Myc could also directly upregulate transcription of HSF6, independent of the 

proteotoxic-stress response pathway. Investigating this further, I found that c-Myc-

dependent upregulation of HSF" may be important for proper activation of the DDR, 

replication stress tolerance and cell cycle progression. The interplay between c-Myc and 

HSF" in these processes provides us with potential new therapeutic targets, with the goal 

of improving targeted cancer therapies.  
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Figure 6.1: A model depicting the interplay between HSF1 and c-Myc in the proteotoxic 
and genotoxic stress responses. RSR = replication stress response, DDR = DNA damage 
response. 
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