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ABSTRACT

Breast cancer (BrCa) is the most common cancer diagnosed in women, with many patients
progressing to advanced stages where prognosis is poor and morbidity more likely. Ninety
per cent of patients will succumb to their disease primarily due to metastasis. Metastatic
cancer cells are invasive, migratory and highly resistant to standard chemotherapies.
Therefore, greater knowledge is needed to characterize mechanisms by which cancer cells
become resistant to anticancer agents. A mechanism by which cancer cells may develop
resistance is through stimulating stress response pathways such as the heat shock response
(HSR). This pathway is regulated by heat shock factor 1 (HSF1), which transcriptionally
regulates transcription of heat shock proteins (HSP) as well as many non-HSPs. HSPs protect
normal cells during exposure to proteotoxic stresses; however, HSF1 has also been found to
facilitate pro-metastatic pathways in cancer, distinct from the canonical HSR. HSF1
expression is known to be significantly increased in multiple cancers and significantly
correlates with poor clinical outcomes; yet little is known regarding the role of HSF1 in the
resistance/sensitivity of cancer cells towards anticancer therapeutics. To address this, the aim
of this project was to examine whether HSF1 may have a direct role in mediating anticancer
drug sensitivity in cancer cells and whether anticancer drugs stimulate HSF1 activation. To
achieve this, a series of doxycycline-inducible HSF1 knockdown (KD) BrCa cell lines,
T47D and MDA-MB-231, were generated. From previous bioinformatic studies, HSF1 was
identified as potentially mediating the sensitivity of cancer cells to several anticancer drugs.
A number of these drugs were screened in both the T47D and MDA-MB-231 series of
doxycycline-inducible HSF1 KD cells. From these screens, it was identified that loss of
HSFI1 resulted in a significant decrease in the sensitivity of MDA-MB-231 cells towards the

EGFR inhibitor, Lapatinib, but this was not evident in the less advanced T47D BrCa cells.
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However, the T47D cells were found to be increased in their sensitivity to doxorubicin with
HSF1 knockdown. To determine whether anticancer drugs stimulated the HSR, T47D and
MDA-MB-231 heat shock element (HSE) bioluminescent reporter cells were generated.
Cells were successfully generated to express firefly luciferase under the control of HSE,
indicative of HSF1 activity and the quantitative assessment of anticancer drug induced-
stress. However, these reporter cell models revealed the previously undetermined impact of
drug vehicles (DMSO, EtOH) upon HSE activation indicative of the potential for false
positives within drug screens if not properly controlled. This work has identified that HSF1
plays a role in mediating the sensitivity of aggressive BrCa cells to the EGFR inhibitor,
Lapatinib. Conversely, HSF1 mediates resistance to doxorubicin in the less aggressive T47D
BrCa cells. Moreover, the use of HSE reporter cells to determine HSR activation by
anticancer drugs needs stringent controls in relation to drug vehicles due to the potential for

these vehicles to activate the HSR leading to false positives within anticancer drug screens.
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Truncated erbb-2 receptor (constitutively active form of HER2)

Poly-ADP ribose polymerase
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PBS Phosphate-buffered saline buffer

pcDNA-RLuc8  Plasmid containing the coding sequence for renilla luciferase

PDK1 Phosphoinositide-dependent kinase-1

PFA Paraformaldehyde

PI3K Phosphoinositide 3-kinase

PICC Peripherally inserted central catheter

PIP3 Phosphatidylinositol (3,4,5)-trisphosphate

PP2A Cellular protein phosphatase 2A (tumour suppressor)

PR Progesterone receptor

RAS A small GTPase and is a member of the G protein (guanine nucleotide

binding protein) family

RFP Red fluorescent protein

RLU Relative light unit (luminescence measurement)
RNA Ribonucleic acid

RNAIi RNA interference

ROS Reactive oxygen species

rpm Rotation per minute

RPMI Roswell Park Memorial Institute

RT/ RTx/ RTy Room temperature / room temperature (x)/ room temperature (y)

rtTA3 Reverse tetracycline-transactivator 3 for tetracyclinedependent induction
of the TRE promoter

SD Standard deviation

shRNA Short hairpin RNA

SOD Superoxide dismutase

TBS Tris-buffered saline
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TBS-T

TET

TGF-a

TKI

TNBC

TNFa

TRE

TRIPZ

Tris

UBC

Uuv

VC

WCHRE

WHO

WNT7B

WT

Tris-buffered saline (TBS) and Polysorbate 20 (also known as Tween
20)

Tetracycline (TET-ON: tetracycline activated/ ‘turn on” dependent)
Transforming growth factor alpha

Tyrosine kinase inhibitor

Triple negative breast cancer

Tumour Necrosis Factor alpha

Tetracycline-inducible promoter

TurboRFP reporter for visual tracking of transduction and

shRNA expression

Inducible Lentiviral shRNA vector

Trisaminomethane

Human ubiquitin C promoter for constitutive expression of

rtTA3 and puromycin resistance genes

Ultra-violet (light)

Vehicle control

Western Centre for Health Research and Education

World health organisation

WNT Family Member 7B

Wildtype
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CHAPTER 1: INTRODUCTION

1.1. The Burden of Cancer

Cancer is a major cause of mortality worldwide and can significantly diminish the length
and quality of life for afflicted individuals. According to the World Health Organisation
(WHO), in 2020, cancer accounted for an estimated 10 million deaths and breast cancer
(BrCa) is the most common cancer in the world recorded at 2.26 million cases (World
Health, 2020). The Australian Institute of Health and Welfare (AIHW) also expects
BrCa to be the most commonly diagnosed cancer in Australia and estimates that in 2021
20,825 Australians will be diagnosed (Health and Welfare, 2021). While the number of
people being diagnosed in Australia is increasing, the number of deaths from BrCa is

decreasing.

Cancers are caused by accumulated genetic mutations in the genome that interfere with
the highly conserved regulatory pathways responsible for protecting the normal cell
(Khalid et al., 2017). Cancer is characterised by neoplastic growth (abnormal cell
division) and eventual metastasis (tumours spreading to distant parts of the body) (Guan,
2015). Tumorous growths can compromise vital organ functions; while undesirable, the
location of the tumour can have a vast effect on its prognosis (Hanahan and Weinberg,
2011). Tumours are distinguished between the primary and secondary/ metastatic site
(Hanahan and Weinberg, 2011, Valastyan and Weinberg, 2011). The five-year-survival
statistics for most primary tumours have improved due to targeted treatments, surgery
and chemotherapy regimens (Lu and Chao, 2012). However, patients diagnosed with
metastatic cancers still have a significantly reduced survival rates as their cancers are

broadly resistant to available treatment options (Guan, 2015). Complete surgical
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removal is limited due to the nature of these tumours, i.e., poorly defined borders,

numerous sites and undetectable tumours (related to size) (Guan, 2015).

Overall, metastasis accounts for at least two thirds of cancer deaths in solid

tumours (Dillekas et al., 2019) or about 90% of cancer deaths (Guan, 2015, Carpenter

et al., 2017), and remains an enormous burden to the patients, their families and the

healthcare system. An example that highlights the fundamental challenges of metastasis

and its contribution to poor prognosis is the five-year survival rate of BrCa patients after

metastasis (Stage [V) compared to Stage I (Table 1) (Saunders et al., 2018).

Table 1 Five-year survival rates for Breast Cancer

Cancer Stage Five-year survival rate (2018) Reference
Stage 1 >95% (Saunders et al., 2018)
Stage 11 95% (Saunders et al., 2018)

Stage 111 75% (Saunders et al., 2018)
Stage IV 25% (Saunders et al., 2018)

1.2. Metastatic Breast Cancer is Resistant to Treatment

1.2.1. Breast Cancer Subtypes

There are five different BrCa subtypes, and these are classified according to their gene

expression patterns. The subtypes are Luminal A, normal-like breast tumours (ER and

PR positive, HER2 negative), Luminal B, HER2/ neu over-expressing and triple-
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negative BrCa (TNBC), in order of worsening prognosis (refer to Table 2) (Liu et al.,
2014, Goldstein et al., 2007). Each subtype possesses distinctly different histological
and clinical features, including patient outcome, response to treatment and likelihood of

progressing to secondary/ metastatic tumours (Serlie, 2004).

Table 2 Molecular Sub-types for Breast Cancer

Characteristic Receptor Status
Subtype

Aggressive
Prognosis

ER PR HER?2

o
N

Luminal A +++ +++ _

Luminal B ++/+ +/- - 2 3

HER?2/ neu overexpressing - - +++ 3 2

Triple Negative - - -

+++ High positive expression

++ Moderate positive expression

+ Low positive expression’

— Negative expression

Score: 1 (Least/ Better) — 4 (More/ Worse)

" Characteristic but not defining expression pattern. Low-level expression could be
considered negative. [Adapted from (Goldstein et al., 2007)].
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In terms of expression profiles, Luminal A and B have more similar profiles to normal
breast tissue, with the expression of both estrogen (ER) and progesterone (PR) receptors
(Yau and Benz, 2008). Luminal A has the best overall survival rate of the different
subtypes because of its responsiveness to hormone therapy due to the presence of these
receptors (Serlie, 2004). Luminal B tumours have an increased proliferation rate due to
the overexpression of cell cycle promoters and thus have a poorer prognosis (Dai et al.,

2017).

HER2/ neu overexpressing tumours have a poor clinical outcome as the cells lack ER
and PR receptors, and therefore, do not respond to hormone therapy (Dai et al., 2017).
However, they have increased expression of the HER2 oncogene; hence they are highly
responsive to HER2-targeted drugs and the combination with other anticancer agents

and treatments (Goldstein et al., 2007).

The TNBC tumours lack expression of all three receptors, thus are generally less
responsive to treatments (Han et al., 2019). TNBC is also the most aggressive of the
different subtypes and highly resistant to most current therapies (Han et al., 2019).
TNBC are also metastatic, characterized by a willingness to invade, migrate and

proliferate at preferential secondary sites such as the lungs and brain (Proia et al., 2014).

Regardless of the subtype, when tumours become metastatic, cells are more likely to
develop drug resistance making them harder to treat, thereby decreasing a good
prognosis for the patient. Thus, there is a general need for better therapeutics or new
ways to sensitize highly metastatic BrCa to current therapeutics, thereby, developing

more effective treatments in hard-to-treat cancers for improved patient outcomes.
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1.2.2. Potential Treatment for Metastatic Breast Cancer

1.3.

It is postulated that to survive the stresses encountered during cancer progression and
metastasis, cancer cells engage highly conserved stress response pathways, such as the
Heat Shock Response (HSR), to survive. It is also postulated that this pathway may also
reduce the efficacy of chemotherapy (Valastyan and Weinberg, 2011, Lu and Chao,
2012). Thus, patients with metastatic cancer face resistance to chemotherapeutics
leading to increased morbidity and death, which further reiterates the necessity of novel
and effective therapeutics. Blocking the cancer cells' adaption to stress remains a viable
treatment option. There is the potential to reduce the cells' adaptive stress response
through interference with these stress pathways. Research into the effect that
‘overloading’ the stress response has in cancer treatment is currently being tested in the
clinical setting with combinations of chemotherapy and proteasome inhibitors (drugs
that block the breakdown of proteins) (Park et al., 2019, Au et al., 2009). Despite our
knowledge of the stresses in cancer, much remains unknown about its effect on cancer

cell sensitivity to anticancer therapies.

Types of Stressors in Cancer

Cancer cells are exposed to numerous stress insults that can directly or indirectly
influence their phenotype and progression (Solimini et al., 2007b, Tiligada, 2006,
Spisek and Dhodapkar, 2007). Stresses in the microenvironment include marked
fluctuation in oxygen, pH, glucose, free radicals, DNA damage, inflammation and
competition for space (Zhang et al., 2018, Klaunig and Wang, 2018). As a result, cancer
cells are often referred to as being in a sustained stress state (Yeldag et al., 2018, Mosser

and Morimoto, 2004). Exposure to stress often leads to the activation of signal

Page 26 of 228



transduction pathways and gene expression that supports cancer cell survival and
advances cancer progression (Fitzgerald et al., 2017). Previous studies have shown that
nutrient deprivation, acidosis, heat shock and hypoxia are associated with diminished
therapeutic response and increased malignant progression (Zhang et al., 2018, Klaunig
and Wang, 2018, Fitzgerald et al., 2017, Dairkee et al., 2007, Baghban et al., 2020).
These studies also suggest that these conditions may support cancer recurrence and

metastasis.

It has been proposed that stress can mediate metastasis through three potential
mechanisms; genomic instability, alteration in stress signalling pathways and/ or
selection of tumour cells that can sustain these stresses (Hanahan and Weinberg, 2011).
The first, genomic instability, is the result of genotoxic stress, a hallmark of cancer
which is defined as DNA damage from environmental stress (Bartek et al., 2007). In
normal cells genome stability is critical and is protected by DNA repair mechanisms
facilitated by the DNA damage response (DDR) signalling, the DNA damage tolerance
(DDT) pathway, and checkpoint pathways (Ghosal and Chen, 2013). Cancer cells are
characteristically known to have altered or impaired DNA repair mechanisms, thus
leading to genome instability as mutations in the genome accumulate. In cancer, the
DNA damage can potentially affect genes encoding for tumour suppression and/ or
oncogenes. Undetected, genome stability is compromised leading to tumour formation
(Zingoni et al., 2017). Furthermore, mutations in the DNA promotes uncontrolled
proliferation and has been shown to enhance carcinogenesis (Widschwendter and Jones,

2002).
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Several stress events such as hypoxia, inflammation or oxidative stress can instigate
cellular signal transduction cascades, tumour-promoting factors and gene expression to
aid cancer cell survival (Valko et al., 2006, Fitzgerald et al., 2017, Tiligada, 2006,
Federico et al., 2007, Finger and Giaccia, 2010). In brief, as the tumour proliferates, its
vasculature may become inadequate to supply enough oxygen and nutrients for its
growth, even after increased angiogenesis. This effect can be explained by the Warburg
effect that suggests some cancer cell’s preference of anaerobic energy production over
aerobic despite oxygen availability (Khalid et al., 2017, Liberti and Locasale, 2016).
Consequently, hypoxia and glucose-deprivation has been shown to support a more
aggressive phenotype. Furthermore, cancer cells under hypoxic environments often
switch to anaerobic metabolism (inefficient process of energy conversion in the absence
of oxygen) and increase acidic metabolites, such as hydrogen ions, leading to lower
extracellular pH (Finger and Giaccia, 2010, Rankin and Giaccia, 2016). Cumulatively,
both hypoxic and acidic conditions act as selective pressures directing towards cancer
cell survival and proliferation while normal cells would die (Estrella et al., 2013). One
molecular pathway that has been described to facilitate this increased survival is the
transcription factor, hypoxia inducible factor 1o (HIF-1a), which has been shown to
promote cancer metastasis due to its regulation of glycolysis, tissue remodelling,
angiogenesis, cell growth and survival (Kimbro and Simons, 2006, Rankin and Giaccia,
2016, Semenza, 2010, Finger and Giaccia, 2010). In addition, hypoxia also generates an
inflammatory response, and its recruitment of macrophages promotes the development
of cancer-related inflammation at the primary site. These macrophages are localised at
the invasive front of advanced tumours and facilitate cancer cell invasion through the
secretion of proteases that induce extracellular matrix degradation and tissue

remodelling (Avraamides et al., 2008, Hildenbrand and Schaaf, 2009, Jodele et al.,
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2005). This is exacerbated by cytokine release from macrophages into the stroma which

further enhances the cells' migratory and growth phenotype (Lewis et al., 2000).

A clinical study by Tsutsui et al. (2005) supports the association between inflammation
and poor cancer outcome, where it was demonstrated that in BrCa patients, elevated
tumour-associated macrophages densities correlates with worse survival (Tsutsui et al.,
2005). Furthermore, chronic inflammation, glucose deprivation and hypoxia can induce
oxidative damage and contribute to tumour progression and metastasis through factors
and cytokines, such as TNFa, IL6/8, or reactive oxygen species (ROS) such as
superoxide and hydrogen peroxide (Federico et al., 2007, Lee et al., 1997, Aggarwal et
al., 2019). Interestingly, while these oxidative stresses are a product of other stresses as
mentioned, they also induce cancer cell survival, proliferation, increased invasiveness
and angiogenesis, all associated with poor clinical prognosis in BrCa patients (Dairkee
et al., 2007, Dolado et al., 2007, Lander, 1997, Yau and Benz, 2008, Aggarwal et al.,
2019). Oxidative stress further promotes DNA damage and this damage often affects
the activation of transcription factors and proto-oncogenes, whilst inactivating tumour

suppressor genes (Valko et al., 2006, Aggarwal et al., 2019).

Overall, stress can expose cancer cells to pro-tumourigenesis factors and promote pro-
metastatic transcriptional cascades that enable gene expression that is unfavourable for
patient outcome. Of these stress pathways, one that is yet to be discussed is that of the
heat shock stress pathway. Heat shock stress is another well-defined pathway that is
critical in normal cell homeostasis but is correlated to poor patient survival in cancer

and is regulated by the master transcriptional regulator, Heat Shock Factor 1 (HSF1).
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1.4. HSF1 is a Master Regulator of the Heat Stress Response in the Cell

1.4.1. The Heat Shock Response

Many different types of stresses upregulate and activate HSF1 as a result of the protein
misfolding and damage that they elicit. HSF1 is known to play a major role in regulating
the heat shock response (HSR). It is a transcription factor that responds to proteotoxic
stress by initiating the transcription of heat shock proteins (HSPs) (Triandafillou and
Drummond, 2016). HSPs are involved in protein folding and protection upon
proteotoxic stress in normal and cancer cells alike. Misfolded proteins and protein
damage are a consequence of induced stress, such as heat shock, hypoxia, acidosis and
many others as mentioned in section 1.3 (Desai et al., 2013, Hanahan and Weinberg,
2011). Therefore, the HSF1 adaptive response is essential for proteostatsis (homeostasis

of proteins) and overall cell survival (Desai et al., 2013).

1.4.2. Activation of HSF1 And HSF1 Normal Function

During homeostasis, HSF1 monomers are bound to chaperones in the cytoplasm that
prevent trimerization of HSF1 (activation) and stop monomeric HSF1 from degradation
(Desai et al., 2013). These chaperones include the Heat Shock Protein 90 (HSP90)-p23
complex and Heat Shock Protein 70 (HSP70) (McConnell et al., 2015). When the cells
undergo stress this causes an accumulation of protein damage which induces HSP90 to
dissociate from HSF1, allowing HSP90 to assist in protecting cells by facilitating protein
folding, trafficking and ubiquitination (Anckar and Sistonen, 2011). As a result, HSF1
monomers either degrade or trimerise and enter the nucleus. In the nucleus, trimeric

HSFI1 is subjected to either stimulatory or inhibitory phosphorylation (Cigliano et al.,
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1.5.

2017) events. Specifically, stimulatory phosphorylation occurs at sites Ser230 and
Ser326, whilst, inhibitory phosphorylation is at sites Ser303, Ser307 and Ser363
(Vihervaara and Sistonen, 2014). This cascade of modification to HSF1 will either
inhibit its function or enable transcription of its target genes, HSPs, which are important
in protein folding and recovery after stress. Overall, HSF1 is protective in normal cell
biology and helps cells maintain homeostasis (Vihervaara and Sistonen, 2014).
However, in advanced cancer, cells are constantly stressed, and HSF1 expression is
typically elevated compared to normal cells. Significantly, in cancer cells, HSF1 has
also been shown to facilitate pro-metastatic pathways, separate from the typical HSR

(Triandafillou and Drummond, 2016, Mendillo et al., 2012).

HSF1 Alters Expression of Other Genes Besides the HSR In Cancer

In multiple cancers, including BrCa, HSF1 protein expression is increased and
correlated with poor clinical outcomes (Powell et al., 2016, Santagata et al., 2011b). As
established by Mendillo et al. (2012), HSF1 gains a broader function as a multifaceted
modifier of carcinogenesis for growth and metastasis (Mendillo et al., 2012). This study
compared transformed cells (‘normal’ cells made cancerous) with normal mammary
epithelial cells and found that instead of regulating a normal HSR, HSF1 regulated the
transcription of genes that encouraged the metastatic phenotype. More specifically, in
transformed cells, HSF1 upregulates genes associated with energy metabolism, cell
cycle, stress response and translation, while downregulating genes associated with
adhesion, the extracellular matrix, apoptosis, immune processes and development
(Mendillo et al., 2012). These alternative genes that HSF1 regulates may contribute to
the distinct differences between the highly malignant and the primary tumour cells,

including changes in cell shape, expression of epithelial markers and survivability in

Page 31 of 228



stressed microenvironments (Mendillo et al., 2012, Nguyen et al., 2013a, Vihervaara

and Sistonen, 2014, Jiang et al., 2015, Vydra et al., 2014).

Cancer is the consequence of damaged key regulatory checkpoints within the cell cycle.
Although cancer cells may ‘thrive’ in this dysregulation, HSF1 is an essential mediator
of survival in these circumstances (Dai et al., 2018). Another difficulty is some cancer
cells may become resistant to the anticancer drugs prescribed. As a result, patients’
conditions may worsen with treatment as cells become adapted to the stresses from
treatment. Furthermore, cells are exposed to dramatic environmental changes and
inevitable alterations in signal transduction, energy production, and the metabolism of
nucleic acids and proteins with cellular transformation. High cellular demands, resulting
from hypoxia, acidosis, nutrient deprivation, and an adverse immune response within
the patient, increase the stress on these cells, and to survive cancer cells need to adapt
effectively (Valastyan and Weinberg, 2011). One way of overcoming the initial
oncogenic and malignant stress is through the targeting of HSF1 (Tchénio et al., 2006,
Desai et al., 2013). Indeed, some studies have shown that HSF1 depletion can reverse
the metastatic and more aggressive phenotype of cancers in functional assays and in-
vivo studies (Mendillo et al., 2012, Cigliano et al., 2017). However, yet to be explored
is the effect that HSF1 inhibition/ depletion has on cancer cell sensitivity to anticancer
therapeutics. The potential for HSF1 knockdown to increase the sensitivity of cancer
cells to anticancer agents is an attractive avenue to explore and may result in developing

novel combination therapies.
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1.6. The Biology of Resistant Cells to Anticancer Therapies

Unlike normal cells, cancer cells have lost the ability to stop dividing when they come
into contact with like cells, meaning they no longer undergo ‘contact inhibition’ (Pavel
et al., 2018). Thus, existing hallmarks that control normal cell differentiation and limit

cell division are no longer active (Pavel et al., 2018).

Generally, several types of chemotherapies are available, including alkylating agents,
plant alkaloids, antitumour antibiotics, antimetabolites, topoisomerase inhibitors, and
miscellaneous antineoplastics (Cleveland, 2021b). Ultimately, chemotherapy is toxic,
its purpose is to stop cells from dividing and kill cells to prevent tumour growth.
Alkylating agents are cell-cycle non-specific and act on cells during their resting phase.
Some examples are Carboplatin, Cisplatin and Oxaliplatin (Michael Colvin, 2003).
Plant alkaloids are cell-cycle specific that target cells during various division phases
(Matsuura and Fett-Neto, 2017), and examples of these are Paclitaxel and Docetaxel
(Matsuura and Fett-Neto, 2017). Antitumour antibiotics are produced by the soil fungus
Streptomyces and are also cell-cycle specific; some examples are anthracyclines like
Doxorubicin, Epirubicin and Mitomycin (Tenconi and Rigali, 2018). Antimetabolites
are cell-cycle specific; they are similar to the naturally found small molecules in cells.
Therefore, they can stop cellular division when incorporated by the cell into the cellular
metabolism (Lansiaux, 2011), examples of antimetabolites are 5-Fluorouracil and
Gemcitabine. Topoisomerase inhibitors prevent the activity of topoisomerase enzymes
(topoisomerase I and IT) which interferes with cell structural manipulation of DNA
necessary for cell replication (Bethesda, 2012). In addition to chemotherapy treatments,
there have been great strides in targeted therapy for cancers. These include monoclonal

antibodies and tyrosine kinase inhibitors towards cancer cell receptors and cell
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signalling pathways upon which the cancer cell is dependent. Examples of targeted
cancer therapies include signal transduction inhibitors like Gefitinib which target the
EGF receptor, while others include monoclonal antibodies such as Trastuzumab which
targets HER-2 (Cleveland, 2021b). Overall, treatment effectiveness is measured in terms
of ‘response’, a series of tests similar to those used to diagnose cancer (Cleveland,
2021a). The response can be complete, partial, stable or disease progression. A complete
response is when the tumour disappears; a partial response is when the cancer has
shrunk, while a stable response is when the cancer has not changed, and disease

progression is when the cancer has grown (Cleveland, 2021a).

When cancer has been responding to treatment but becomes ‘disease progressed’, this
is known as chemotherapy resistance (Yeldag et al., 2018). There are several reasons
why cancers become resistant; some cells that were not killed by the treatment mutate
and become resistant to the drug. As they continue to multiply, this population of cells
is less sensitive to the drug (Daisuke et al., 2016). Gene amplification by the cancer cell
could also cause an overproduction of proteins that change the way the anticancer drugs
interact inside the cell, or cancer cells may pump the drug out of the cells via p-
glycoproteins at equilibrium to the drug coming in (Callaghan et al., 2014).
Alternatively, if the transporter for the drug into the cell becomes ineffective, this could
also impede the drug's effect. Cancer cells may also gain the ability to repair DNA
breaks caused by some-anticancer drugs, which would otherwise kill the cells or develop
a mechanism that disables the drug (Harris, 1985). The development of drug resistance
is one reason that treatments are often given in combination and why there is a growing
need for sensitizers to enhance cancer cells' response to anticancer drugs, such as the

use of HSF1 inhibitors for its potential benefits (Chen et al., 2013).
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1.7. HSF1 Can Promote Resistance to Anticancer Drugs

A major concern for cancer patients and oncologists is cancer cell metastasis, because
this is an indication of the disease worsening. Metastasis is more likely to lead to
reoccurrence of the disease. It is linked to a significantly reduced patient survival and is
partly due to the development of drug resistance in the cancer cells (Valastyan and

Weinberg, 2011, Proia et al., 2014, Dai et al., 2018).

In clinical trials, the use of chemotherapeutics in conjunction with proteasome and
HSP90 inhibitors was hoped to improve patient outcomes, however, it was found that
these combinations were of limited effect due to the activation of cytoprotective
responses in the tumour cells, in particular, that of HSF1 activation (Grimmig et al.,

2017).

In cancer, one HSFl-activated gene is the multidrug resistance gene (MDR-1),
responsible for multidrug resistance. The overexpression of MDR-1, and its product, p-
glycoprotein has been shown to promote the multi-drug resistance phenotype in cancer
cells (Kioka et al., 1992). Further evidence for the association of HSF1 in drug resistance
was provided by Kim et al. (1998) who demonstrated that the cell lines FM3A/M and
P388/M, which display a multidrug resistance phenotype, exhibit constitutively
activated HSF1 (Kim et al., 1998). Moreover, Kim et al. (1998) showed that the
inhibition of HSF1 using quercetin downregulated MDR-1 expression and sensitized
the cancer cells to anticancer drugs (Kim et al., 1998). Furthermore, these investigations
identified that there were two heat shock elements upstream of the MDR-1 promoter
(Kim et al., 1998). However, this specific relationship between HSF1 and MDR-1 has

not been extensively followed up, although one further study did demonstrate HSF1
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1.8.

regulation of MDR-1/ p-glycoprotein expression and drug transport activity due to its
binding to the HSE in the MDR-1 gene promoter (Vilaboa et al., 2000). Another study
in 2006 showed that HSF1 induced the multidrug resistance phenotype mediated by
MDR-1 independently of heat shock or cellular stress at both the mRNA and protein
level (Tchénio et al., 2006, Mendillo et al., 2012). As already discussed, (refer to section
1.5), it was later proven that HSF1 also has functions that are broader than the HSR.
Consistent with a role in anticancer drug resistance Tchénio et al. (2006) showed that
the inhibition of HSF1 can enhance the anticancer drug efficacy in tumour cells, in both
in-vitro and in-vivo models of different cancer types (Tchénio et al., 2006, Mendillo et

al., 2012).

Of note, although these studies point towards an involvement of HSF1 in multidrug
resistance, further studies are still needed. Delineating the role of HSF1 in anticancer
resistance may lead to novel combination treatments with the inclusion of HSF1
inhibition as a key element, in conjunction with anticancer drugs. However, it is still to
be determined whether HSF1 acts broadly to provide multi-drug resistance or in a more

defined and specific manner.

Compounds That Activate HSF1

The HSR begins with HSF1 transcription of genes encoding for molecular chaperones,
proteases and many proteins essential for proteostasis (Dai, 2018). This process can be
activated by mutations or environmental conditions, either acute or chronic
(Westerheide and Morimoto, 2005). Examples include inflammation, cancer,
neurodegenerative diseases, ischemia, tissue wound healing/ repair or heat, heavy

metals, small molecule chemical toxicants, infections and oxidative stress (Westerheide
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and Morimoto, 2005). While HSF1 activation can promote cancer progression, the
activation of HSF1 can also be beneficial for the treatment of diseases where protein
homeostasis is disrupted, and misfolded proteins then accumulate (Jiang et al., 2015,

Dai and Sampson, 2016, Mendillo et al., 2012, Kim et al., 1999, Nguyen et al., 2013a).

HSFI1 is known to be activated by different classes of compounds such as protein
synthesis inhibitors, proteosome inhibitors, serine protease inhibitors, HSP90 inhibitors,
inflammatory mediators and triterpenoids (Westerheide and Morimoto, 2005) (refer to
Table 3). There is a potential benefit of using HSF1-activating compounds in the
treatment of cancer due to the sustained stressed phenotype. Activators of HSF1 may
push cancer cell protein homeostasis to levels that may be beyond the buffering capacity
in cancer cells, thus leading to cell death. Consistent with this, compounds like HSP90
inhibitors are known to increase stress within tumour cells, inducing HSF1. However,
these have been tested in clinical trials for cancer treatment but have not proven
successful (Santagata et al., 2012, Shimomura et al., 2019, Kryeziu et al., 2019, Kijima
et al., 2018b). A reason that has been provided is that activation of HSF1, rather than
causing cancer cells to overload their stress buffering capacity, in fact provided them
with a more resistant phenotype. Therefore, rather than stimulating HSF1 for better
anticancer drug efficacy, removal of HSF1 activity may be a better approach. Moreover,
anticancer drugs that activate HSF1, thereby utilising its survival signalling, may be

made more efficacious if HSF1 activity is removed.
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Table 3 HSF1 Activating Compounds

Class Compound Reference
Protein Synthesis | Puromycin (Hightower, 1980, Lee and
Inhibitors Dewey, 1987)

Azetidine (Hightower, 1980)
Proteasome Carbobenzoxy-l-leucyl-l-leucyl-I1- (Holmberg et al., 2000)
Inhibitors leucinal

Lactacystin

Serine Protease

3,4-dichloroisocoumarin

(Rossi et al., 1998)

Inhibitors tosyl-L-phenylalanine chloromethyl
ketone
tosyl-L-lysine chloromethyl ketone
g HSP90 Inhibitors | Radicicol (Bagatell et al., 2000, Hay
g et al., 2004)
- Geldanamycin (Bagatell et al., 2000, Kim
et al., 1999, Sittler et al.,
2001, Hay et al., 2004)
17-AAG (Bagatell et al., 2000)
AUY922 (K. Rochani et al., 2020)
Inflammatory Cyclopentenone Prostaglandins (Ohno et al., 1988, Amici et
Mediators al., 1992)
Arachidonate (Jurivich et al., 1994)
Phospholipase A (Jurivich et al., 1996)
Triterpenoids Celastrol (Westerheide et al., 2004)
Withaferin A (Xu et al., 2009)
Nonsteroidal Sodium salicylate (by inducing (Jurivich et al., 1992)
anti- HSF1 trimerisation)
inflammatory Indomethacin (by inducing HSF1 (Lee et al., 1995, Jurivich et
@ drug binding and hyperphosphorylation) | al., 1992)
)
_‘g’ Hydroxylamine | Bimoclomol (by decreasing (Vigh et al., 1997, Hargitai
£ | derivatives temperature threshold and altering | et al., 2003)
S cell membrane fluidity)

Arimoclomol (by decreasing
temperature threshold and altering

cell membrane fluidity)

(Kieran et al., 2004)

(Table adapted from (Westerheide and Morimoto, 2005, Chau Hoang, 2017)
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1.9. Project Rationale

HSF1 orchestrates the heat shock response (HSR) in normal cells but is also central to
several pathological conditions, including cancer, where it has been shown to be
involved in facilitating cancer initiation, progression, metastasis and potentially drug
resistance. Consistent with this, the level of HSF1 is elevated in cancer and its activation
is directly correlated to cancer progression and prognosis (Santagata et al., 2011b).
Moreover, studies have demonstrated that the absence of HSF1 reduces the growth and
metastatic phenotype, improving the overall survival rates in animal cancer models
(Sharma and Seo, 2018, Cigliano et al., 2017, Nakamura et al., 2010, Zou et al., 1998).
This evidence indicates that inhibition of HSF1 may provide a potential strategy for
advanced cancer treatment. In addition, HSF1 is a key regulator of many genes that
promote the metastatic phenotype some of which are involved in drug resistance
(Mendillo et al., 2012), and inhibiting HSF1 activity may result in preventing or
reversing a drug resistant phenotype or sensitising cancer cells to certain types of

anticancer drugs (Vydra et al., 2014).

Despite this, studies which examine HSF1 in relation to resistance/sensitivity to
anticancer therapeutics are currently limited. Thus, this project seeks to provide a
comprehensive investigation into the relationship between HSF1 and its role in
chemotherapeutic and targeted drug sensitivity in a series of BrCa cell lines. The study
will investigate which therapeutics activate the HSR with a view of identifying
anticancer drugs that may be more effective with HSF1 inhibition. In addition, the study
will examine the impact of HSF1 loss in sensitising BrCa cells to a panel of anticancer
drugs that have been previously identified by the Price lab using gene expression arrays

and a bioinformatics approach.
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It is hoped that the findings from this study will contribute to the rationale for the
continued development of HSF1 inhibitors that would be used in combination with
current and future anticancer agents with a view to enhance cancer cell sensitivity to

these agents.

1.10. Hypothesis and Aims

Hypothesis
The effectiveness of anticancer therapeutics used in the treatment of metastatic BrCa is
dependent on the levels and activity of HSF1, and a number of anticancer therapeutics

are also potent activators of HSF1.

Overall Aim
To determine whether HSF1 knockdown in cancer cells will sensitise them to anticancer
drugs and whether there is a direct link between chemotherapeutic and targeted agents

that induce a HSR and their requirement for HSF1 to enable resistance.

To achieve the overall aim, the following two specific aims will be undertaken:

Aim 1: To screen a series of targeted and chemotherapeutic agents in HSF1 knockdown

BrCa cells to determine whether loss of HSF1 will make these BrCa cells more sensitive

to these anticancer agents.

Aim 2: To identify chemotherapeutic agents that cause an HSR in cancer cell lines.
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CHAPTER 2: MATERIALS AND METHODS

2.1. Molecular Cloning and Generation of Expression Constructs

2.1.1. Bacterial Transformation

Competent bacteria were prepared using the calcium chloride (CaCl;) method (Nakata
et al., 1997). Briefly, TOP10B Escherichia coli (E. coli) were grown overnight in 5 ml
Lysogeny broth (LB). Two ml of this cell culture were transferred to 100 ml of fresh
LB, and the culture was grown at 37°C at 225rpm until the optical density (OD) reached
0.4-0.6 (approximately two-three hours). The culture was incubated on ice for twenty
minutes. The cells were centrifuged at 5000rpm for five minutes. The supernatant was
discarded, and the pellet resuspended in 50 ml ice-cold 100mM CaCl; and incubated on
ice for thirty minutes. After the incubation, the cells were pelleted and resuspended in
another 50 ml of ice-cold 100mM CaCl,, followed by incubation on ice for one hour.
The cells were centrifuged again, and the pellet was resuspended into 5 ml sterile ice-
cold storage solution (100mM CaCl; and 15% v/v glycerol). The competent bacteria

were stored in 100uL aliquots at -80°C for up to three months.

To transform bacterial cells with plasmids, 100 ng of plasmid was added to 100uL of
the CaCl> competent TOP10B bacterial cells and incubated on ice for ten minutes. The
cells were heat-shocked for 45 seconds at 42°C and immediately cooled on ice. Two
hundred microliters of LB were added to dilute the bacteria cells, and 100uL of the
diluted transformed bacterial solution was streak-plated onto an LB agar plate

containing appropriate antibiotics for selection. Appropriate antibiotics to a final
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concentration of 100pg/ ml for ampicillin and 50pg/ ml kanamycin. The plate was

inverted and incubated at 37°C overnight with visible colonies by the morning.

2.1.2. Bacterial Liquid Cultures

The LB was sterilized by autoclaving at 121°C for twenty minutes. When ready, in a
sterile environment and using aseptic technique, a single colony from the LB agar plate
(refer to section 2.1.1) was picked using a pipette tip and dropped into the sterile LB
(1% w/v tryptone, 0.5% w/v yeast extract and 1% w/v NaCl) containing appropriate
antibiotics. Liquid bacteria cultures were grown at 37°C with shaking at 225rpm for

approximately eighteen hours.

2.1.3. Bacterial Glycerol Stocks

To prepare bacterial glycerol stocks for the plasmid transformed bacteria, a colony from
the bacterial plate culture was picked and inoculated into 5 ml of LB broth containing
appropriate antibiotics and grown overnight at 37°C with agitation (225 rpm). Eight
hundred microliters of that culture were mixed with 200uL of 80% v/v sterile glycerol

in a 2 ml cryotube and stored at -80°C.

2.1.4. Plasmid Extraction and DNA Purification

PureLink™ HiPure Plasmid Maxiprep Kit (Invitrogen, California, USA, Catalog
number: K210006) was utilised to extract plasmids as per manufacturer’s instructions
and ready to use for transfection. In brief, the overnight bacterial liquid cultures (section
2.1.2.) were harvested by centrifugation at 16,000 x g for ten minutes and the pellet was

resuspended in resuspension buffer with RNase A. Cells were lysed using lysis buffer
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and precipitation buffer was added before another centrifugation step at >12,000 x g for
ten minutes. Next, the supernatant was loaded into the kit’s equilibrated column,
washed, and drained before the purified DNA was eluted off the column per Invitrogen's
kit instruction. The final DNA was suspended in 200ul TE buffer (included in the kit)

and stored at -20°C.

2.1.5. DNA Quantitation

The quantity and purity of DNA after purification was tested using two methods: [1]
Restriction enzyme digestion (section 2.1.6.), followed by agarose gel electrophoresis
(section 2.1.7.) and [2] by absorbance at 260/280 using Nanodrop Spectrophotometer

2000 set to nucleic acid (ug/ ml) (Thermofisher Scientific, California, USA).

2.1.6. Double Restriction Enzyme Digestion

Restriction enzyme digestion was used for diagnosis or for size-reduction purposes. For
diagnostic digestions that confirmed the identity of the plasmid, 1pg DNA was used in
a reaction of 10ul (total volume). For size-reduction, 10pg DNA was used in a total 50ul
reaction. The final DNA samples were subjected to agarose electrophoresis as described
in section 2.1.7. and section 2.1.8. for DNA extraction. Enzyme digestion followed
protocols as outlined by the manufacturer of the enzymes, New England Biolabs

(Ipswich, MA, US).
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2.1.6.1. Digesting specification of the Reporter Vector Expressing HSE

(pGL4.41)

The pGL4.41 vector (Promega Corporation, Madison, WI 53711 USA) contains a
destabilised luciferase under the control of a minimal promoter and HSE and has 6,045
base pairs (bp), (Figure 1). To reduce its size, the plasmid was cut at two single cutting
sites, BsmAlI [cut site 55, GTCTC (4nt 5’ extension)] and Pcil [cut site 4336, ACATGT
(4nt 5° extension)]. These cuts separate the ampicillin resistance domain that is no longer
needed for transfection in the cells. The new sequence of interest is 4,281 bp long and

has reduced the sequence by 1,764 bp from original size, 6,045 bp.

Synthetic poly(A) signal/
transcriptional pause site

(for background reduction)
HSE

Minimal
promoter

pGLA.41[luc2P/HSE/Hygro] wezr

Vector

or (6,045bp)

Synthetic poly(A)
signal
EcoRl

SV40 late
poly(A) signal

SV40 enhancer/ BamHl
early promoter

Figure 1 pGL4.41[luc2P/HSE/Hygro] Vector Map from ‘Promega’
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2.1.6.2. Digesting specification of the Reporter Vector Expressing Renilla

Luciferase

The pcDNA-RLuc8 vector (Sanjiv Sam Gambhir Addgene plasmid #87121;

http://n2t.net/addgene:87121; RRID: Addgene 87121) has 6,361 bp, (Figure 2). To

reduce its size, the plasmid was cut at two single cutting sites, BgIII (cut site 5469) and
Pcil (cut site 3641). These cuts separate the ampicillin resistance domain that is no
longer needed for transfection in the cells. The new sequence of interest is 4,533 bp,

removing 1,828 bp from the original 6,361 bp long sequence.
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ABE
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Figure 2 pcDNA-RLuc8 Vector Map from ‘Addgene’
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2.1.7. Agarose Gel Electrophoresis

One percent agarose gel was prepared in 1x TAE buffer (40mM Tris-acetate, ImM
EDTA, pH 8.3) with 0.0001% v/v Sybr Safe DNA gel stain (Invitrogen, California,
USA) for DNA visualisation. The recommendation for DNA larger than 500 bp is 1%
w/v gel. Before loading, DNA samples were prepared with 5x loading buffer (0.125%
w/v xylene cyanol, 0.125% w/v bromophenol phenol blue, 15% v/v glycerol) and
HyperLadder™ 1 kb (Bioline, London, UK) was loaded for size estimation of the DNA
samples. The gel was voltage at 100V for eighty minutes and visualized using the UV

transilluminator.

2.1.8. Purifying DNA from an Agarose Gel

DNA was electrophoresed after double restriction enzyme digest for the purpose of size-
reduction. The DNA was excised from the agarose gel at the appropriate band with
reference to the bp length and extracted using QIAquick® Gel Extraction Kit (Qiagen,
California, USA), following manufacturer’s manual. The DNA retrieved was ready to

use for transfection in the cell.

2.2. Cell Culture

2.2.1. Routine Cell Culturing

MDA-MB-231 (ATCC HTB-26) and T47D (ATCC HTB-133) cell lines were obtained
from the American Type Culture Collection (ATCC) and were routinely cultured,
subculture as per the ATCC (Gaithersburg, Maryland, USA) instructions. It was also

important that all cells used were mycoplasma free and were regularly tested to ensure
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they remained mycoplasma free (section 2.2.1.1). All cells were grown in a 5% CO>
humidified incubator at 37°C. MDA-MB-231 was maintained in Dulbecco’s modified
Eagle Medium (DMEM) medium and T47D was maintained in Roswell Park Memorial
Institute (RPMI) medium (Gibco Invitrogen, California, USA) and supplemented with
10% v/v foetal bovine serum (FBS) (Invitrogen, California, USA), 1% v/v HEPES
(Gibco Invitrogen, California, USA), 1% v/v GlutaMAX (Gibco Invitrogen, California,
USA), 1% v/v Sodium Pyruvate (Gibco Invitrogen, California, USA) and 1% v/v
antibiotic/ antimycotic (Gibco Invitrogen, California, USA). The cell lines were
maintained in monolayer culture and cells grown in T75 flasks were passaged every 3-
4 days once confluent. For passaging, growth medium was removed, and the cell
monolayer was washed twice with 10 ml PBS. One millilitre of TryplE express (Gibco
Invitrogen, California, USA) was added to cover the cells and the cells were incubated
at 37°C for 15-20 minutes to detach. Once detached, cells were resuspended in 10 ml
(total) of appropriate medium. Cells were either plated or passaged at 1:10 into a new

T75 flask of cell suspension in fresh medium.

2.2.1.1. Mycoplasma testing

Regular mycoplasma testing was performed to ensure that cells were free of
contamination. Aliquots of cell culture medium was centrifuged at 2000 x g for 5 minutes
before 100uL supernatants were added in triplicates to white 96 well plates and mixed
with reagent (100pL) from MycoAlert Mycoplasma Detection Kit (Lonza, Basel,
Switzerland) as per the manufacturer’s instructions. The mixture was left to equilibrate
for 5 minutes at room temperature before luminescence signal intensity was measured
using Varioskan Flash Multimode Plate Reader (ThermoFisher Scientific). MycoAlert

substrate (100nL) was added to each sample and after 10 minutes a second luminescence
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signal was measured using the plate reader. A ratio was calculated by dividing the first
signal from the results of the second signal. Ratios less than 0.9 is negative for
mycoplasma. Borderline mycoplasma contaminated cultures with a ratio between 0.9 and
1.2 would be retested in 24 hours and ratios greater than 1.2 is positive for mycoplasma
contamination. The kit also included positive and negative mycoplasma control samples

to run alongside test samples.

2.2.2. Cryopreservation of Cell Lines

All cell lines in this study were cryopreserved in liquid nitrogen at low passages. Low
passages are no more than 10-12 number of times the culture has been subcultured. Cells
were cultured in T75 flasks to 80-90% confluence and then lifted as described in 2.2.1.,
and pelleted at 1500rpm for three minutes. The cell pellet was resuspended in 4 ml of
ice-cold freezing medium [90% v/v FBS and 10% v/v dimethyl sulfoxide (DMSO)].
Cell suspension was transferred as 1 ml aliquots into cryotubes and incubated on ice for
5-10 minutes. The cryotubes were packed in a Mr Frosty Cryo 1° freezing container
filled with isopropanol at -80°C overnight before being transferred into towers for long
term storage in liquid nitrogen. Cell viability following this slow freeze method is well

maintained.

2.2.3. Cell Transfections

2.2.3.1. Cell lines stably transduced with inducible shRNA targeting HSF1

HSF1 vectors were previously designed by our lab group (Nguyen et al., 2013b). Five

retroviral MSCV-LMP vectors were used to produce retroviruses expressing HSF1
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shRNAmirl-5 (Paddison et al., 2004). In brief, the viruses were prepared by delivering
the DNA to HEK293T cells using Lipofectamine LTX (Invitrogen, California, USA)
using the manufacturers' instructions. Fifteen to sixteen hours after the transfection
medium was replaced with harvesting medium. The harvesting medium was ready for
collection by 48/96 hours following addition of harvesting medium and was filtered
through 0.45uM size filter and stored at -80°C, ready for transfection. Five hundred
microlitres of virus containing supernatant expressing HSF1 shRNAmirl and
shRNAmir4 were selected and used to transfect MDA-MB-231 and T47D in the
presence of 10pg / ml polybrene. After twenty-four hours incubation, the virus-
containing medium was replaced with fresh medium and transfected cells were left to
recover for twenty-four hours. Stably transfected cells were selected using Puromycin
(2png/ ml). Cells that were successfully transfected survived the treatment of Puromycin
(Sigma-Aldrich, Missouri, USA), resistance is induced by an enzyme that permits its
breakdown a part of the design with the construct, while parental cells died. The
expression of the shRNA in the stably transfected cells were activated with doxycycline
(Sigma-Aldrich, Missouri, USA). Live cell reporter, a red fluorescent protein (RFP),
was visualised under a TRITC filter and western blot analysis for Recombinant Anti-
HSF1 antibody (ab52757) (Abcam, Cambridge, MA, USA) was performed to determine
the knockdown efficiency of each HSF1 shRNA mir in the MDA-MB-231 and T47D
cell lines. As a control, a non-targeting shRNA was also transfected alongside the HSF1
shRNA mirs to ensure that the introduction of a vector did not have an unexpected effect

on behaviour of the cells subjected to transfection.
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2.3.

2.2.3.2. Developed Dual-reporting Heat Shock Response Model

The two cell lines, T47D and MDA-MB-231 were stably transfected with the two
vectors, pGL4.41[luc2P/HSE/Hygro] and pcDNA-RLuc8. The vectors were delivered
using Lipofectamine® 3000 (Invitrogen, California, USA) following the manufacturers’
prescribed lipofection technique. In brief, plasmid DNA-lipid complexes were prepared
and added to wells of a 6-well plate at 1.25ug DNA per pGL4.41 and pcDNA-RLuc8
or combined 2.5ug total DNA. The stock concentration of pGL4.41[luc2P/HSE/Hygro]
and pcDNA-RLuc8 used were 0.23pug/ul. and 0.145 pg/uL, respectively, with an
A260/280 ration of 1.86. To prepare the DNA-lipid complexes, in one tube, the
optimised amount of DNA was added to P3000 reagent and medium. This was then
mixed with a second tube containing the lipofectamine 3000 reagent and medium and

incubated for fifteen minutes at room temperature.

Expression Analysis

2.3.1. Protein Extraction and Quantitation

Cells were grown in 6-well plates to appropriate (>60%) confluency, then washed once
with ice-cold PBS and incubated in a modified RIPA buffer (50mM Tris- HCI pH 7.4,
150mM NacCl, 0.1% v/v SDS, 0.5 % w/v Sodium Deoxycholate, 1% v/v NP40, SmM
EDTA) containing a mixture of protease (Sigma-Aldrich, Missouri, USA) and
phosphatase inhibitors at 1:100 (Sigma-Aldrich, Missouri, USA) at 4°C for 30-60
minutes to lyse. Cell lysates were harvested with cell scraper and pipetted into 1.5 ml
Eppendorf tubes to continue lysis before centrifugation at 13,000rpm for thirty minutes
at 4°C. After centrifugation, the supernatant was transferred into fresh Eppendorf tubes

for storage at -80°C and the protein collection was complete.
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Following protein extraction, protein concentrations were quantified using the
bicinchoninic acid (BCA) assay kit as per manufacturer’s instructions (Pierce
Biotechnology, Illinois, USA). Briefly, to generate a standard curve, Pierce™ Bovine
Serum Albumin Standard Ampules were serially diluted with water to produce final
standard concentrations of 2, 1, 0.5, 0.25, 0.125, 0.0625 and 0.03125mg/ ml. Sixteen
microlitres of the standards and four microlitres of the protein samples were loaded into
a 96 well plate in triplicate and 150uL of BCA reagents A and B (50:1, respectively)
were added to each well. The plate was incubated at 37°C for thirty minutes before the
absorbance of each sample was determined at 540nM using a Varioskan Flash Spectral
Scanning Multimode Reader (Thermofisher Scientific, Massachusetts, USA). Protein

concentrations of the samples were determined by referencing to the standard curve.

2.3.2. Western Blot: Gel Electrophoresis

Equal amount of protein (10-30pg) was combined with NuPAGE™ LDS Sample Buffer
(4X) (Invitrogen, California, USA) and NuPAGE™ Sample Reducing Agent (10X)
(Invitrogen, California, USA) before denaturation at 95°C for 5 minutes. Then, the
protein samples were cooled and loaded into a 20 well NuPAGE 4-12% Bis-Tris pre-
cast gel (Invitrogen, California, USA) with Novex™ Sharp Pre-stained Protein Standard
(Invitrogen, California, USA) for size determination. The gel was electrophoresed at
110V for eighty minutes in NuPAGE MOPS or MES SDS running buffer containing
antioxidants (Invitrogen, California, USA). The proteins from the completed run were
transferred using iBlot 2 dry blotting system (Invitrogen, California, USA). Briefly, the
gel after electrophoresis was submerged in 20% v/v ethanol for fifteen minutes before
ten minutes in Milli-Q water then stacked between the iBlot regular transfer stack

(Invitrogen, California, USA) and transferred for seven minutes on 20V.
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For immunoblotting, membranes were blocked in Tris buffered saline (TBST, 50mM
Tris-HCI, 150mM NaCl, 0.1% v/v Tween-20, pH 7.4) containing 5% skim milk for one
hour at room temperature, followed by overnight incubation with primary antibodies
diluted in 1x TBST with 3% w/v skim milk at 4°C with rotation. The next morning,
membranes were washed for three times for nine minutes each wash with 1x TBST and
incubated at room temperature in the appropriate horseradish-conjugated secondary
antibodies diluted at 1:1x10* for one hour. This was followed by three, nine-minute
washes in TBST. To develop Iuminescence, membranes were soaked in
chemiluminescent ECL western blotting substrate (Pierce, Illinois, USA). The detection
reagents [ and II were mixed in a 1:1 ratio and added to the blot for one minute before
visualisation using Fusion FX Spectra (Vilber Lourmat, ZAC de Lamirault, Collegien.

France).

2.3.3. Western Blot Analysis

The imaged western blot was analysed using Fusion FX Spectra analysing program
(Vilber Lourmat, ZAC de Lamirault, Collegien. France) and the densitometry of the
individual bands were normalised to the respective loading control, B-actin, unless

specified otherwise as appropriate.

2.3.4. Stripping and Reprobing Western Blot Membranes

When necessary, membranes were stripped using Restore Western Blot Stripping Buffer
(Thermo Scientific, Massachusetts, USA). Following the product instructions, the blots

were stripped for 30 minutes at 37°C, then washed with TBST and blocked. Before the
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blot was reprobed with a new primary antibody per usual, the blot was first probed with
an appropriate secondary antibody and visualised using Fusion FX Spectra (Vilber
Lourmat, ZAC de Lamirault, Collegien. France) (as previously described in section

2.3.2.) to ensure sufficient removal of the previous primary antibody.

2.4. In-vitro Assays

2.4.1. Cytotoxicity Assay

Drugs were prepared freshly from stock solutions in DMSO and diluted with the
appropriate volumes of the growth medium. After cell seeding with medium containing
+/- doxycycline 0.5pg/ ml (to activate inducible HSF1 knockdown in modified T47D
and MDA-MB-231 cell lines, refer to section 2.2.3.1.) in 96-well plates at 1 x 10*
cells/well, cells were left to adhere overnight. The next morning, the medium was
replaced with the medium containing the anticancer drug of interest. To keep this mass
screen consistent, the drug concentration range was kept the same. The drugs were
serially diluted for concentrations of 100pM, 1nM, 10nM, 100nM, 1uM, 10uM, 100uM
in medium with or without +/- Doxycycline 0.5ug/ ml. Vehicle control cells were
cultured in the medium containing the same concentration of DMSO as the highest
experimental cultures (100uM) for 0-, 24-, 48- and/ or 72- hours. Earlier observations

showed that DMSO at these concentrations were not toxic to the cells.

2.4.2. Alamar Blue Assay

The Alamar Blue stock was stored in a light sensitive container at 4°C. Cells were grown
in a 96-well plate (refer to section 2.4.1., for experimental conditions) and once ready,

100uL of the diluted Alamar Blue was added to each well and re-incubated for two
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hours at 37°C avoiding exposure to light. The Alamar Blue stock was diluted at 1:10
with the appropriate cell culture medium. After incubation, the Alamar Blue was
transferred to a white plate for fluorescence to be measured in the Varioskan Flash
Spectral Scanning Multimode Reader (Thermofisher Scientific, Massachusetts, USA)
with excitation at 550nm and emission at 590nm. The IC50 values were calculated from
the fluorescence value in GraphPad after they were normalised to their relative DMSO

vehicle controls (set as 100% viability) for each cell line.

The plate with the live cells was fixed for two minutes with Methanol and followed with
Quik Dip reagents I and II for one and two minutes, respectively (Fronine Lab Supplies,

New South Wales, Australia).

2.4.3. Dual-Luciferase Reporter Assay

Once cells were ready from their experiments, lysates were prepared using Passive Lysis
Buffer supplied in the Dual-Luciferase® Reporter (DLR) Assay System (Promega
Corporation, Madison, WI 53711 USA). The lysates were collected at 200uL from each
well of plate sized 24 wells and 20uL was aliquoted in triplicate per group into an
opaque white 96-well plate. Plates was assayed using freshly prepared substrates and
buffers that were correctly stored per the DLR Assay System (Promega Corporation,
Madison, WI 53711 USA) manufacturer's instructions. The signals were recorded using
Varioskan Flash Spectral Scanning Multimode Reader with automatic injectors

(Thermofisher Scientific, Massachusetts, USA) and an optimised protocol.
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2.5. Statistical Analysis

Assays were performed at least n=3 and presented as mean + standard deviation (SD).
All n values refer to biological repeats. Where appropriate, a two-way-ANOVA was
performed with a Tukey’s multiple comparison test unless otherwise specified. P-value
format is set to GraphPad style which reports four digits after the decimal point with a
leading zero and represented as ns (0.1234), * (0.0332), ** (0.0020), *** (0.0002) and

etk (<0.0001).
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2.6. Materials

2.6.1.

2.6.2.

Plasmid Constructs

Table 4 List of Plasmids

Plasmids

Source

Scrambled non-targeting control ShRNAmir (renilla) | Price Lab Group

pMSCV-LMP HSF1 shRNAmirl Price Lab Group

Target site on HSF1 mRNA: 1292-1312

pMSCV-LMP HSF1 shRNAmir4 Price Lab Group

Target site on HSF1 mRNA: 2010-2030 (3°’UTR)

cDNA-RLucg

Sanjiv Sam Gambhir
Addgene plasmid # 87121;
http://n2t.net/addgene:87121;
RRID: Addgene 87121

pGL4.41[luc2P/HSE/Hygro]

Promega Corporation,

Madison, WI 53711 USA

pEGFP-N1

Clontech Laboratories, Inc.,

USA

Reagents used in the Cloning and Generation of Vectors

Table 5 List of Reagents for Cloning and Generation of Vectors

Item

Cat. No. Supplier

Ampicillin

A-2804 Sigma-Aldrich, Missouri, USA

HyperLadder™ 1kb

BIO-33025 | Bioline, London, UK

Kanamycin

BP861 Sigma-Aldrich, Missouri, USA

LB Agar

71752-5 Merck, New Jersey, USA

Restriction Enzymes (and

buffer): BsmAlI, Pcil, BglIl

New England Biolabs,
Massachusetts, USA

SYBR Safe DNA Gel Stain

S33102 Invitrogen, California, USA
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2.6.3.

Reagents used in Cell Culture and in-vitro assays

Table 6 List of Reagents for Cell Culture and in-vitro Assays

Item Cat. No. Supplier

100X Antibiotic/Antimycotic 15240062 Gibco Invitrogen, California, USA

alamarBlue™ Cell Viability DAL1100 Invitrogen, California, USA

Reagent

Crizotinib P70191 Sigma-Aldrich, Missouri, USA

DMSO (Dimethyl Sulfoxide) 276855 Sigma-Aldrich, Missouri, USA

Doxorubicin D-4000 Selleck, USA

Doxycycline D3447 Sigma-Aldrich, Missouri, USA

Dulbecco’s modified Eagle 11995-073 Gibco Invitrogen, California, USA

Medium (DMEM)

Foetal Bovine Serum (FBS) 15-010.02 Thermo Scientific, California,
USA

G-418 (Neomycin) S3028 Selleck, USA

GlutaMAX 35050079 Gibco Invitrogen, California, USA

HEPES 15630106 Gibco Invitrogen, California, USA

HSP90 Inhibitors:

Luminespib (NVP-AUY-922) S1069 Selleck, USA

Tanespimycin (17-AAG) S1141 Selleck, USA

Hygromycin H3274-250MG | Sigma-Aldrich, Missouri, USA

Lipofectamine® 3000 L3000008 Invitrogen, California, USA

Methanol 106009 Merck, New Jersey, USA

Puromycin P8833 Sigma-Aldrich, Missouri, USA

RPMI Medium 11875-119 Gibco Invitrogen, California, USA

Sodium Pyruvate 11360070 Gibco Invitrogen, California, USA

TrypLE Express 12604-039 Gibco Invitrogen, California, USA
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2.6.4.

General Reagents and Materials

Table 7 List of General Reagents
Item Supplier
Acetic Acid BDH AnalaR, Poole, England

Disodium Phosphate (Na2HPO4)

Astral Scientific, New South Wales, Australia

DMSO (Dimethyl Sulfoxide)

Sigma-Aldrich, Missouri, USA

EDTA (Ethylenediaminetetra
Acetic Acid Disodium Salt)

BDH AnalaR, Poole, England

Ethanol Merck, New Jersey, USA
Isopropanol Alcohol Merck, New Jersey, USA
Methanol Merck, New Jersey, USA
Paraformaldehyde (PFA) BDH AnalaR, Poole, England

Potassium Chloride (KCI)

Astral Scientific, New South Wales, Australia

Potassium Dihydrogenphosphate
(KH2PO4)

Astral Scientific, New South Wales, Australia

Sodium Chloride (NaCl)

Astral Scientific, New South Wales, Australia

Sodium Dioxycholate

Sigma-Aldrich, Missouri, USA

Sodium dodecyl sulfate (SDS)

Thermo Scientific, California, USA

Tris-HCI (Tris aminomethane)

(hydroxymethyl)

Astral Scientific, New South Wales, Australia

Triton-X100 (t-octylphenoxypoly-
ethoxyethanol)

Sigma-Aldrich, Missouri, USA

Tween-20 (Polyoxyethylene

sorbitanmonolaurate)

Sigma-Aldrich, Missouri, USA
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Table 8 List of Reagents and Materials for Protein Expression Analysis

Item Supplier
iBlot™ 2 Transfer Stacks, PVDF Invitrogen, California, USA
MES Buffer Invitrogen, California, USA

Novex™ Sharp Pre-stained Protein Standard

Invitrogen, California, USA

NUPAGE Bis-Tris 20-well Gel

Invitrogen, California, USA

NuPAGE™ Antioxidant

Invitrogen, California, USA

NuPAGE™ LDS Sample Buffer (4X)

Invitrogen, California, USA

NuPAGE™ MOPS SDS Running Buffer (20X)

Invitrogen, California, USA

NuPAGE™ Sample Reducing Agent (10X)

Invitrogen, California, USA

Phosphatase Inhibitor

Sigma-Aldrich, Missouri, USA

Protease Inhibitor

Sigma-Aldrich, Missouri, USA

Restore Western Blot Stripping Buffer

Thermo Scientific, Massachusetts,

USA

Skim Milk Powder

Coles, Victoria, Australia
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2.6.5.

Commercial Kits

Table 9 List of Commercial Kits

Item Cat. No. | Supplier

BCA Protein Assay Kit 23227 Pierce Biotechnology, Illinois, USA

Chemiluminescence Luminol 34080 Pierce Biotechnology, Illinois, USA

Diff Quik Dyes Fronine Lab Supplies, New South
Wales, Australia

Dual-Luciferase®  Reporter E1980 Promega Corporation, Madison, WI

Assay System 53711 USA

MycoAlert Mycoplasma | LT07-218 | Lonza, Basel, Switzerland

Detection Kit

PureLink™ HiPure Plasmid | K210006 | Invitrogen, California, USA,

Maxiprep Kit

QIAquick DNA Purification 28704 Qiagen, California, USA

Kit
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2.6.6. Chemotherapeutic and Targeted Therapeutic Drugs

Table 10 List of Chemotherapeutic and Targeted Therapeutic Drugs

= Apoptosis

Item Main Target Induces Cat. No. | Supplier
= Apoptosis S1141
» Heat shock protein = Necrosis Selleck,
2 I7-AAG 90 * Autophagy USA
i% = Mitophagy
5 = Growth S1069
K Heat shock protein inhibition Selleck
N )
& AUY-922 900/ * Autophagy USA
T = Apoptosis
. = (Caspase- S1555
2 dependent
2 . apoptosis
<= ATP-competitive Selleck
S | AZD8055 = Autophagy ’
~ mTOR USA
o
F
=
D-4000
2
Ei DNA topoisomerase
= . I = DNA damage
<
g | Doxorubicin/ (also, reduces basal | = Mitophagy Selleck,
< | Adriamycin . ; USA
S} phosphorylation of = Apoptosis
5 AMPK)
<
O
Met Via inhibition of PZ0191 | Sigma-
o o the STAT3 Aldrich,
Crizotinib ALK . )
ROS] pathway Missouri,
Autophagy USA
Via blockade of SML1657
the Sigma-
Gefitinib EGFR (Tyr1173, PI3K/AKT/mTOR Aldrich,
chtint Tyr992 and Tyr992) | pathway Missouri,
e = Autophagy USA
D =  Apoptosis
F
= » Ferroptosis SML2259
2 = Autophagic .
2 Sigma-
= cell death Aldrich
% Receptor Associated with Missou;i
2 Lapatinib autophosphorylation: | inhibition of AKT USA ’
-E apatint EGFR phosphorylation (Xia et
B ErbB-2 (p95FB-2) (Rusnak et al.,
= al., 2004)
‘D 2001):
g = Gl1 arrest
F
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= * Autophagy S1078

Q .
R~ = Apoptosis
2 Selleck
= )
= | MK-2206 AKT1/2/3 USA
=

N
<
S1065 | Sigma-

| Pictilisib | PI3K (p1100/5) " Autophagy Aldrich,
& = Apoptosis Missouri,
g USA

= S2226 | Sigma-
k= Aldrich
é Idelalisib PI3K (p110d) Autophagy Missouri,
= USA
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2.6.7. Antibodies

Table 11 List of Antibodies

Dilutions for .
Specie
Western ]
Item of Supplier
Blot Origin
Analysis g
AKT (pan) ) .. | Cell Signalling,
1:2,000 Rabbit Massachusetts, USA
Anti-HSF1 (phospho Ser326) i .. | Abcam, Cambridge, MA
(ab115702) 1:4,000 Rabbit USA
Beta Actin ) Cell Signalling,
1:5,000 Mouse Massachusetts, USA
Goat Anti-Mouse [gG+IgM, . Pierce Biotechnology,
(H+L), Peroxidase conjugated 1:10,000 Goat llinois, USA
Goat Anti-Rabbit IgG, (H+L), ) Pierce Biotechnology,
Peroxidase conjugated 1:10,000 Goat llinois, USA
GSK-3B (D5C57) ) ., | Cell Signalling,
1:1,000 Rabbit Massachusetts, USA
HSP105 1:5,000 Mouse Abcam, Cambridge, MA
USA
HSP70 1:2,000 Rabbit Abcam, Cambridge, MA
USA
HSP90 a ) Santa Cruz Biotechnology,
1:10,000 Mouse Dallas, Texas, USA
HSP90B 1:5,000 Rabbit Abcam, Cambridge, MA
USA
p-PDK1 ) ., | Cell Signalling,
1:1,000 Rabbit Massachusetts, USA
P70s6 kinase ) ., | Cell Signalling,
1:1,000 Rabbit Massachusetts, USA
PDK1 ) ., | Cell Signalling,
1:1,000 Rabbit Massachusetts, USA
Phospho-AKT (s473) ) ., | Cell Signalling,
1:3,000 Rabbit Massachusetts, USA
Phospho-AKT (t308) ) .. | Cell Signalling,
1:2,000 Rabbit Massachusetts, USA
Phospho-GSK-38 (ser9) i .. | Cell Signalling,
(D85E12) 1:1,000 Rabbit Massachusetts, USA
Phospho-p70s6 kinase T389) i .. | Cell Signalling,
1:1,000 Rabbit Massachusetts, USA
Recombinant Anti-HSF1 ) .. | Abcam, Cambridge, MA
antibody (ab352757) 1:4,000 | Rabbit | 55,
Recombinant Anti-renilla Abcam, Cambridge, MA
Luciferase antibody 1:1,000 Rabbit | USA
[EPR17791] (ab185925)
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CHAPTER 3: THE ROLE OF HSF1 IN CANCER CELL

SENSITIVITY TO ANTICANCER DRUGS

3.1. Introduction

HSF1 regulates the HSR and several other important biological processes including
tumour development, cancer progression and potentially drug resistance (Santagata et
al., 2011b). Despite its essential role in normal cells, accumulating evidence has
revealed its role in advanced cancers supporting the view that HSF1 constitutes an
anticancer therapeutic target and by inhibiting this transcription factor this may provide
an effective treatment strategy for advanced cancers in the future (Mendillo et al., 2012).
Furthermore, HSF1 may also have defined roles in mediating drug resistance and
inhibition of HSF1 may act to sensitise cancers to anticancer drugs (Chen et al., 2013,
Carpenter et al., 2017, Cigliano et al., 2017, Desai et al., 2013). Previously in the Price
laboratory, Oncomine™ analysis of gene expression alterations when HSF1 was
overexpressed in Ras'!2 Transformed MCF10A cells identified a list of anticancer drugs
that may have altered sensitivity in advanced cancer cells with HSF1 loss. The primary
anticancer drugs that were identified through this bioinformatic approach targeted
EGFR, HER2, mTOR, AKT, PI3Kinase and HSP90 and included Gefitinib, Lapatinib,
Pictilisib, Idelalisib, Crizotinib, AZD8055, MK-2206, 17-AAG, and AUY922. For a full
list of these anticancer drugs and their targets refer to section 2.6.6 Table 10. This list
of anticancer drugs was used to determine whether cancer cells with HSF1 knockdown
would have an altered sensitivity to any of these agents. However, some of the results

are not presented in the main body of the thesis but are relocated to Appendix 1 as a
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result of intentional premature termination of the investigation, reasons are discussed

later in the chapter.

To investigate HSF1’s contribution to cancer sensitivity to anticancer drugs, an
inducible model of HSF1 knockdown was generated. A stable inducible HSF1
knockdown model was done in two cell lines, the T47D and the MDA-MB-231, this
was to examine any variations between cancer cells with low- and high- metastatic cell

biology, respectively (Figure 4).

The TRIPZ inducible lentiviral sShRNA system was used which combines the advantages
of microRNA lentiviral vector design with Tet-inducibility to produce reversible,
controlled gene silencing. As seen in Figure 3, there are five main components to this
vector. The UBC is the constitutive promoter for the expression of rtTA3 which, when
doxycycline is added to the cell cultures, enables it to bind to the TRE (tetracycline-
inducible) promoter. Upon activation of the TRE, turbo-RFP (tRFP) is expressed to
identify cells that are actively expressing the shRNA which lies downstream and is a
surrogate marker for HSF1 knockdown (Figure 3). Such an inducible model of
knockdown has previously been shown in the Price lab to have differences to that of a
constitutively expressed shRNA in cancer cells and more comparable to the acute

inhibition of therapeutic targets by anticancer drugs (refer to Figure 5-8).
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—» TRE UBC

N

shRNA

Figure 3 Functional segment of the TRIPZ inducible lentivirus shRNA system

There are five main components of the TRIPZ inducible lentivirus shRNA system. TRE
is the tetracycline-inducible promoter. The turbo-RFP (tRFP) is for visual tracking of
shRNA. The shRNA is the microRNA coding the HSF1 gene enabling knockdown when
transcription is activated. The UBC is the constitutive promoter for expression of rtTA3,
the tetracycline-transactivator 3.

Overall, the aims of this chapter are:
1. To successfully generate stable models of inducible HSF1 knockdown in two
BrCa cell lines with differing metastatic phenotypes.
2. To test how HSF1 knockdown impacts cancer cell sensitivity towards a series

of anticancer drugs.
It is hypothesised that knockdown of HSF1 in cancer cells will increase the cells

sensitivity to anticancer drugs as this important regulator of cancer cell survival is

removed.
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3.2. Results:

3.2.1. Generation of stable inducible HSF1 knockdown BrCa cell lines

T47D and MDA-MB-231 were chosen due to their differing metastatic phenotypes
(Figure 4). The T47D cell line was selected for its low metastatic potential, and less
aggressive phenotype, while MDA-MB-231 was selected for its high metastatic
potential and more aggressive phenotype (refer to Table 12). Additionally, while levels
of HSF1 are elevated in cancers, more aggressive BrCa cells have been reported to
express even higher levels (Powell et al., 2016, Santagata et al., 2011b, Prince et al.,
2020). This is consistent with previous studies done in our lab examining levels and
activation status of HSF1 in a panel of BrCa cell lines which showed BrCa cells with
increased aggressiveness, such as the MDA-MB-231 cells, correlated with higher and

more active levels of HSF1.

Table 12 Breast Cancer Sub-types & Cancer Progression Specific to T47D and MDA-

MB-231
. Gene Expression Profile Patient Cancer
Cell Line ER PR | HER2 | EGFR Sub-type Prognosis | Aggressiveness
T47D + + — - Luminal A High Low
Triple .
MDA-MB-231 - - - + . Low High
Negative

ER: Oestrogen Receptor, PR: Progesterone Receptor, HER2: Human Epithelial Growth
Factor 2, EGFR: Epidermal Growth Factor Receptor (Kumaraswamy et al., 2015)

+ Expressing
— Not expressing
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To knockdown HSF1, two HSF1 shRNAmir TRIPZ inducible lentivirus constructs,
shRNAmirl and shRNAmir4, were selected from previously designed and established
constructs by our lab (refer to Table 4). Cells were transduced with either the HSF1
shRNAmir constructs or a non-silencing control (renilla). The non-silencing sShRNAmir
sequence that was used as a negative control targeted renilla and could not bind any
known vertebrate genes. These constructs were designed with resistance genes for

selection by antibiotics.

Figure 4 Morphology of low/ high-metastatic potential breast cancer cell lines

Micrograph of cells highlighting morphological differences (outlined in red) between
metastatic potentials. Low metastatic potential cancer cells have shapes that are more
cuboidal like seen here of the T47D (A). While cancer cells with higher metastatic
potential like the MDA-MB-231, seen here, are more mesenchymal, is a phenotype
favouring migration and are generally more aggressive (B) (refer to Table 12). Scale
bar = 50pum
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Figure 5 Induced HSF1 knockdown in T47D using different concentrations of
Doxycycline

Doxycycline was titrated for concentrations 0, 0.25, 0.5, 1.0, 1.5 and 2.0pg/ ml.
Addition of doxycycline to transduced T47D cells shows that when the tetracycline
induced pathway is activated, tRFP is expressed and cells fluoresce under a TRITC
filter (A). Western blots analysis for cells with the knockdown construct, i RNA HSF1
Mirl and Mir4, identified that levels of HSF1 were consistently reduced with the
addition of all concentrations of doxycycline compared to the Opug/ ml and non-
silencing controls, where HSF1 levels did not decrease (B). Scale bar = 200pum
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Figure 6 Induced HSF1 knockdown in MDA-MB-231 using different
concentrations of Doxycycline

Doxycycline was titrated for concentrations 0, 0.25, 0.5, 1.0, 1.5 and 2.0pg/ ml.
Addition of doxycycline to transduced MDA-MB-231 cells shows that when the
tetracycline induced pathway is activated, tRFP is expressed and cells fluoresce under
a TRITC filter (A). Western blots analysis for cells with the knockdown construct,
shRNA HSF1 Mirl and Mir4, identified that levels of HSF1 were consistently reduced
with the addition of all concentrations of doxycycline compared to the Opug/ ml and
non-silencing controls, where HSF1 levels did not decrease (B). Scale bar = 200um
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Figure 7 Confirmation of HSF1 knockdown in T47D BrCa Cells

Bright field and TRITC microscope images of T47D inducible HSF1 knockdown cells
at 72 hours. x40 magnification (A). Western blot analysis and respective quantitative
graphs confirming HSF1 knockdown in inducible cells treated with 0.5ug/ ml
doxycycline (B). Results are expressed as mean + SD, n=3. P-value are represented as
ns (0.1234), * (0.0332), ** (0.0020), *** (0.0002) and **** (<0.0001). Scale bar =
200pum
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Figure 8 Confirmation of HSF1 knockdown in MDA-MB-231 BrCa Cells

Bright field and TRITC microscope images of MDA-MB-231 HSF1 inducible
knockdown cells at 72 hours. x40 magnification (A). Western blots and respective
graph confirming HSF1 knockdown in inducible cells with the addition of 0.5ug/ ml
doxycycline (B). Results are expressed as mean = SD, n=3. P-values were represented
as ns (0.1234), * (0.0332), ** (0.0020), *** (0.0002) and **** (<0.0001). Scale bar =
200pum
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3.2.2. Impact of HSF1 knockdown upon BrCa cell sensitivity to different

categories of anticancer drugs

High expression of HSF1 is significantly correlated with cancer aggressiveness
(Santagata et al., 2011b). Previous studies have shown that decreased HSF1 expression
can decrease cancers' metastatic potential by influencing biological processes such as
cell proliferation, migration and invasion, hallmarks of cancer progression. Some work
has been done in liver cancer to compare the differences between cell viability and death
when HSF1 is overexpressed and knocked down (Zhang et al., 2017). However, little
work has been done to look at this in relation to HSF1’s effect on breast cancer cells in
response to anticancer drugs. Chapter 3 examines the IC50 of two different BrCa cell
lines with different metastatic potential in response to ten anticancer drugs with
knockdown of HSF1. Cells were seeded at ten-thousand cells per well in 96-well plates
and left to adhere overnight before respective drugs were added. For more information
about other time points recorded, no treatment controls and statistical analysis, refer to

Appendix 1 and 2.

3.2.2.1. Impact of HSF1 knockdown upon BrCa cell sensitivity to Tyrosine

Kinase Inhibitors

Lapatinib is a potent dual inhibitor of epidermal growth factor receptor (EGFR) and
human epidermal growth factor 2 (HER2) (also called, ErbB-2, a transmembrane
receptor tyrosine kinase) activity (Liu et al., 2011b). Inhibiting EGFR has been shown
to cause a reversible growth arrest and apoptosis (Moyer et al., 1997, Modjtahedi et al.,
1998, Busse et al., 2000, Fan and Mendelsohn, 1998). Activation of EGFR and ErbB-2

are associated with the PI3K/AKT cell survival pathway (Rusnak et al., 2001), and thus
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inhibition of EGFR or ErbB-2 catalytic activity should induce cell death in cancer cells.
Further, Yallowitz et al. (2018) reported that pharmacological inhibition of HSF1 using
KRIBBI11 (385570, Calbiochem, Billerica, MA, USA) downregulated ErbB-2, mutant
TP53 and its combination with lapatinib avoided development of lapatinib resistance in-

vitro (Yallowitz et al., 2018).

Interestingly, in this study, Lapatinib treatment coupled with HSF1 knockdown in T47D
cells had no significant impact on the cells’ sensitivity to Lapatinib (Figure 9), yet HSF1
knockdown in the MDA-MB-231 cells significantly increased cell resistance to
Lapatinib (Figure 10). The IC50 for MDA-MB-231 for both the shRNA- Mirl and Mir4
cells plus doxycycline cells were significantly increased when compared to their non-
induced controls (Figure 10C). Thus, MDA-MB-231 cells with HSF1 knockdown have

a decreased sensitivity to Lapatinib.

Page 78 of 228



A

Doxycycline [0.5pug/mL]

Lapatinib (uM)

Vehicle control

. shRNA HSF1 shRNA HSF1
Non-silencing Mirl Mird

0.0001
0.001
0.01
0.1
1
10
100
200 @ T47Dns A
4l T47Dns + Doxycycline
- T47DshHSF1mirl
150 ¥ T47DshHSF1mirl + Doxycycline
-g -0 T47DshHSF1mird
.E < T47DshHSF1mir4 + Doxycyline
=
2 1004
2
Q
X
50
0 T T T T T T 1
& & > > N Q S
QQQ Q'Q N} Q N
Concentration of Lapatinib (uM)
IC;, Cell Survival (uM)
Cell Line
Time (Hours) 72

Non-silencing

Non-silencing + Doxycycline
shRNA HSF1 Mirl

shRNA HSF1 Mirl + Doxycycline
shRNA HSF1 Mir4

shRNA HSF1 Mir4 + Doxycycline

N LD N RO N

Page 79 of 228



Figure 9 T47D cells with HSF1 knockdown tested for sensitivity to Lapatinib

T47D BrCa cells with HSF1 inducible knockdown treated with Lapatinib over 72
hours. Photograph of 96-well plate stained with Diff-Quik after Alamar Blue assay
(A). Vehicle control is 0.2% v/v DMSO. Cell survival graphed as loglO drug
concentration from Alamar Blue assay (B). IC50 values are represented in table
according to cell conditions: non-silencing (ns), ns + Doxycycline [0.5ug/ ml], shRNA
HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5ug/ ml], shRNA HSF1 Mir4 and
shRNA HSF1 Mir4 + Doxycycline [0.5ug/ ml] (C). Expressed as mean = SD. n=6
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Figure 10 MDA-MB-231 cells with HSF1 knockdown tested for sensitivity to
Lapatinib

MDA-MB-231 BrCa cells with HSF1 inducible knockdown treated with Lapatinib
over 72 hours. Photograph of 96-well plate stained with Diff-Quik after Alamar Blue
assay (A). Vehicle control is 0.2% DMSO. Cell survival graphed as logl0 drug
concentration from Alamar Blue assay (B). IC50 values are represented in table
according to cell conditions: non-silencing (ns), ns + Doxycycline [0.54g/ ml], shRNA
HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5ug/ ml], shRNA HSF1 Mir4 and
shRNA HSF1 Mir4 + Doxycycline [0.5ug/ ml] (C). Expressed as mean + SD. n=3
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Gefitinib is a specific and sensitive inhibitor of only the EGFR tyrosine kinase (Tyr1068
and Tyr1086) and has been shown to prevent the growth, proliferation, survival and
invasion of tumour cells overexpressing EGFR (Pedersen et al., 2005, Arteaga and
Johnson, 2001). However, clinical response to Gefitinib in relation to EGFR levels and
activity has failed suggesting that other molecular mechanisms such as downstream
signalling and mutations could significantly effect clinical response (Pedersen et al.,

2005).

The type III EGFR mutation is the most common mutation in the EGFR gene in cancer
that causes deletion of exons 2-7 and impairs the mutant receptor from binding to any
known ligands (Pedersen et al., 2001, Gan et al., 2013). This mutated form has a
constitutively active receptor tyrosine kinase responsible for transformed fibroblasts and
influences tumorigenicity (Huang et al., 1997, Pedersen et al., 2004). Interestingly Learn
et al. (2004), found that cells expressing the type IIl EGFR mutation were more resistant
to treatment with Gefitinib as a result of a deficiency in receptor dephosphorylation and
constitutive AKT activity (Learn et al., 2004). The levels of Gefitinib sufficient to
suppress wild-type EGFR phosphorylation were not enough to target the type IIl EGFR
phosphorylation, with Tyr1148 and Tyr1173 being the more resistant sites (Pedersen et
al., 2005). In fact, Tyr1173 have been shown to play an important role in the activation
of MAPK possibly for pro-proliferative and anti-apoptotic affect (Sturla et al., 2005,
Yue and Lopez, 2020). Thus, the ability via HSF1 knockdown to sensitise cancer cells
to drugs and induce efficacy on type III EGFR could assist in more specific treatments
as overwhelming evidence has indicated type III EGFR is a tumour-specific receptor
and many published studies showing that normal tissues are without it (Jungbluth et al.,

2003, Wikstrand et al., 1995, Humphrey et al., 1988, Lu et al., 2009, Ge et al., 2002,
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Aldape et al., 2004, Saikali et al., 2007, Feldkamp et al., 1999, Arjona et al., 2005,
Biernat et al., 2004, Ekstrand et al., 1992, Gupta et al., 2010, Heimberger et al., 2005,
Moscatello et al., 1995, Olapade-Olaopa et al., 2000, Shinojima et al., 2003, Sugawa et
al., 1990, Wong et al., 1992, Yamazaki et al., 1988, Sonnweber et al., 2006, Viana-
Pereira et al., 2008, Gan et al., 2013). Additionally, in a study by Tang et al. (2015)
revealed that the RAS/ MAPK signalling pathway also regulates HSF1 activation
(Ser326) (Tang et al., 2015). Therefore, together it is hypothesised that maybe through
the activation of HSF1 via resistant type III EGFR, clinical response is decreased with

Gefitinib treatment and HSF1 knockdown may mitigate this limitation.

In this study, the sensitising effect to Gefitinib expected from HSF1 knockdown was

not observed in either the T47D or the MDA-MB-231 BrCa cells lines (Figure 11, 12).
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Figure 11 T47D cells with HSF1 knockdown tested for sensitivity to Gefitinib

T47D BrCa cells with HSF1 inducible knockdown treated with Gefitinib over 72 hours. Cell
survivability graphed as log10 drug concentration from Alamar Blue assay (A). IC50 values are
represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline [0.5ug/
ml], shRNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5ug/ ml], shRNA HSF1 Mir4 and
shRNA HSF1 Mir4 + Doxycycline [0.5ug/ ml] (B). Expressed as mean + SD. n=6
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Figure 12 MDA-MB-231 cells with HSF1 knockdown tested for sensitivity to Gefitinib

MDA-MB-231 BrCa cells with HSF1 inducible knockdown treated with Gefitinib over 72 hours.
Cell survivability graphed as logl0 drug concentration from Alamar Blue assay (A). IC50 values
are represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline [0.5ug/
ml], shRNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5ug/ ml], shRNA HSF1 Mir4 and
shRNA HSF1 Mir4 + Doxycycline [0.5ug/ ml] (B). Expressed as mean + SD. n=3
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Crizotinib is a tyrosine kinase inhibitor targeting the MET/ALK/ROS]1 with clinical
evidence suggesting developed resistance in patients can be acquired via secondary
point mutations in the ROS1 kinase (Zou et al., 2015). Long-term exposure to MET
targeting TKI in-vitro also leads to acquired resistance and addiction to MET inhibitors
(Funakoshi et al., 2013, Qi et al., 2011). Interestingly, HSP90 inhibition can partially
restore Crizotinib sensitivity to two TKI-resistant MET mutants (Miyajima et al., 2013).
HSP90 inhibition suppresses EGFR activity and suppresses ALK activity and signalling
via MET sensitivity to TKI in cells expressing Crizotinib-resistant (Zou et al., 2015).
Thus, dual targeting with HSP90 inhibitor and Crizotinib severely inhibited MET
signalling, colony growth, cell invasion, and xenograft growth in-vivo (Katayama et al.,
2011). The synergistic effect of this combination also highlights the complex influence

of HSPI0 activity on kinase conformation.

Naturally, HSP90 acts as a molecular chaperone important in the maintenance of
functional conformation and stability of cellular proteins, including oncoproteins (Dai
et al., 2012a). Some particularly reliant client proteins and mutant driver oncoproteins
of HSP90 include ErbB-2, c-MET, AKT and mutant TP53 (Dai et al., 2012a, Workman
and van Montfort, 2014). HSF1 regulates a number of HSP90 isoforms and depletion of
HSF1 diminishes oncoproteins in cancer cells, including EGFR, mutant TP53, and AKT
(Vihervaara and Sistonen, 2014, Dai et al., 2012b, Li et al., 2014, Fujimoto et al., 2012).
Therefore, HSF1 facilitates oncogenesis not only through enhancement of general
protein synthesis but possibly through stabilization of targets like MET via regulation
of HSP90 (Dai and Sampson, 2016, Katayama et al., 2011). Thus, HSF1 knockdown in

BrCa cell lines may sensitise cells to Crizotinib.
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Again, in this study, contrary to our hypothesis, knockdown of HSF1, a regulator of
HSP90, in the T47D and the MDA-MB-231 HSF1 knockdown BrCa cells did not

sensitise them to Crizotinib (Figure 13, 14).
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Figure 13 T47D cells with HSF1 knockdown tested for sensitivity to Crizotinib

T47D BrCa cells with HSF1 inducible knockdown treated with Crizotinib over 72 hours. Cell
survival graphed as log10 drug concentration from Alamar Blue assay (A). IC50 values are
represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline [0.5ug/
ml], shRNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5ug/ ml], shRNA HSF1 Mir4
and shRNA HSF1 Mir4 + Doxycycline [0.5ug/ ml] (B). Expressed as mean = SD. n=4
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Figure 14 MDA-MB-231 cells with HSF1 knockdown tested for sensitivity to Crizotinib

MDA-MB-231 BrCa cells with HSF1 inducible knockdown treated with Crizotinib over 72
hours. Cell survival graphed as log10 drug concentration from Alamar Blue assay (A). IC50
values are represented in table according to cell conditions: non-silencing (ns), ns +
Doxycycline [0.5ug/ ml], shRNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5ug/ ml],
shRNA HSF1 Mir4 and shRNA HSFI1 Mir4 + Doxycycline [0.5ug/ ml] (B). Expressed as
mean + SD. n=4
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3.2.2.2. Impact of HSF1 knockdown upon BrCa cell sensitivity to PI3K

Inhibitors

The PI3K/AKT pathway has a major role in cell survival and is commonly constitutively
activated in cancer (Kohno and Pouyssegur, 2006). There are 4 class I PI3K isozymes,
PI3K o, PI3K B, PI3K vy, and PI3K 6 responsible for regulation of a variety of cellular
functions through activation of the downstream serine/threonine kinase, AKT and the
mTOR, both of which promote cell survival, proliferation, growth, and metabolism
(Engelman et al., 2006, Hay, 2005). Pictilisib and Idelalisib are PI3K (p110) inhibitors
specifically targeting the /6 and 6 isoforms, respectively (Meadows et al., 2012). HSF1
is known to be post-translationally altered downstream of the PI3K/AKT signal
transduction pathway as well as by several other RAS-dependent pathways (Frezzato et
al., 2019, Tang, 2018). HSF1 mediates HSP70 expression not only in normal cells but
also in cancer cells such as in B-cell chronic lymphocytic leukaemia (Frezzato et al.,
2019). High levels of HSP70 have been associated with a lowered response towards
treatment (Yang et al., 2012). Like HSF1, HSP70 is also a major attenuator of HSF1
activity and mediates a protective role for cancer cells, supporting their adaptation to
changes in the microenvironment typically as a result of anticancer drugs (Yang et al.,
2012, Nitika et al., 2020). Inhibition of PI3K has been shown to reduce the expression
of both HSP70 and HSF1 (Frezzato et al., 2019). Interestingly, GSK3 a/b in the
PI3K/AKT cascade phosphorylates HSF1 and inhibits its action. Overexpression of
AKT (Serine 473), the inhibited form, inhibits GSK3 a/b and prevents HSF1 inhibition.
Inability to inhibit HSF1 activity leads to overexpression of HSP70 and induced
apoptosis in leukemia B cells (Frezzato et al., 2019). Thus, this interdependency of the
PI3K/AKT pathway with HSF1 activity may suggest that by blocking both, cancer cells

become more responsive.
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To test this hypothesis, that combined with HSF1 knockdown, PI3K inhibitors would
sensitise the BrCa cell lines to Idelalisib (Frezzato et al., 2019) and Pictilisib, thus,

induce apoptosis or cell death. However, despite this was not seen experimentally.
Knockdown of HSF1 in the T47D or the MDA-MB-231 did not make them more

sensitive to either Pictilisib or Idelalisib (Figure 15-18).
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Figure 15 T47D cells with HSF1 knockdown tested for sensitivity to Pictilisib

T47D BrCa cells with HSF1 inducible knockdown treated with Pictilisib over 72 hours. Cell
survivability graphed as logl10 drug concentration from Alamar Blue assay (A). IC50 values are
represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline [0.5ug/
ml], shRNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5ug/ ml], shARNA HSF1 Mir4 and
shRNA HSF1 Mir4 + Doxycycline [0.5ug/ ml] (B). Expressed as mean + SD. n=7

Page 93 of 228



200-
€ MDA-MB-231ns
4 MDA-MB-231ns + Doxycycline
- MDA-MB-231shHSF1mir1
1504 W MDA-MB-231shHSF1mir1 + Doxycycline
'g-g MDA-MB-231shHSF 1 mir4
'E MDA-MB-231shHSF I mir4 + Doxycycline
E 100+ ! i ?
S
2 : s
50
0 1 1 1 1 1 1 1
& S & > N K S
N Q
Concentration of Pictilisib (uM)
B IC., Cell Survival (uM)
Cell Line MDA-MB-231
Time (Hours) 72
Non-silencing 25.53
Non-silencing + Doxycycline 31.03
shRNA HSF1 Mirl 38.76
shRNA HSF1 Mirl + Doxycycline 34.85
shRNA HSF1 Mir4 27.776
shRNA HSF1 Mir4 + Doxycycline 33.71

Figure 16 MDA-MB-231 cells with HSF1 knockdown tested for sensitivity to Pictilisib

MDA-MB-231 BrCa cells with HSF1 inducible knockdown treated with Pictilisib over 72 hours.
Cell survival graphed as log10 drug concentration from Alamar Blue assay (A). IC50 values are
represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline [0.5ug/
ml], shRNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5ug/ ml], shRNA HSF1 Mir4 and
shRNA HSF1 Mir4 + Doxycycline [0.5ug/ ml] (B). Expressed as mean + SD. n=3
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Figure 17 T47D cells with HSF1 knockdown tested for sensitivity to Idelalisib

T47D BrCa cells with HSF1 inducible knockdown treated with Idelalisib over 72 hours. Cell
survival graphed as logl0 drug concentration from Alamar Blue assay (A). IC50 values are
represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline [0.5ug/
ml], shRNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5ug/ ml], shRNA HSF1 Mir4 and
shRNA HSF1 Mir4 + Doxycycline [0.5ug/ ml] (B). Expressed as mean + SD. n=5
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Figure 18 MDA-MB-231 cells with HSF1 knockdown tested for sensitivity to Idelalisib

MDA-MB-231 BrCa cells with HSF1 inducible knockdown treated with Idelalisib over 72 hours.
Cell survival graphed as logl0 drug concentration from Alamar Blue assay (A). IC50 values are
represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline [0.5ug/ ml],
shRNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5ug/ ml], shRNA HSF1 Mir4 and
shRNA HSF1 Mir4 + Doxycycline [0.5ug/ ml] (B). Expressed as mean + SD. n=3
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3.2.2.3. Impact of HSF1 knockdown upon BrCa cell sensitivity to

Chemotherapeutics

Chemotherapeutics are used extensively in the treatment of cancer and are especially
effective at managing the growth of chemosensitive tumours. However, advanced
cancers are often chemoresistant, developing resistance through multiple pathways.
Cancer cells may develop an adaptive and protective phenotype through the influence
of HSF1 activity, such as the upregulation of HSPs which is especially true when cancer

cells are subjected to anticancer drug treatment (Prince et al., 2020, Vydra et al., 2013).

Several studies have shown that elevated HSP90 isoforms, HSPA1 or HSPB1 levels are
associated with cell resistance to cisplatin or doxorubicin (Krawczyk et al., 2018, Liu et
al., 2011a, Yang et al., 2012, Lee et al., 2007, Fortin et al., 2000). Also, in a study by
Nadin et al. (2003), it was observed that the damage post-doxorubicin treatment is better
repaired following heat shock and this correlated with the nuclear translocation of
HSPB1 and HSPA1 (Nadin et al., 2003). Moreover, a study by Sharma et al. (2010),
reported that HSPA 1 mediated a heat-induced carboplatin resistance in a p5S3-dependent
hepatoma (Sharma et al., 2010). However, there is also conflicting evidence indicating
that upregulation of HSPs does not enhance cancer cell survival along with some
anticancer treatments including, cisplatin, colchicine, 5-fluorouracil, actinomycin D or
methotrexate. Even when HSF1 was silenced, thereby reducing levels of HSPs, this was
not sufficient to reduce the resistance of cervix carcinoma HeLa cells to cisplatin
(Hettinga et al., 1996, Richards et al., 1996, Kimura and Howell, 1993, Ciocca et al.,
1992, Rossi et al., 2006). Therefore, the influence of HSPs may be secondary to HSF1

activity and HSF1-dependent resistance of cancer cells to drugs could be associated with
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HSF1's broader role in cancer such as regulation of non-HSPs genes (Dai and Sampson,

2016, Mendillo et al., 2012, Vydra et al., 2013).

To test this hypothesis, the T47D and the MDA-MB-231 cells with inducible HSF1
knockdown were treated with doxorubicin. The T47D cells with HSF1 knockdown were
found to be significantly increased in their sensitivity to doxorubicin after 72 hours
(Figure 19). Moreover, the MDA-MB-231 cells with HSF1 knockdown appeared to
make the cells slightly more sensitive to Doxorubicin, however, this result did not reach

statistical significance (Figure 20).

Page 98 of 228



200- @ T47Dns
4l T47Dns + Doxycycline
—- T47DshHSF1mirl
— 150 ¥ T47DshHSF1mirl + Doxycycline
c; T47DshHSF 1 mir4
E T47DshHSF 1 mir4 + Doxycyline
=
2 100~
&)
N
50~
L
TS & & . 1 T 9
Concentration of Doxorubicin (WM)
B I1C,, Cell Survival (uM)
T47D
Cell Line
Time (Hours) 72
Non-silencing 0.12
Non-silencing + Doxycycline 0.11
shRNA HSF1 Mirl 0.15
shRNA HSF1 Mirl + Doxycycline 0.03
shRNA HSF1 Mir4 0.17

shRNA HSF1 Mir4 + Doxycycline 0.03

Figure 19 T47D cells with HSF1 knockdown tested for sensitivity to Doxorubicin

T47D BrCa cells with HSF1 inducible knockdown treated with doxorubicin over 72 hours. Cell
survival graphed as logl0 drug concentration from Alamar Blue assay (A). IC50 values are
represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline [0.5ug/
ml], shRNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5ug/ ml], shRNA HSF1 Mir4
and shRNA HSF1 Mir4 + Doxycycline [0.5ug/ ml] (B). Expressed as mean = SD. n=3
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Figure 20 MDA-MB-231 cells with HSF1 knockdown tested for sensitivity to Doxorubicin

MDA-MB-231 BrCa cells with HSF1 inducible knockdown treated with doxorubicin over 72 hours.
Cell survivability graphed as log10 drug concentration from Alamar Blue assay (A). IC50 values are
represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline [0.5ug/ ml],
shRNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5ug/ ml], shRNA HSF1 Mir4 and shRNA
HSF1 Mir4 + Doxycycline [0.5ug/ ml] (B). Expressed as mean + SD. n=3
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3.3. Discussion

HSFI1 is a transcription factor that protects normal cells from environmental insults
(stress) but has also been shown to be exploited by cancer cells to drive proliferation,
survival, invasion and metastasis (Jiang et al., 2015). Active HSF1 undergoes
trimerization in the cytoplasm and translocates to the nucleus, where its levels are a
prognostic indicator for cancer severity, potential resistance to therapy and shortened
patient survival (Dai and Sampson, 2016). Thus, HSF1 has long been identified as an
excellent therapeutic target demonstrated through previous studies of HSF1 inhibition
studies, knockout and knockdown models (Cigliano et al., 2017, Vilaboa et al., 2017,
Sharma and Seo, 2018, Velayutham et al., 2018, Kim et al., 1998). This chapter presents
work that examined the effect of HSF1 knockdown on the sensitivity of two BrCa cell
lines to anticancer drugs in a widescale screen. The current study successfully
established an inducible HSF1 knockdown model in the two breast cancer cell lines that
were chosen due to their differing metastatic cancer cell biology, the T47D and the
MDA-MB-231 that have low- and high-metastatic potential, respectively. Our lab has
previously shown that the inducible model of knockdown is more representative of an
acute inhibition of HSF1 as would occur with therapeutic inhibition of a target rather

than a constitutive knockdown or knockout model previously used.
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3.3.1. Generated inducible model of HSF1 knockdown

Prior to the development of lentiviral knockdown, knockout technology was important
and widely used for gene function studies, however, its limitation includes the inability
to revert gene inactivation and replicability in other species (Glaser et al., 2005, Herold
et al., 2008). The complete loss of a gene product can also impact on developmental
processes, allow the potential of compensation mechanisms overtime and even induce
severe malformations or lethality (Heitz et al., 2014). In contrast, lentiviral vectors with
inducible expression can be used as a powerful tool to accurately manipulate gene
expression which is also reversible. The advantages of such an inducible model includes
a pool of shRNA clones that can lower off target effects compared to sustained gene
loss, selectable puromycin marker, tRFP expression active-reporter in the live cell,
available non-silencing control and convenience of a Tet-on induction (Herold et al.,
2008). Furthermore, with withdrawal of doxycycline after transient induction, cells can
completely recover expression of the target gene. Therefore, the doxycycline-dependent
inducible model is a compelling model for the transient and tuneable knockdown of

cancer targets.

T47D and MDA-MB-231 cells were transduced and then selected with puromycin to
provide a population of stable cell lines. Selection with this antibiotic was extended to
establish stable models of inducible HSF1 knockdown in both cell lines. Puromycin was
only used for the purpose of selecting stably transduced cells and taken off after. To test
the efficiency of the knockdown, a titration of doxycycline, a member of the tetracycline
family and inducer of the inducible knockdown, was performed. Induction of tRFP in
live cell imaging was observed and knockdown of HSF1 was confirmed at the protein

level by western blot to confirm reduced protein levels of HSF1 (Figure 5, 6). There was
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no difference seen in the ability of varying concentrations of doxycycline to induce
knockdown between 0.25pg/ ml and 2pg/ ml. Even at low concentrations of
doxycycline, tRFP expression was reflective of the activity of constructs being induced.
At the concentration of 0.5pg/ ml doxycycline, successful models of stable HSF1
knockdown were confirmed in both cell lines via western blotting, (Figure 7, 8). As
anticipated, expression of HSF1 was significantly reduced in both shRNAmirl and

shRNAmir4 expressing T47D and MDA-MB-231 cell lines.

3.3.2. HSF1 inhibition and sensitivity to anticancer drugs

Previous gene array work from our lab looking at HSF1 activity identified patterns of
modulation in genes associated with multiple oncogenic signalling pathways
downstream of growth factor receptors including Mammalian target of rapamycin
(mTOR) and AKT pathways. To investigate this, we used the BrCa cell lines with HSF1
knockdown generated to screen a panel of drugs targeting multiple targets within these

pathways (refer to Figure 21).
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Figure 21 Targeting AKT/mTOR pathways with anticancer drugs

Simplified schematic of AKT/mTOR pathways illustrating interaction of the tested anticancer
compounds and broadly the compounds' site of action. The drugs tested include: Lapatinib,
Gefitinib [targets: Epidermal growth factor receptor (EGFR)] and Crizotinib (targets: MET/ALK)
(Pedersen et al., 2005, Zou et al., 2015, Rusnak et al., 2001); Pictilisib and Idelalisib (targets: PI3K)
(Haagensen et al., 2012, Meadows et al., 2012), MK-2206 (targets: Akt) (Cheng et al., 2011),
AZDS8055 (targets: mTOR) (Houghton et al., 2012), 17-AAG and AUY922 (targets: HSP90) (Lee
et al., 2011, Kamal et al., 2003), doxorubicin (targets: intercalate DNA base pairs). Created with

BioRender.com
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3.3.2.1. Targeting HSF1 and EGFR in TNBC May Increase Resistance

The EGFR is a tyrosine kinase receptor in the HER family and plays a key role in cancer
cell proliferation, survival, angiogenesis, invasion and metastasis (Hashmi et al., 2019,
Brand et al., 2011, Song et al., 2020). Expression of EGFR is more common in BrCa
with lower hormone receptor levels and HER-2/neu overexpression (Rimawi et al.,
2010). Generally, TNBC lack expression of hormonal and HER2 receptors, thus
conventional targeted therapies are ineffective but a study by Changavi et al. (2015)
also demonstrated strong EGFR presence in some TNBC, especially in the basal-like
molecular profile (Rimawi et al., 2010, Changavi et al., 2015, Hashmi et al., 2019). In
our current study, we looked at three TKI: Gefitinib, Lapatinib and Crizotinib. Gefitinib
and Lapatinib target EGFR, while Crizotinib is also a TKI, but it targets c-MET.
Gefitinib selectively inhibits autophosphorylation of EGFR, while Lapatinib targets
both the activated and inhibited forms of the EGFR and ErbB-2 (Dratkiewicz et al.,
2018, Wood et al., 2004). Crizotinib targets include anaplastic lymphoma kinase (ALK),
c-Met/hepatocyte growth factor receptor and c-ros oncogene 1 (Frampton, 2013). In the
Luminal A cells, T47D, expressing hormone receptors but not ErbB-2 responded to
Lapatinib but there was no change to its response when combined with HSF1
knockdown. Interestingly, in the basal-like TNBC, MDA-MB-231, lacking both
hormone receptors expression and ErbB-2, but with high EGFR expression, became
significantly resistant to Lapatinib with HSF1 knockdown (Figure 9, 10) (Chavez et al.,

2011).

Targeting PI3K/AKT signalling has been disappointing in clinical trials to date,
therefore, combinatorial treatment has become an attractive approach (Yang et al.,

2019). PI3K activity can activate the serine-threonine kinase AKT (Carpenter et al.,
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2017). Both PI3K and AKT have enhanced activity in BrCa and are associated with poor
clinical outcomes (Panigrahi et al., 2004). PI3K can be activated by many receptor
tyrosine kinases, including the epidermal growth factor receptor (EGFR) family of
receptors (Carpenter et al., 2017). EGFR and erythroblastic oncogene B 2/ HER2 (ErbB-
2) activation have been linked to the PI3K/AKT cell survival pathway, therefore
inhibiting their catalytic activity can induce cell death (Rusnak et al., 2001). Lapatinib
is a small-molecule tyrosine kinase inhibitor that suppresses the activity of EGFR and
ErbB-2, which leads to a block to the autophosphorylation cascade of the PI3K/AKT
pathway, which has important roles in cell proliferation and survival (Ciardiello et al.,
2000). Thus, Lapatinib can be used to inhibit the growth of both EGFR- and ErbB-2-

overexpressing cancers (Matsumoto et al., 2018).

Lapatinib is FDA-approved in combination with other anticancer drugs for the treatment
of ErbB-2-positive breast cancer (Ryan et al., 2008). In addition to its inhibiting effect
of the tyrosine kinases, Lapatinib is observed to also inhibit the function of ATP binding
cassette (ABC) transporters to alter pharmacokinetics and decrease resistance (Beretta
et al., 2017). The ABC transporters are glycoproteins principally located in the plasma
membrane (Chen et al., 2014). In normal physiology, ABC transporters are important
for protection against the accumulation of toxic compounds in a variety of cells and
tissues with expression often enhanced in malignant cells (Sharom, 2007).
Overexpression of ABC transporters is a major contributing factor to multiple drug
resistance (MDR) (Zajdel et al., 2021). MDR refers to cancer cells resistance to
structurally and mechanistically unrelated drugs that can significantly reduce
therapeutic efficacy and lead to failed treatment (Zheng et al., 2021). ABC transporters

can be problematic because they can facilitate the efflux of diverse drugs from cancer
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cells causing decreased intracellular drug concentration (Wu and Fu, 2018). Increasing
evidence suggests combining Lapatinib and Paclitaxel for treatment of MDR tumours
including BrCa because the simultaneous delivery of two or more anticancer agents
often resulted in increased toxicity compared to monotherapy (Dehghankelishadi et al.,
2017, Zajdel et al., 2019, Wang et al., 2020, Gote et al., 2021). This could overcome
unsuccessful attempts of Lapatinib as a monotherapy and introduce a novel role in ErbB-
2-negative or TNBC cancers (Liu et al., 2016). Furthermore, a study by Abo-Zeid et al.
(2019), supports Lapatinib as a monotherapy as it reduced EGFR expression and

induced cytotoxicity in the MDA-MB-231 cells (Abo-Zeid et al., 2019).

Another important consideration is the quiescent state of cancer cells in tumour
recurrence, quiescence can protect cancer cells from chemotherapy. In a study by Kwon
et al. (2015) using quiescent MDA-MB-231 tumoursphere cultures, they found that
Lapatinib sensitizes MDA-MB-231 to doxorubicin by inhibiting doxorubicin-induced
multidrug resistance-associated protein 1 (MRP-1) expression via PI3K/AKT and p38
mitogen-activated protein kinase (MAPK) signalling pathways (Kwon et al., 2015).
They suggested that the synergistic effect of Lapatinib and Doxorubicin may be from
the inhibition of both MRP-1 and EGFR-mediated survival signalling (Kwon et al.,
2015). Taken together, Lapatinib is specific to inhibit tyrosine kinases overexpressing
cells and there is evidence to suggest that use in combination with anti-mitotic drugs
may be a suitable method for recurrent cancers to improve patient response by

eliminating the quiescent cancer cell population (Kwon et al., 2015).

Contrary to my hypothesis that knockdown of HSF1 may sensitise BrCa cells to

anticancer drugs and increase cell death, HSF1 knockdown in the EGFR expressing cells
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MDA-MB-231 combined with Lapatinib significantly decreased cell death, thus
increased drug resistance (Figure 10). In a study by Liu et al. (2016) that looked at the
role that Lapatinib had in killing MDA-MB-231, they illustrated that Lapatinib initiated
apoptosis by disturbing the binding of ELKI1 to the cancerous inhibitor of protein
phosphatase 2A (CIP2A) promoter and by inhibiting AKT protein levels in MDA-MB-
231 (Liu et al., 2016). Moreover, this validates that Lapatinib has an ErbB-2-
independent anticancer property as mentioned earlier. Furthermore, CIP2A has been
shown to control oncogenic cellular signals by suppressing the tumour suppressor
cellular protein phosphatase 2A (PP2A), while CIP2A overexpression is associated with
several human malignancies including BrCa, hepatocellular carcinoma, gastric cancer,
head and neck cancer, colon cancer, prostate cancer and non-small cell lung cancer (De
et al., 2014, Niemeld et al., 2012, He et al., 2012, Lin et al., 2012, Li et al., 2008, Teng
et al., 2012, Vaarala et al., 2010, Dong et al., 2011). CIP2A can activate oncogenic
proteins such as c-Myec, extracellular signal-regulated kinase (ERK), and Akt (De et al.,
2014). Interestingly, a study by Lei et al. (2014) showed CIP2A regulation of AKT
phosphorylation at S473 and may recognize specific AKT targets that could promote
cell proliferation through the AKT signalling pathway (Lei et al., 2014). Additionally,
ErbB-2 activation can lead to AKT-mediated phosphorylation and the activation of
HSF1 (serine326), whereas AKT inhibition reduces HSF1 activity and consistent with
this, Lapatinib inhibits the transcriptional activation of HSF1 by suppressing its
serine326 phosphorylation status (Carpenter et al., 2015). Taken together, Lapatinib
may result in the inhibition of CIP2A activity and the AKT pathway, ultimately reducing
HSFI1 activation and increasing apoptosis (Figure 22). However, contrary to this, the
current study has shown that a combined treatment of Lapatinib and HSF1 knockdown

does not increase apoptosis but rather, increases MDA-MB-231 resistance to Lapatinib.
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Furthermore, with consideration of HSF1 orchestrating a role in cancer; HSF1 could be
targeted in two ways. The first may be to restore normal levels of HSF1 from its
upregulation in cancer while still maintaining the regular HSR. The second could be to
further overexpress HSF1, in doing so this may push the stress response to levels beyond
adaptable even for the highly stressed cancer cells and induce apoptosis (Im et al., 2017,
Salmand et al., 2008). A study by Janus et al. (2020) elucidated a dual role for HSF1 in
response to stress which can be either pro-survival or pro-death, that is to, either induce
cytoprotection or apoptosis (Janus et al., 2020). Lapatinib has been shown to reduce
HSFI levels via mediated mutant p53 destabilisation (Li and Marchenko, 2017). Use of
both lapatinib and HSF1 knockdown can reduce HSF1 levels in cells. MDA-MB-231
increased resistance to this combination may suggest that the double loss approach was
insufficient to deplete the stress response from the already elevated HSF1 levels that are
too high in cancer cell and instead, the attempt to reduce it may have encouraged pro-
survival through a stress response induced by attempt to remove HSF1. Alternatively,
too low HSF1 levels could lead to a decrease cell response to Lapatinib and this is
consistent with Carpenter et al. (2017) discussion of ‘balanced’ inhibition, where they
observed that the efficacy of treatment is concentration-dependent (Carpenter et al.,
2017). Additionally, this observation may also be attributable to depletion of the drug
target, thus a reduction in the drug's efficacy. Despite HSF1 having a broad role in the
cancer environment and being exploited by cancer cells, inevitably, in the non-diseased
environment, HSF1 still has an important role in homeostasis. Therefore, future
targeting of HSF1 may need to focus on balancing between normal levels of HSF1 and

elevated levels in the disease conditions.
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In cancer: Lapatinib
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Figure 22 Schematic representing an alternative mechanism of Lapatinib in
cancer cells

There is a potential that Lapatinib by some mechanism can inhibit CIP2A activity,
AKT pathway and ultimately reduce HSF1 activation thus increasing apoptosis (Lei
et al., 2014, Lin et al., 2012, Liu et al., 2016).
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The relationship between HSF1 and EGFR may also be related to HSF1 involvement in
EGEFR recycling via autophagy mediated lysosomal mechanisms. A study by Fraser et
al. (2019), demonstrated that removal of autophagy-essential players like ATG7 or
ATGI16L1 is indirectly associated with stalling of EGFR recycling back to the plasma
membrane (Fraser et al., 2019, Sigismund et al., 2008). Thus, preventing autophagy
homeostatic regulation, reduces EGFR recycling to the plasma membrane and
compromises downstream signalling, thus, cell survival. This is because autophagy is
known to deliver cellular cargoes to lysosomes for degradation and relaying cues from
the extracellular environment. This function is tied to HSF1's role in regulating
autophagy and autophagy receptor SQSTM]1/p62-associated proteostasis, whereby,
targeting HSF1 impaired induction of autophagosome formation and elimination of
protein aggregates (Watanabe et al., 2017, Dokladny et al., 2013, Dokladny et al., 2015).
Furthermore, in a BrCa patient sample study by Desai et al. (2013), revealed that a
higher ATG7 expression level is also linked with poor patient survival and that HSF1
has a role in controlling cytoprotective autophagy through the regulation of ATG7
(Desai et al., 2013). This interplay between the two stress inducible processes, HSR and
autophagy may increase cells ability to cope with stress and to improve survival and
proteostasis (Kumsta et al., 2017). Additionally, a subset of receptor tyrosine kinases
has been identified to employ autophagic signalling platforms thus regulating pro-
growth signalling independent of autophagy proteins degradative function further
supporting the fact that many tyrosine kinases like the EGFR activity is associated
various cancers (Barrow-McGee et al., 2016, Lampada et al., 2017, Martinez-Lopez et

al., 2013, Fraser et al., 2019).

In relation to what we observed in this chapter, HSF1 may be needed to aid cell death

via autophagic pathways, therefore, a decrease in HSF1 did not increase cancer
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sensitivity to EGFR inhibitors. This disproved our original hypothesis that knockdown
of HSF1 will make cells more susceptible to TKI. In fact, it is postulated that knockdown
of HSF1 may have hindered EGFR availability at the plasma membrane via
downregulation of autophagy-mediated EGFR recycling (Figure 23). An interesting
future investigation would be to investigate EGFR localisation in HSF1 knockdown
cells and determine the role of HSF1 involvement in BrCa EGFR processing through

the lysosome.

Thus, it maybe that rather than HSF1 inhibition, HSF1 activation may provide enhanced
efficacy of lapatinib in BrCa. Consistent with this, others have shown synergistic
activity between lapatinib and certain types of HSP90 inhibitors will activate HSF1,
resulting in overcoming intrinsic and acquired lapatinib-resistance (Park et al., 2018,
Lee etal., 2020, Ye et al., 2021, Brady et al., 2015). Moreover, hyperthermia or thermal
therapy is another way which can activate HSF1 and this has been used to good effect
to increase chemotherapy cancer efficacy (Bull et al., 2008). Overall, this supports the
view that overexpression of HSFI may stimulate TKI to EGFR and enhance drug

efficacy via non canonical pathways such as autophagy.
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Figure 23 Diagram of hypothesised effect that HSF1 has on EGFR recycling and Tyrosine Kinase Inhibitor

Targeting HSF1 may affect EGFR recycling via autophagy-mediated lysosomal mechanisms, thus, when combined with TKI it is hypothesised
that this could reduce TKI efficacy and make cells more resistant to treatment. Typically, when cells are treated with Lapatinib, Lapatinib will bind
to its target EGFR (A). However, when MDA-MB-231 cells were treated with both Lapatinib and HSF1 knockdown, cells became more resistant
to Lapatinib. Potentially the inhibition of HSF1 will impair its modulation of autophagy-mediated lysosomal recycling of EGFR (Bi) preventing
EGEFR recycling to the plasma membrane (Bii). Therefore, we hypothesise that using drugs like HSP90 inhibitors could enhance activation of
HSF1 and upregulate lysosomal recycling of EGFR (Ci). Thus, the result of this will be increased levels of EGFR at the plasma membrane that is
available for Lapatinib binding (Cii). We expect that activators of HSF1 would increase cell sensitivity to TKI that target the EGFR.
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3.3.2.2. BrCa cells with HSF1 knockdown response to mTOR inhibitors

The serine/ threonine kinase mTOR is composed of two protein complexes within a cell,
mTORC1 and mTORC?2 (Chou et al., 2012). mTORCI is activated by signals from cell
surface receptors to induce Phosphoinositide 3-kinases (PI3K)/ AKT signalling,
important for cell growth. mMTORCI1 has the adapter protein RAPTOR that is needed in
substrate phosphorylation, while mMTORC2 does not, mTORC?2 functions independently
of the growth factors upstream of mTORCI1 and AKT signalling (Chou et al., 2012).
Interestingly, mTOR also has been shown to directly phosphorylate HSF1 on Ser326,
which is important for transcriptional activation and supported by mTOR knockdown
studies in-vivo which led to an inhibition of stress-induced HSF1-Ser326 (Chou et al.,

2012).

To look at the direct effect of mTOR inhibition in combination with HSF1 knockdown,
AZDS8055 was tested, unfortunately, we could not see any significant affect and
dismissed further investigating this drug due to a noticeable effect that the vehicle
control had on cell death compared to the lowest concentration of this drug (refer to
Appendix 1 Figure A13). This may have been a limitation of the assay due to the drug
concentration required in the screen and the solubility of this drug. Additionally, HSF1
knockdown may sensitise cells to DMSO. This postulation is supported by the fact that
Rapamycin, a mTOR inhibitor, has been shown to enhance DMSO-mediated growth
arrest in human myelogenous leukemia cells (Lalic et al., 2012, Guo et al., 2020). In
addition, a previous study demonstrated that targeting mTOR and AKT enhanced
overall efficacy, suggesting mTOR is a potential co-target with PI3K/AKT (Holler et

al., 2016, Xu et al., 2013). Therefore, it is possible that knockdown of HSF1 may make
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cells more sensitive to DMSO, however, there is not enough evidence to confirm this

and will need to be investigated in the future.

3.3.2.3. BrCa cells with HSF1 knockdown response to PI3K/ AKT

inhibitors

Most HSF1 phosphorylating molecules belong to the PI3K/ AKT/ mTOR and the RAF/
MEK/ ERK pathways (Frezzato et al., 2019). Under heat stress, AKT phosphorylates
HSF1 (S230) to activate the transcription factor (Tang, 2018). In cancer, HSF1
activation by AKT also leads to epithelial to mesenchymal transition in ErbB-2-positive
BrCa (Carpenter et al., 2017). Additionally, activated AKT (S473) and HSF1 (S326) are
strongly associated with shortened time to metastasis (Carpenter et al., 2017). HSF1
binding to DNA is important for HSF1 activity and PI3K/ AKT signalling also regulates
HSF1 ability to bind to DNA. AKT inhibitors MK-2206 and RG7440 decreased HSF1's
ability to bind to HSP72 promoter (Tang, 2018, Morimoto, 2014). In combination, AKT
and HSF1 inhibitors, MK-2206 and KRIBB11, respectively, lead to synergistic killing
of BrCa cells and BrCa stem cells across different BrCa subtypes (Carpenter et al.,
2017). Carpenter et al. (2017) observation in orthotopic xenograft mouse model saw
that targeting AKT and HSF1 significantly reduced tumour growth, induced tumour
apoptosis, delayed time to metastasis, and prolonged host survival (Carpenter et al.,
2017). Noteworthy was another observation that the balance of AKT and HSF1
inhibition appears to be important to discern the enhanced efficacy accompanying a
synergistic response. Therefore, in this thesis, MK-2206, an AKT inhibitor was used to
block AKT phosphorylation (Figure 21). However, the vehicle control (0.1% v/v
DMSO) was impacting on cell death more than the lowest concentration of MK-2206

(100pM), thus, the experiment was terminated before reaching an n=3 (refer to
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Appendix 1 and 2). An explanation for MK-2206 insensitivity could be accounted for
by the purity of the drug or alternatively, but not yet explored, is BrCa cell sensitivity
to DMSO. Targeting HSF1 may sensitise cells to DMSO, given that the concentration

of 0.1% DMSO is widely accepted as tolerable by cells without eliciting an effect.

Overall, inhibition of PI3K/AKT signalling blocks positive regulation of HSF1 (5230)
DNA binding under heat shock but does not affect HSF1 nuclear translocation
(Carpenter et al., 2017). In a mouse model of human megalencephaly, expression of a
constitutively active PI3KCA promoted brain overgrowth, AKT-mediated HSF1
activation supported robust growth via balancing both protein quantity and quality while
HSF1 deletion reduced brain size (Tang, 2018). Tang (2018) also revealed that HSF1
prevents HSP60 aggregation and maintains mitochondrial proteome homeostasis that
encourages the overgrowth driven by PI3K/AKT signalling. HSF1 also suppressed
amyloidogenesis-induced cell death (Tang, 2018). Therefore, HSF1 has a function in
guarding mitochondrial proteostasis and protecting cells from the toxicity induced by
amyloids attacking HSP60 in the mitochondria which would culminate in aggregation
of both HSP60 and other mitochondrial proteins. In cancer, without HSF1 activity,
enough mitochondrial damage can induce apoptosis (Tang, 2018). Thus, targeting PI3K

and HSF1 remains an alluring combination to investigate.

3.3.2.4. Loss of HSF1 in Metastatic BrCa may make cells more Sensitive to

Doxorubicin

HSF1 orchestrates a broad network beyond the HSR in tumourigenesis that protects
cancer cells from apoptosis, overrides cell cycle checkpoints and facilitates metastasis

(Khaleque et al., 2005, O'Callaghan-Sunol and Sherman, 2006, Kim et al., 2009, Dai et
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al., 2007). Additionally, activation of the HSF1-dependent stress response can elevate
the expression of HSPs which has been linked to cancer resistance induced by
chemotherapeutic agents in several human malignancies (Mosser and Morimoto, 2004,
Sreedhar and Csermely, 2004). To test this in our BrCa cells with HSF1 knockdown,
we treated both T47D and MDA-MB-231 with doxorubicin. Doxorubicin is a type of
anthracycline and is used as a chemotherapy drug to kill cancer cells by inhibiting the
enzyme topoisomerase II, inducing DNA damage, mitophagy and apoptosis (Thorn et

al., 2011).

In this thesis, we showed that the T47D cells with HSF1 knockdown were significantly
sensitive to treatment with doxorubicin (Figure 19). Similarly, although not significant,
the T47D shRNAMirl the MDA-MB-231 cells also appeared to be more sensitive to
doxorubicin with HSF1 knockdown, maybe with increased biological replicates and
with tightened error bars the results would favour significance (Figure 19, 20). This may
be because the variability of the assay is quite large. Nonetheless, several studies have
reported that upregulation of HSP90, HSPA1 and HSPB1 are correlated with cell
resistance to cisplatin or doxorubicin (Liu et al., 2011a, Yang et al., 2012, Lee et al.,
2007, Fortin et al., 2000). It has also been demonstrated that cancer cells overexpressing
HSF1 are more resistant to doxorubicin, independent of HSPs, but more dependent on
a HSF1-mediated drug efflux via ABC transporters mechanism (Vydra et al., 2013).
Furthermore, both Vydra et al. (2013) and Tchénio et al. (2006) have shown that the
multidrug resistance phenotype was mediated by HSF1-dependent expression of
the ABCBI gene, but not by HSP expression (Tchénio et al., 2006, Vydra et al., 2013,
Vilaboa et al., 2000). Tchénio et al. (2006) also hypothesied that HSF1 overexpression

could effect postranscriptional mechanisms of the ABCB1 mRNA (Tchénio et al.,
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2006). This is plausible as HSF1 has been reported to incorporate into nuclear stress
bodies at RNA splicing sites and is involved in the regulation of mRNA-binding protein
HuR, responsible for mRNA stability and/or translation of many proteins in cancer

(Cotto et al., 1997, Gabai et al., 2012).

Furthermore, in a study by Huang et al. (2016) they identified that through proteasome-
mediated HSF1 degradation, the insulin-like growth factor receptor II (IGF-IIR)
apoptotic signalling pathway was responsible for doxorubicin-induced cardiotoxicity
(Huang et al., 2016). IGF-IIR has a vital role in the regulation of cardiac development,
growth and survival but it has also been shown to be involved in pathological processes
of heart failure, such as hypertrophy, cardiomyocyte apoptosis and end-stage heart
failure (Chen et al., 2004, Chang et al., 2008, Wang et al., 2011, Wang et al., 2012a,
Wang et al., 2012b, Wei et al., 2012, Chen et al., 2009, Chu et al., 2009). Huang et al.
(2016) even proposed that administration of an HSF1 activator may be protective

against doxorubicin-related cardiomyocyte toxicity.

Overall, in cancer HSF1 facilitates a pro-survival pathway and it has been shown to
encourage drug efflux via regulation of ABC transporters, thus reducing doxorubicin
efficacy (Krishnamurthy et al., 2012, Choi, 2005, Vydra et al., 2013). We show that in
two BrCa cells that HSF1 knockdown and doxorubicin could be a potential combination
for treatment of cancer cells, however, there have been other studies to suggest HSF1
activation may be protective against cardiotoxicity. This goes to highlight the
complexity of anticancer treatments. One potential combination is with HSP90
inhibitors. During homeostasis, HSP90 belongs to a multichaperone complex believed

to repress HSF1 monomers and keeping it in its inactivated form (Leach et al., 2012).
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However, in cancer HSP90 facilitates folding of various oncogenic proteins and is
necessary for the survival of some cancer cells (Park et al., 2019). Previously, studies
suggested that HSF1 transcriptional activity is upregulated by HSP90 inhibition (Powers
et al., 2008). Treatment with selected HSP90 inhibitor will dissociate HSP90-HSF1
relationship and increase released unbound HSF1 monomers. This favours HSFI
trimerisation that is necessary for HSF1 activities. Therefore, HSP90 inhibitors treated
separately or as a combination with HSF1 shRNA have been shown to reduce HSP70,
p-ERK, and HER2 levels, while, increasing cleaved poly-ADP ribose polymerase
(PARP) that can be responsible for resistance mechanisms through upregulating the
HSR (Chen et al., 2013). Furthermore, HSP90 inhibition to induce HSF1 activity can be
supported in relation to the HSF1 mediated autophagy activity discussed earlier where
induced autophagy can facilitate pro-growth and cell survival pathways (Mimnaugh et
al., 1996, Xu et al., 2001, Fraser et al., 2019). Moreover, Chen et al. (2013) had
identified that knockdown of HSF1 sensitises cells to HSP90 inhibitors and proposes
targeting HSF1 to enhance HSP90 inhibitors efficacy and also to mitigate other side
effects such skeletal complications for patients when dosed high concentrations of 17-
AAG, a HSP90 inhibitor (Powers et al., 2008, Price et al., 2005, Chen et al., 2013). For
this reason, we hypothesis that combining HSF1 inhibitor and a HSP90 inhibitor with a
drug like doxorubicin will sensitise BrCa cells to doxorubicin and improve patient
outcomes. Unlike other alternatives such as KRIBB11, an indirect inhibitor of HSF1
that acts to prevent HSF1 activation as it may be ineffective in the already HSF1
knockdown cells and in wild-type cells it is expected to have a similar impact as the
HSF1 knockdown cells, thus may only impact some pathways of HSF1 and not others

and consequently this could confound some results.
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3.4. Conclusion

In conclusion, targeting HSF1 in BrCa cells may be context dependent. Combining
HSF1 inhibitors with treatments that either influence or activate HSF1 could mitigate
the stress response, that would otherwise salvage cell survival and enhance their
synergistic effect. Cancer cells may become more sensitive to anticancer drugs that
activate HSF1 if HSF1 is removed. Therefore, additional research in this area remains a
necessity to fully understand its clinical implications, especially the identification of

drugs that can activate HSF1.
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CHAPTER 4: DEVELOPMENT OF A DUAL-REPORTER
ASSAY TO MEASURE THE HEAT SHOCK
RESPONSE IN BREAST CANCER CELL
LINES

4.1. Introduction

In the normal, nonstressed condition, HSF1 monomers are inactive and are bound to
chaperone complexes (Mendillo et al., 2012). During stress where HSF1 is activated,
the HSF1 monomers are released from the chaperone complexes, spontaneously form
trimers and relocate from the cytoplasm to the nucleus (Dai and Sampson, 2016). It is
in this trimeric conformation, localised within the nucleus that HSF1 can bind to HSE
sequences within the promoter region of target genes, thereby impacting upon the

expression of these genes (Dai and Sampson, 2016, Anckar and Sistonen, 2011).

With the underlying hypothesis that anticancer drugs that activate the HSR via HSF1
may be less effective in killing advanced cancer cells due to their initiation of this potent
survival pathway, the aim was to develop a cell-based, dual reporter system. This would
then be utilised to screen anticancer compounds to identify activators of HSF1 with the
view of then determining whether these anticancer agents are increased in efficacy in

HSF1 knockdown BrCa cells.

Within the cell, HSF1 binds to cis-acting elements that are composed of inverted
nGAAn pentamers termed HSEs (Amin et al., 1988). Therefore, tracking HSE activity
directly represents binding of HSF1 and thus its activity. The ability to analyse this will

help identify anticancer drugs that trigger the HSR and enables an efficient way to screen
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activators of HSF1. The current study strived to develop two stable heat shock element
(HSE) reporters in the T47D and MDA-MB-231 BrCa cell lines. Choosing the T47D
and MDA-MB-231 cells as the host cell was to observe whether there are different stress
responses in BrCa cells with different metastatic potential, thus, levels of HSF1 and

degree of aggressiveness.

Specifically, the dual-luciferase reporter is possible due to the renilla and firefly
luciferases having differing enzyme structures and substrate requirements, making it
possible to selectively discriminate between their bioluminescent reactions (see Figure
24). Additionally, another advantage is that in an automated injector system, the firefly

signal can be quenched while simultaneously activating the renilla catalyst reaction.
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Figure 24 Firefly and Renilla Luciferases Bioluminescent reactions (Dual-
Luciferase Reporter Assay System, Instructions for use [Promega
Corp., MA)]

Luciferase bioluminescent chemical reaction for Firefly and Renilla. In the presence
of recombinant firefly luciferase, beetle luciferin is converted to luminescence product,
oxyluciferin (A) and renilla luciferase converts coelenterazine to luminescence
product, coelenteramide (B).

Page 122 of 228



Overall, the aims of this chapter are:

1. To successfully generate stable HSE reporter cell lines in T47D and MDA-

MB-231.

2. To develop an optimised assay for HSE activity reporting, thereby generating

a measure of HSF1 activation in BrCa cell lines.

Achieving these aims will provide a quantitative method that will efficiently screen and

identify drugs which activate HSF1 and the HSR pathway. These will identify potential

drugs whereby HSF1 inhibition would sensitise cancer cells to these anticancer agents.

Page 123 of 228



4.2. Results

4.2.1. Plasmid Preparation and Generation of HSE Dual-Luciferase Reporter

Model in BrCa Cell Lines

Before the reporter cell lines could be generated, the two plasmids, pGL4.41 (Promega
Corporation, Madison, WI 53711 USA) and pcDNA-RLuc8 (CMV promoter) (RRID:
Addgene 87121) underwent double restriction digestion at sites described in Figure 25
(refer to Figure 1 and 2 for plasmid maps). DNA purification was performed using
Qiagen kit (Qiagen, California, USA), see section, 2.6.5., Table 9. Additionally, a
section of the plasmids containing the ampicillin gene was removed after the bacterial
work as it was no longer required in the next step. This cut also helped to reduce the size
of the vector before delivery into the cell. The DNA was left linear for better transfection
and to better enable stable incorporation into the genome. DNA transfection was
achieved using Lipofectamine® 3000 (Invitrogen, California, USA), as outlined in

section 2.2.3.2.
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Plasmid Digestive Enzyme | Cut Site (bp) | Cut size (bp)
HSE Reporter BsmAI 55 4281
Peil 4336 1764
Renilla Bglll 5469 4533
Pcil 3641 1828
B
Ladder HSE Reporter Renilla Control
SIZE (bp)
W—01 . 10037
[ 8000
""", g — 6000
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——1500/1517
[— 1000
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4533 bp :
1764 bp N
Renilla '
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Figure 25 Heat Shock Element Reporter Plasmid

A double restriction digestion cut the DNA at two sites. For this experiment, both the HSE
reporter (pGL4.41) and renilla (pcDNA-RLuc8) were cut at two sites for diagnostic
confirmation and to reduce the size of the DNA to increase transfection efficiency. Specifies
the restriction sites at which each plasmid was cut (including cut site) and the size of the
resulting two fragments in base pair (bp) (A). Image of the agarose gel after the plasmid DNA
is cut and separated with respect to HyperLadder™ 1kb (Bioline, London, UK) for size
determination. Green box: The section of DNA of interest to cut and purify for use. Blue arrow:
The section of DNA removed from the original plasmid and discarded. (B). Illustrates the
molecular biology of each plasmid, visualising the cutting sites and resulting fragments (C).
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Once cells were successfully co-transfected with both plasmids simultaneously, they
were selected with the appropriate antibiotics and stable HSE reporter cell lines in T47D
and MDA-MB-231 were established. These cells were used to optimise a HSE reporter
assay with the Promega Dual-Luciferase® Reporter Assay System (Promega

Corporation, Madison, WI 53711 USA).

To optimise a protocol to enable screening of putative activators of HSF1 using the
Varioskan reader (Thermofisher Scientific, Massachusetts, USA) and the newly
generated reporter cells, appropriate cell numbers to seed in a 24-well plate were
determined through a cell number titration. Increasing concentrations of cells were
assayed for firefly and renilla signals to determine linearity and sensitivity of the assay.
The firefly signal in this assay represents the baseline level for HSF1 activity in the
BrCa cells while the renilla signal acts as an internal control and shows constitutive
transcription and translation activity within the cells. From the results both T47D and
MDA-MB-231 cell signals increased proportionately with increased cell number,
respectively (Figure 26). It was observed that the renilla signal which is under a
constitutively active promoter is linear across all cell densities. That is, with the
doubling of cell number the signal intensity of renilla is doubled. This is also generally
true of the firefly signal, however, linearity of the signal is lost between 80,000 and
160,000 cells for both T47D and MDA-MB-231 (Figure 26). That is, the doubling of
cell number at this point does not result in a doubling of signal. This may represent a
blunting of signal at these higher levels therefore 40,000 cells were chosen for plating

for each cell line in the twenty-four well plates.
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To determine the optimal time to read the signal outputs, a signal curve was plotted
using twenty-four different readings recorded during one assay for both the firefly and
renilla signals. This was done to determine the most constant reading for each luciferase
signal once the activating reagents were added by the automated injectors in the
Varioskan. The first reading cycle revealed that firefly signal reaches a maximal level
quickly and is relatively stable upon addition of the first reagent (Figure 27). Once the
second reagent is injected to block the firefly signal and activate the renilla signal, there
is a significant delay until renilla reaches a maximal level and plateau. Therefore, it was
determined that the reading for the firefly signal was to be recorded at reading 6 from
the first reading cycle and the renilla signal was to be recorded at reading number

twenty-four from the second reading cycle (Figure 27).
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T47D Cell Number Titration for
Firefly and Renilla Luciferase
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Figure 26 Cell number titration in 24-well plate of Dual Luciferase HSE
Reporter Cell Lines

Graphical representation of T47D cell number titration comparing firefly and renilla
luminescence signal (A). Graphical representation of MDA-MB-231 cell number
titration comparing firefly and renilla luminescence signal (B).
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Figure 27 Determining the optimal reading time for the Dual-Luciferase

reporters

(N'TY) euay

Representative display of the signal curve showing the luminescent power of the firefly
and renilla luminescence over time (one reading per second, over twenty-four

seconds). In the first reading cycle, the firefly signal (linear-like shape) was more
consistent towards the start after the addition of the first reagent (LARII). The chosen
reading number for analysis is reading number 6. In the second reading cycle (after the
addition of second reagent STOP&GLO), the renilla signal (log-like shape) peaks later
and this signal is more consistent towards the end of the reading where it plateaus. The
reading number chosen for the renilla signal is reading number 24 as the signal

appeared consistent up to this point.
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4.2.2. Screening for activators of HSF1 using BrCa cells

A study by Power et al. (2008), suggested that HSF1 transcriptional activity is
upregulated by HSP90 inhibition and was later supported by Chen et al. (2013)
demonstrating that through a feedback mechanism, HSF1 activity can be responsible for
resistance and limiting drug efficacy (Powers et al., 2008, Chen et al., 2013). The
relevance of this reporter model was to use two different BrCa cell lines expressing

different levels of elevated HSF1 to screen for activators of the HSR.

The dual luciferase HSE reporter BrCa cells were first treated with the HSP90 inhibitors,
AUY922 and 17-AAG to serve as positive controls for the anticancer drug screen
(Powers et al., 2008, Koay et al., 2014, Kijima et al., 2018b). Previously in the Price lab
we have demonstrated that AUY922 and 17-AAG are excellent activators of HSF1
through western blot analyses (Chai et al., 2014). Therefore, it was not surprising to
identify that treating the reporter cell lines with these HSP90 inhibitors resulted in an
increased level of firefly luciferase (normalised to renilla signal) indicating activation
of the HSE and thus HSF1 activation in the T47D (Figures 28, 29) and MDA-MB-231
(Figures 30, 31). However, although there was a clear increase between the HSP90
inhibitor treated cells and the no treatment control cells, showing a 2-3 fold increase, a
concern was that the vehicle control (DMSO) also appeared to be stimulating the HSR
to levels similar to that of the HSP90 inhibitors in the T47D and some increase in the
MDA-MDA-231 cell line (Figures 28-31). Therefore, before this reporter system could
be utilised it was necessary to further investigate the impact of the vehicle control and
whether its effects on the reporter cells could be differentiated from the actions of the

anticancer drugs on the reporter cells.
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Note, cells in this chapter were seeded in 24 well culture plate at 40,000 cells per well,

unless indicated (refer to section 2.4.3 for more detail of the DLR assay).
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Figure 29 Testing T47D Heat Shock Response (HSE) to AUY922

AUY922 titration on T47D HSE reporter cell lines at (A) 40,000 and (B) 80,000 cells
against no treatment and vehicle control (0.02% v/v DMSO). Expressed as mean = SD.

n=3.
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Figure 28 Testing T47D Heat Shock Response (HSE) to 17-AAG

17-AAG titration on T47D HSE reporter cell lines at (A) 40,000 and (B) 80,000 cells
against no treatment and vehicle control (0.02% v/v DMSO). Expressed as mean = SD.

n=3.
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Figure 30 Testing MDA-MB-231 Heat Shock Response (HSE) to HSP90

Inhibitors

AUY922 titration on MDA-MB-231 HSE reporter cell lines against no treatment and
vehicle control (0.02% v/v DMSO) (A). 17-AAG titration on MDA-MB-231 HSE
reporter cell lines against no treatment and vehicle control (0.02% v/v DMSO) (B).
Expressed as mean + SD. n=3
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4.2.3. Investigating the Effect of Common Vehicle Controls on the HSR and

Other Factors

To explore the impact of the vehicle control (VC) on the reporter cells that had been
previously identified, DMSO was titrated at doubling concentrations of 0, 0.06, 0.125,
0.25, 0.5 and 1% (v/v). This was done to identify whether there was a direct relationship
with DMSO concentration and the level of activation of the reporter. Upon the addition
of DMSO, regardless of concentration, there was a significant increase in HSE
activation when compared to the no treatment controls and represented as much as a
threefold increase in the expression of the firefly reporter compared to 0% v/v DMSO

(Figures 31, 32).

In addition to the DMSO stored at -80°C, three other DMSO sources that had been stored
at room temperatures (RT) were tested. This was to identify whether storage of DMSO
at different temperatures or from different sources could alter its property with respect
to initiating stress responses. It has been previously reported that DMSO toxicity can
increase with increasing temperature (Best, 2015). However, no difference was
observed between the differing sources of DMSO, in either the T47D (Figure 31) or

MDA-MB-231 (Figure 32) including either between temperature storage or supplier.
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Heat Shock Element Reporter Cell Line, T47D
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Figure 31 Investigating Dimethyl sulfoxide (DMSO) effect on the HSR of T47D

DMSO titration on T47D HSE reporter cell lines for concentrations 0.0, 0.06, 0.125,
0.25, 0.5 and 1% v/v. The four types of DMSO represents DMSO stored at four
different conditions or a different supplier. DMSO stored at -80°C. Three different
aliquots of DMSO at room temperature (RT): RT**, RTx*** and RTy***).
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Dimethyl sulfoxide (DMSO) Titration in
Heat Shock Element Reporter Cell Line, MDA-MB-231
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Figure 32 Investigating Dimethyl sulfoxide (DMSO) effect on the HSR of

MDA-MB-231

DMSO titration on MDA-MB-231 HSE reporter cell lines for concentrations 0.0, 0.06,
0.125, 0.25, 0.5 and 1% v/v. The two types of DMSO represents DMSO stored at
different temperatures, -80°C and at room temperature (RT).
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Following the finding of DMSO, the question was posed whether other common
solvents used as vehicle controls for the reconstitution of anticancer drugs may have a
similar impact upon the reporter cells. DMSO, ethanol and water were initially tested at
increasing concentrations between 0.1-10% (v/v). Consistent with previous results,
DMSO increased the relative firefly luciferase signal (Figures 33, 34). In addition to
that of DMSO, ethanol and surprisingly water also increased the relative level of firefly
luciferase when compared to the 0% control (Figures 33, 34). For the highest
concentrations of DMSO and ethanol there was a very large level of relative firefly
luciferase signal, however, this could be attributed to these concentrations causing
significant cell death while maintaining some level of firefly luciferase signal (Figures
33, 34). The amount of cell death was so obvious it was observable by eye and was
simply validated looking under the lab bench microscope. Thus, it was unnecessary to
quantitively analyse the cell number. As a result, the Renilla reading for higher
concentrations cannot be used because of significant cell death. It should be noted that

this was not the case for water (Figures 33, 34).
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Figure 33 Investigating the effect of common vehicles on the heat shock
response (HSR) in T47D cells
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Examining the effects of common vehicle controls, DMSO, ethanol and water on the
HSR through the transcription of the HSE in T47D HSE reporter cells. Combined
graphs of the three common vehicles titrated at concentrations 0.0, 0.1, 0.2, 1.0, 2.0
and 10.0% v/v (A). Individual graphs of each vehicle controls tested looking at their
effect on the HSE in T47D; DMSO (n=3), ethanol (n=3) and water (n=1), respectively
(B, C, D). Expressed as mean + SD.
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Figure 34 Investigating the effect of common vehicles on the heat shock
response (HSR) in MDA-MB-231 cells

Examining the effects of common vehicle controls, DMSO, ethanol and water on the
HSR through the transcription of the HSE in MDA-MB-231 HSE reporter cells.
Combined graphs of the three common vehicles titrated at concentrations 0.0, 0.1, 0.2,
1.0, 2.0 and 10.0% v/v (A). Individual graphs of each vehicle controls tested looking
at their effect on the HSE in MDA-MB-231; DMSO (n=3), ethanol (n=3) and water
(n=1), respectively (B, C, D). Expressed as mean + SD.
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The initial investigations that were performed within the reporter cell lines were with
incubation periods of 24 hours. To insure that an optimal timepoint had not been
overlooked, where the impact of the vehicle control was minimal and the signal
generated by the anticancer drug in the reporter cell lines was maximal, four other time
points were examined (3, 6, 9 and 12 hours). From this series of experiments, it was
determined that there was no difference between the vehicle control group and the
AUY922 treatment groups at any of the concentrations tested in either of the reporter

cell lines tested (Figure 35).
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Figure 35 Comparing firefly levels in T47D and MDA-MB-231 over time in
response to 17-AAG

17-AAG titration on T47D (A) and MDA-MB-231 (B) HSE reporter cell lines over a
time course of 3, 6, 9 and 12 hours. In both low and high metastatic potential cell
lines, T47D and MDA-MB-231, respectively, 17-AAG elicited a higher transcription
of firefly than no treatment, but no significant difference compared to vehicle control.
There is neither a difference between the time points. Expressed as mean + SD. n=3.
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Finally, to examine what was occurring at the protein level, western blot analyses were
conducted utilising isolated protein from reporter cell lines that were exposed to
increasing concentrations of DMSO and AUY922 over a 24 hour period (Figure 36).
Interestingly, although in the luciferase assay, DMSO increased the relative firefly
luciferase signal indicating increased activation of HSF1, protein levels of HSPs that
should be increased upon HSF1 activation were unaffected (Figure 36A). In contrast to
this, AUY922 strongly induced the expression of HSP105, HSP90 and HSP70 in both
cell types (Figure 36B). However, the vehicle control, 0.02% v/v DMSO, did not change
the expression of HSPs despite increasing the relative firefly luciferase signal in the

luciferase assay indicating activation of the HSE (Figure 36B).
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Figure 36 Western Blots of Heat Shock Proteins for T47D and MDA-MB-231 when
treated with different concentrations of DMSO and AUY922

Western blots for proteins from a DMSO titration on T47D and MDA-MB-231 HSE dual-
luciferase reporter cells examining HSPs, downstream targets of HSE activation (A). There are
no changes between the expression of HSPs between the different concentrations of DMSO
and to the 0% DMSO control. Western blots for proteins from the AUY922 titration on T47D
and MDA-MB-231 HSE dual-luciferase reporter cells examining HSPs, downstream targets of
HSE activation (B). No treatment group refers to cells grown in complete medium. AUY922
upregulated HSPs in both T47D and MDA-MB-231. The vehicle control, 0.02% v/v DMSO,
did not affect the expression of HSPs, even when compared to cells in complete medium. n=1.
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4.3. Discussion

HSFI trimers in the nucleus bind to HSE within promoters to enable transcription.
However, unlike the conventional HSR in normal cells, tumour cells directly regulate
HSF1 activity through oncogenic signals like those named previously (see Chapter 3),
and studies have elucidated how HSF1 is regulated and can influence oncogenic
signalling in cancer, including some that are involved in anticancer drug resistance (Dai
et al., 2007, Tchénio et al., 2006, Wang et al., 2018). Thus, understanding the
relationship between available anticancer drugs and the HSR, specifically ones that
activate HSF1 activity will inform future treatment regimens for patients. Ultimately,
outcomes from an efficient large-scale screen to identify drugs that induce a HSR could
form part of a database that provides more informed decisions in relation to the use of

anticancer drugs and their combinations.

4.3.1. Generation of HSF1 Activator Screening Model

While there are advances in detection methods and early-stage tumours are more
treatable, diagnosis of late stage, particularly metastatic tumours, remains a challenge
due to their reduced sensitivity to anticancer drugs. HSF1 is proposed as an attractive
target for the sensitisation of cancer cells to anticancer drugs but as postulated in this

thesis, this maybe even more so for drugs that activate HSF1.

To identify such anticancer drugs the strategy was to generate a dual-luciferase reporter

cell model in two cell lines of which one had a low metastatic potential while the other

had a high. These BrCa cells were generated to constitutively expresses renilla luciferase
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via pcDNA-RLuc8 as an internal control and pGL4.41[luc2P/HSE/Hygro] vector
(Promega Corporation, Madison, WI 53711 USA) that expressed firefly luciferase
(luc2P) under the control of a promotor that contains four copies of the canonical HSE
sequence. The T47D (low metastatic phenotype) and MDA-MB-231 (high metastatic
phenotype) cells were transfected with these vectors and were made stable through
antibiotic selection. Compounds that could increase the expression of firefly compared
to the no treatment control and being normalised by renilla would be identified as

specific HSE transcription promoters, thus HSF1 activators.

4.3.2. Validating dual luciferase HSE reporter cell lines and establishing

optimised model for large scale screening of compounds

A specific protocol was developed and optimised for the purpose of this model to
automate dual reagent injecting by Varioskan Flash Spectral Scanning Multimode
Reader (Thermofisher Scientific, Massachusetts, USA) before assaying. The stable dual
luciferase reporter cell lines were first tested for its functionality through examining its
renilla- and firefly-luciferase expression levels in unstressed conditions. Each luciferase
signal is read continuously twenty-four times and a signal graph was plotted (Figure
27). It was identified that firefly signal was relatively stable after the addition of the first
reagent, while renilla signal rose to a peak then plateaued. From this observation,
reading number six for firefly and reading number twenty-four for renilla was
recognised as the most stable signal and used for signal interpretation moving forward.
As expected, luciferase signals for both firefly and renilla increased proportionally to
the increase in cell number. Although, at the highest cell number (seeded 160,000 cells

per well) there appeared to be a loss of this relationship. One explanation may be that

Page 145 of 228



this is the system’s saturation point near that level. If this was the case, then the system
may be reaching its maximum range and signals beyond this point will not be detectable.
Together, at this point it was believed that both reporter models were optimised and

functioning as designed.

To test this model in both cell lines, cells were pre-treated with HSP90 inhibitors,
AUY922 and 17-AAG before assaying. HSP90 inhibition was expected to activate
HSF1 activity and thus be a positive control for transcriptional activity induced through
HSE binding. The intention of a positive control was to set the threshold for HSE
activation and test for activators of HSF1 within this dynamic range. The drug
concentration for AUY922 and 17-AAG were titrated to 100nM, 500nM, 1000nM and
2000nM or 1puM, 5uM, 10uM and 20uM, respectively. While treatment with AUY 922
and 17-AAG showing upregulated HSE binding, when compared to the vehicle control
(0.02% v/v DMSO) there was very little difference (Figure 28 — 30). This may be an
interesting factor to consider with reference to what we noticed earlier in the discussion
where the doubling of firefly signal, thus linear relationship ceased at higher cells
numbers. Whether this could be a system limitation of the dynamic range at these higher
saturating levels and this is also supported by the disconnect between the firefly signal
and HSP expression, to be discussed in section 4.3.3.. Nevertheless, this assay using the
two HSP90 inhibitors revealed that the vehicle control, DMSO, used at a concentration
of 0.02% v/v increased firefly expression indicating that HSR was stimulated in both
the T47D and MDA-MB-231 cells. This is not the first time DMSO has been identified
to activate HSF1 activity, in a similar study using luciferase reporters in HEK293 cells
treated with ~ 0.7% v/v DMSO control cells also increase the HSR overtime (Kijima et

al., 2018a). Although, in their actual methods, it is unclear whether Kijima et al. (2018)
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had used the appropriate cells as control for DMSO control (Kijima et al., 2018a).
Furthermore, in a study by Bagatell et al. (2000) looking at activators of HSF1 also
demonstrated that in the presence of HSF1, DMSO upregulated HSP72 (Bagatell et al.,
2000). This is validated by the fact that in the same experiment, Cisplatin was dissolved
in water and under the same conditions did not express HSP72 (Bagatell et al., 2000).
Therefore, while maybe overlooked, DMSO appears to have more of an effect on the

HSR than previously acknowledged.

4.3.3. Investigating the Effect of Vehicle Control on HSF1 Activity

Previously, concentrations lower than 1% v/v of DMSO were widely accepted as not
having an impact in the experimental setting. However, as observed, this as a vehicle
control in the BrCa dual-luciferase reporter cells still elicited considerable transcription
at the HSE. Initially, we suspected that this was a problem with the DMSO used so we
titrated different sources of DMSO stored at different temperatures in both cell models
(see Figure 31, 32). It was obvious that there was a difference in firefly signal, thus HSE
transcription, between the no DMSO group and the DMSO treated group. This was
surprising, both that DMSO at such low concentrations could elicit such a response in
cells at a transcriptional level and that there were no proportional changes or any change
in the HSF1 activation between the lowest concentration of DMSO at 0.06% v/v and
highest concentration at 1% v/v tested. This information supports that DMSO may
potentially effect transcription more than previously identified and in a concentration
independent manner at concentrations lower than 1% v/v. In a recent study, Verheijen
et al. (2019) found that DMSO actually induced dramatic changes in human cellular

processes in-vitro (Verheijen et al., 2019). In fact, at concentration of 0.1% v/v DMSO
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they found more than two-thousand differentially expressed genes compared to vehicle
control and deregulations of microRNAs in cells (Verheijen et al., 2019). Additionally,
DMSO-induced stress was previously identified, and at concentrations of 1%, v/v
DMSO can impair cell viability, mitochondrial integrity and glutamate transporter

expression of astrocytes (Yuan et al., 2014).

To further understand this, we looked at two other common vehicles, ethanol and water.
This time we titrated all three vehicles at concentration 0%, 0.1%, 0.2%, 2% and 10%
v/v, again in both cell lines. As seen in Figure 33 and 34, HSE transcription is also
sensitive to ethanol and water and effected transcription in a similar way DMSO does.
This reiterates the importance of proper vehicle controls as part of good study design
and especially in the context of the HSR. Several studies have demonstrated that both
DMSO and ethanol can modulate HSF1 activities (Morimoto, 1998, Pignataro, 2019,
Muralidharan et al., 2014, Varodayan and Harrison, 2013, Pignataro et al., 2007,
Riitgers et al., 2017). Exposure to ethanol increased the expression of Hsp27, HSP40,
Hsp70 and Hsp90 in-vitro (Pignataro, 2019, Muralidharan et al., 2014). Pignataro et
al. (2019) also found through immunocytochemistry techniques that there was
translocation of HSF1 and induction of HSP mRNAs in acutely intoxicated mice, while
an electrophoretic mobility shift assay also showed that ethanol increased the DNA
binding ability of HSF1. Moreover, ethanol may also have a role in mediating HSF1
activity. In microarray performed on cultured cortical neurons chronically exposed to
ethanol, HSP genes, HSP105, HSP70 and HSP30 were downregulated (Gaspary et al.,
1995). Furthermore, loss of HSF1 by either siRNA or dominant-negative HSF1

construct prevented the ethanol induction of the HSPs (Pignataro, 2019). This was also
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seen in Varodayan and Harrison (2013) with HSF1 knockdown which prevents gene

induction by ethanol (Varodayan and Harrison, 2013).

To test whether time played a role in the irregular effect of DMSO as a vehicle control.
We titrated 17-AAG at concentrations 1uM, S5pM, 10uM and 20uM over 3, 6, 9 and 12
hours hypothesising that in the original observation at 24 hours post-treatment there was
a recovery of the cell, thus the full extent of the HSR was missed (see Figure 35). There
was no difference in the response from either cell lines to time between the vehicle
control and 17-AAG treated. Confusingly, HSE transcription did not reflect the HSP90
inhibitor’s ability to induce HSF1. To validate this, two sets of western blots were
analysed with the same proteins used to assay DMSO and AUY922 titration from both
cell lines to look at common downstream markers of HSF1 activation including, HSP70,
HSP90a, and HSP105. Interestingly, the western blots from the same experiment did
not reflect the results seen from the dual-reporter assay. Western blots in Figure 36
showed that DMSO does not influence HSP levels while treatment with AUY922 does
and is consistent with HSP90 inhibitors HSR inducing role (Kijima et al., 2018b).
Therefore, the issue is that there is a disconnect between the western blots and luciferase
assay. In the western blots, showed that the vehicle control was not seen to induce the
HSF1 and AUY922 does, and this highlights that the reporter assay failed to
differentiate this. Thus, indicating that the reporter cells are not sufficient to accurately
monitor the HSR and further investigations will be necessary to explain what is
stimulating the low expression of the firefly. One way to examine this would be to use
an anti-firefly luciferase antibody to compare expression of firefly protein with the
firefly luciferase assay signal. This would narrow down whether there is a technical or

biological limitation of the assay.
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Interestingly, in a study by Santagata et al. (2013) found that HSF1 has the ability to
maintain essential support for the malignant state by blocking apoptotic responses and
promoting protein synthesis, anabolic energy metabolism, mitogenic signalling
pathways, and pathways that facilitate invasion and metastasis is exquisitely sensitive
to the activity of the ribosome (Santagata et al., 2013). Cancer cells often coerce highly
conserved, adaptive non-oncogene systems for their benefit, HSF1/ ribosome circuit
being one of those to support the malignant phenotype (Silvera et al., 2010, Roux and
Topisirovic, 2012, Hensen et al., 2012, Peng et al., 2002, Solimini et al., 2007a).
Therefore, it is possible that the discrepancy between HSE activation and the translation
of HSPs may introduce ideas for the future understanding of the post transcriptional
activity in the HSR. While this discovery has impeded the progression of the reporter
cell models to identify activators of HSF1, there may be value in exploring HSF1 in
relationship to ribosomal activators and valuable insights into to agents that target

translation and its upstream regulatory pathways (Solimini et al., 2007b).

Overall, the fact that there are low firefly levels is indicative of low HSE transcription,
yet the HSPs remain elevated in the protein analysis suggests there could be altered
activity either at post transcription modification to the mRNA or is dependent on

ribosomal activities that are not yet understood.
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4.4. Conclusion

Ultimately, although this system could enable large-scale screening for HSF1 activators
from compound libraries using high-throughput luciferase reading, unfortunately its
current dynamic range between vehicle control and sample is problematic. It would be
interesting to observe how different levels of elevated HSF1 in two BrCa cell lines with
vary metastatic potentials may respond differently to activators of HSF1. This will add
to the body of knowledge that others have already demonstrated in relation to inhibitors
and activators of HSF1, including similar approaches like use of HSE reporters in other
cell lines (Westerheide and Morimoto, 2005, Au et al., 2009, West et al., 2012). At this
stage, a possible reason for the unmatched protein expression profile and activation of
the HSE may be due to an unknown mechanism along the protein synthesis pathway.
Additionally, the fact that DMSO as a vehicle control induced HSE transcription is
important for future consideration as many drugs are dissolved in DMSO and thus, may
confound results if appropriate controls are not used. Therefore, an understanding of this
relationship and the assay’s limitation is important before the system can be utilised for

screening of activators of HSF1.
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CHAPTER 5: FINAL DISCUSSION

5.1. Introduction

Cells initiate stress response pathways to survive stressful conditions that they are
naturally and constantly exposed to including biological stressors such as hyperthermia,
nutrient deprivation, toxins, and radiation (Swan and Sistonen, 2015). It is normal for
healthy cells to be challenged by proteotoxic stressors that can cause unfolded or
misfolded proteins but a cellular defensive mechanism called the HSR can buffer against
this disruption (Vihervaara and Sistonen, 2014). The HSR is also highly significant in
human pathology, particularly in cancer where cells hijack the HSR for tumourigenesis

and malignant transformation (Dai and Sampson, 2016).

The main regulator of the HSR is HSF1 (Vihervaara and Sistonen, 2014). In healthy
cells, HSF1 is not activated unless there is proteotoxic stress. Under stress, HSF1
monomers will dissociate from chaperone complexes, that normally suppress their
function, and undergo multiple steps to achieve activation, including trimerisation,
nuclear translocation, phosphorylation and then DNA binding to HSE promoter sites to
perform its transcriptional function (Vihervaara and Sistonen, 2014). Moreover, in
cancer, HSF1 is believed to act as a pro-oncogenic factor and is regulated by oncogenic

and tumour-suppressive signalling pathways (Vydra et al., 2014, Jiang et al., 2015).

Furthermore, evidence is accumulating that HSF1 has involvement in mediating
metastasis with highly metastatic tumours having a higher level of activated HSF1
localised in the nucleus (Triandafillou and Drummond, 2016). A study by Santagata et

al. (2011) identified that HSF1 largely remained in the nucleus of malignant BrCa
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compared to healthy breast cells, which is an indication of active HSF1 in these tumours
(Santagata et al., 2011a). High levels of nuclear HSF1 are also present in many other
types of cancers, including cervical cancer, colon cancer, lung cancer, pancreatic cancer,
prostate cancer, and meningioma suggesting favoured HSF1 trimers, relocation to the
nucleus and activation in these cancers (Mendillo et al., 2012, Vihervaara and Sistonen,
2014, Jiang et al., 2015, Vydra et al., 2014). Additionally, elevated HSF1 and its
activation induce high expression of HSPs which can lead to severe
radio/chemoresistance (Frezzato et al., 2019). While, in those patients responding to
both traditional chemoimmunotherapy and kinase inhibitors regimens, HSF1 levels are
decreased and correlate with responsiveness during treatment course (Frezzato et al.,
2019). Chemoresistance is one of the main reasons for the failure of BrCa treatment in
many advanced cancers (Yeldag et al., 2018, Han et al., 2019). A major issue with these
resilient cancer cells is the complexity and multifactorial nature whereby they continue
to evade or adapt to the presence of anticancer drugs (Yeldag et al., 2018). Therefore,
HSFI1 is not only an important target in the pathology and progression of cancer but may

also be a target for sensitising tumours to anticancer therapeutics.

This thesis examined whether the effectiveness of stress-inducing anticancer
therapeutics used in the treatment of metastatic BrCa is dependent on the levels of HSF1
and its activity. The study specifically investigated whether HSF1 knockdown in cancer
cells sensitised them to these drugs and whether there is a direct link between
chemotherapeutic and targeted agents that trigger the HSR. In doing so, the study aimed
to firstly, screen whether knockdown of HSF1 in a series of BrCa cells would make

them more sensitive to the therapeutic agents identified and secondly, establish a dual
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5.2.

HSE luciferase reporter model for use in different cancer cell lines to perform a large-

scale screening looking for activators of HSF1 in cell specific response.

HSF1 Activity in Cancer is Context Dependent

HSFI1 role in cancer broadens to more than just the classical HSR and provides critical
relief to the stress experienced by cancer cells (Solimini et al., 2007b). Cancer cells are
dependent on HSF1 to facilitate tumourigenesis and progression as a non-oncogenic
addiction by regulating several activated oncogenes and mutated tumour suppressors
(Solimini et al., 2007b, Mendillo et al., 2012, Xi et al., 2012, Vydra et al., 2014).
Therefore, HSF1 is hypothesised as a unique and likely universal therapeutic target to
inhibit multiple oncogenic pathways in cancer. Interestingly, both HSF1 activators and
inhibitors have been seen in a context specific manner to be an effective anticancer
treatment against certain types of tumours (Mun et al., 2020, Velayutham et al., 2018,

Dong et al., 2020, Dong et al., 2019).

While HSF1 activation has been shown to promote cancer advancement, drugs
activating HSF1 have also been used in cancer treatment regimes. A study by Santagata
etal. (2012) suggests that over activation of the HSR by HSF1 can heighten stress levels
beyond the cells capacity to compensate, where it is no longer beneficial even for cancer
cells and thus they will undergo cell death (Santagata et al., 2012). Similarly,
hyperthermia (heat therapy) is shown to sensitise cancer cells to some forms of treatment
when used conjunction to other forms of cancer therapies such as radiation therapy and
chemotherapy (Torigoe et al., 2009). Interestingly, use of some HSP90 inhibitors in
clinical trials trigger dissociation of HSF1 from HSP90 complexes and activate the pro-

survival HSR. However, this is only a transient induction of HSF1 and will decrease if
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HSF1 is not activated through trimerization because HSF1 monomers are less stable and
without the binding with HSP90 complexes are susceptible to degradation (Gaspar et
al., 2010, Vihervaara and Sistonen, 2014). Furthermore, HSPs are also an important
element to tumourigenesis and cancer progression regulated by HSF1 (Vihervaara and
Sistonen, 2014, Dai and Sampson, 2016, Calderwood and Ciocca, 2008). However,
depletion of HSF1 in normal cells and in cells at an early stage of transformation does
not impact on cell growth and survival in the same way that occurs in high-grade cancer
cells (Nguyen et al., 2013a). In support if this is a study by Zaarur et al. (2006),
suggested that targeting the HSR may facilitate the use of proteasome and Hsp90
inhibitors for cancer treatment (Zaarur et al., 2006). Moreover, a study by Jin et al.
(2011) also observed in the HSF1-NULL mice that targeting HSF1 did not cause
systemic toxicity to normal tissue like the cytotoxic induced by chemotherapeutics (Jin
et al., 2011). Thus, targeting HSF1 in combination with other therapies may be
preferable with anticancer drugs that are already known to have many side effects.
Therefore, combining HSF1 and HSP inhibitors with cytotoxic drugs that elicit a HSR

response may have synergistic effects and improve patient outcome.

A major challenge to targeting HSF1 as a combined anticancer strategy is the current
lack of specific and approved drugs. Accompanying this is a lack of resources that form
a database identifying both the synergistic and antagonistic effects of HSF1 inhibition
in combination therapy. This is pivotal considering the diverse role of HSF1 in a context
dependent manner. This study provides data that will be beneficial in elucidating the
mechanism by which HSF1 interacts with other anticancer drugs used in metastatic
BrCa and emphasise the importance of strategic, like cautious combinations with these

drugs to avoid adverse or contradictory effects.
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In this thesis, we demonstrated that targeting HSF1 activity can be specific to the cancer
type and is dependent on the co-targeting pathways. It is interesting that we were able
show how the inhibition of HSF1 can have both sensitising and desensitising effects in
metastatic BrCa cells. In line with our hypothesis, T47D cells with HSF1 knockdown
became significantly sensitive to doxorubicin. As we expected, elevated levels of HSF1
in cancer cells is responsible for HSP chaperoning and aids in cell survival. Thus, with
decreased HSF1 activity, we anticipated that the HSP stress response will reduce and
cause cell death. However, this was not always true. We also identified how HSF1
knockdown can significantly limit the efficacy of certain drugs like the TKI that targets
EGFR like Lapatinib. Knockdown of HSF1 may be interfering with EGFR recycling,
such that HSF1 involvement in chaperone-mediated autophagy is impaired and
consequently the autophagy-mediated lysosome recycling of the EGFR is loss.
Together, in a context dependent manner, activities to either activate or inhibit HSF1's
activity may be effective to treat BrCa. For example, KRIBB11 is a more specific HSF1
inhibitor that interferes with co-factors of HSF1 activity rather than inhibiting the broad
activity of HSF1 (Yoon et al., 2010, Yoo et al., 2021, Antonietti et al., 2017, Chen and
Ott, 2020). Yallowitz et al. (2018) used KRIBB11 and lapatinib demonstrated synergised
effect in degrading mutant TP53 and EGFR in lapatinib-sensitive BT474 cells while
restored mutant TP53 response to lapatinib in BT474 lapatinib resistant cells (Yallowitz
et al.,, 2018). Therefore, HSF1 inhibitors and activators may both have potential

therapeutic benefits when considered wisely in the clinic.
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5.3. Limitations

While the HSF1 knockdown screen with anticancer drugs for synergistic effects in
metastatic BrCa was unable to identify many targets suggested from our labs previous
bioinformatic analyses, doxorubicin used combination with HSF1 knockdown did
significantly demonstrate a potential for combining chemotherapeutics with an effective
HSF1 inhibitor. Moreover, we also highlighted the context dependent and highly

specific nature of HSF1 inhibition in cancer cells.

HSF1 knockdown in combination with Lapatinib was significant in reducing cell
sensitivity to treatment. Thus, this marks the importance of the selection of anticancer

drugs to be used with HSF1 inhibitors in the more aggressive, high-grade cancers.

Furthermore, it is acknowledged that insignificant results using this assay is not enough
to reject the relevance of using HSF1 inhibitors in combination with the targeted
pathways considered. In fact, the lack of significance can be a limitation of specific sites
that the anticancer drugs targeted or the sensitivity and relevance of our assay. Firstly,
sensitivity refers to the ability of our assay being able to detect smaller changes in cell
death considering the aim of our assay was to look for major differences and with a ten-
fold difference between each drug concentrations we could have missed changes that
did not fall within this spread. Alternatively, if this assay was to be repeated, instead of
a log-10 concentration, it could be adjusted for smaller log differences between each
concentration like log-3 to capture changes that maybe have been missed. Of course, it
remains necessary to have an assay that will translate into meaningful treatment
differences. Therefore, aside from statistical difference, an example of what may have

started as changes considered minor in magnitude may have major physiological
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5.4.

consequences is combining recombinant humanized anti-HER2 antibody (Herceptin)
and paclitaxel (Baselga et al., 1998). Early studies looking at this combination while
showed Herceptin results in an additive effect on the cytotoxicity of paclitaxel, the
magnitude of Herceptin-mediated enhancement of the antitumor effects of paclitaxel
was only up to 67% in BT-474 cells, 50% in SK-BR-3 cells, and 32% in SK-OV-3 cells
(Baselga et al., 1998). However, the combination of Herceptin and paclitaxel is today
used clinically as an effective first-line treatment in patients with metastatic HER2

positive BrCa (Guo et al., 2021, Loibl and Gianni, 2017).

Secondly, another possibility is that HSF1 effect in combination with these drugs is
highly specific to a sub-population/ phenotype of the cancer cells that are extremely
metastatic or resistant as alluded to in prior studies, for example cancer stem cells. Our
assay was limited by looking at the effects HSF1 inhibition has on the whole cell
population. The sub-populations in cancers are cells with enhanced fitness under harsh
environmental pressures encountered during cancer progression (Nguyen et al., 2016).
These cells may be harder to treat, more likely to contribute to the cancer initiating cells
(CIC) population as they are more resistance to selection pressures of tumourigenesis
and anticancer drugs. Therefore, if HSF1 is particularly effective in this situation then it
has yet been extensively studied and the assay used needs to tailor this influence of
HSF1 on the phenotype, rather than the current focus on enhancing drugs overall kill

power.

Future Direction and Conclusion

In conclusion, criticism for the HSF1 knockdown assay is while it makes me a good

screen to get a general idea of drug response and identification of large differences, it
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lacks both specificity and sensitivity. Instead, an xCELLigence system may offer a more
sensitive way of analysing the percentage of cell death. xCELLigence is a label-free
technology that can monitor cell number by changes in impedance on the electrodes in
E-plates, but it is expensive and will not be helpful learning about the specific population
that HSF1 knockdown may be effective to. Furthermore, while some findings were
insignificant this does not necessarily mean that treatment with HSF1 knockdown is
ineffective. Instead, maybe HSF1 needs to be combined with two or more drugs that has
already been known to have synergistic effect; this advanced multidimensional
combination can assess whether HSF1 knockdown further enhances cancer cell
sensitivity and potentiates toxicity. This hypothesis comes from the observation of
DMSO used at higher concentrations in vehicle control. Alternatively, as discussed it
would be interesting to follow up this assay with assays targeting the subpopulation of
cancer cells. HSF1 may be ineffective at increasing overall/ mass cell death and cannot
be accessed like this, rather due to its specificity may offer efficacy when targeting
harder to kills cells (e.g., cancer stem cells or MICS that could in fact be a smaller
population). Thus, an overall difference was not observed. Additionally, if the CIC
population is identified, there may also be benefits by looking at the role of HSF1 in
CIC/ MICS in-vivo, as this could give insight into recurrent tumours in a dynamic
organism. In terms of the HSE dual-luciferase reporter, the vector used in the study
contained four copies of the classical/ canonical HSE and maybe this is less relevant in
metastatic BrCa cells. Therefore, it will be interesting to generate a vector that has HSE
that are more specific to non-HSP modulation and thus to a non-canonical HSE to
compare with the current canonical HSE reporter and provide a different perspective of

HSF1 activities in cancer.
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Figure A1 Additional timepoints and vehicle controls versus no treatment group for
T47D inducible HSF1 knockdown cells treated with Lapatinib

Cell survivability graphs for T47D with HSF1 inducible knockdown cells at (A) 48 hours (B)
24 hours and (C) 0 hours cotreated with Lapatinib. (D) 72 hours Vehicle Controls (0.2% v/v
DMSO) compared to No Treatment (complete medium). Calculated IC50 values are
represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline [0.5ng/
ml], shRNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5ng/ ml], shRNA HSF1 Mir4
and shRNA HSF1 Mir4 + Doxycycline [0.5pg/ ml]. Expressed as mean + SD. n=6
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Figure A2 Additional timepoints and vehicle controls versus no treatment group for
MDA-MB-231 inducible HSF1 knockdown cells treated with Lapatinib

Cell survivability graphs for MDA-MB-231 with HSF1 inducible knockdown cells at (A) 48
hours (B) 24 hours and (C) 0 hours cotreated with Lapatinib. (D) 72 hours Vehicle Controls
(0.2% v/v DMSO) compared to No Treatment (complete medium). Calculated IC50 values
are represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline
[0.5png/ ml], shARNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5pg/ ml], shRNA
HSF1 Mir4 and shRNA HSF1 Mir4 + Doxycycline [0.5ug/ ml]. Expressed as mean + SD.
n=3
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Figure A3 Additional timepoints and vehicle controls versus no treatment group for
T47D inducible HSF1 knockdown cells treated with Crizotinib

Cell survivability graphs for T47D with HSF1 inducible knockdown cells at (A) 48 hours (B)
24 hours and (C) 0 hours cotreated with Crizotinib. (D) 72 hours Vehicle Controls (0.2% v/v
DMSO) compared to No Treatment (complete medium). Calculated IC50 values are
represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline [0.5ng/
ml], shRNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5ng/ ml], shRNA HSF1 Mir4
and shRNA HSF1 Mir4 + Doxycycline [0.5pg/ ml]. Expressed as mean + SD. n=4
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Figure A4 Additional timepoints and vehicle controls versus no treatment group for
MDA-MB-231 inducible HSF1 knockdown cells treated with Crizotinib

Cell survivability graphs for MDA-MB-231 with HSF1 inducible knockdown cells at (A) 48
hours (B) 24 hours and (C) 0 hours cotreated with Crizotinib. (D) 72 hours Vehicle Controls
(0.2% v/v DMSO) compared to No Treatment (complete medium). Calculated IC50 values
are represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline
[0.5png/ ml], shARNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5pg/ ml], shRNA
HSF1 Mir4 and shRNA HSF1 Mir4 + Doxycycline [0.5ng/ ml]. Expressed as mean + SD.
n=4
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Figure AS Additional timepoints and vehicle controls versus no treatment group for
T47D inducible HSF1 knockdown cells treated with Gefitinib

Cell survivability graphs for T47D with HSF1 inducible knockdown cells at (A) 48 hours (B)
24 hours and (C) 0 hours cotreated with Gefitinib. (D) 72 hours Vehicle Controls (0.2% v/v
DMSO) compared to No Treatment (complete medium). Calculated IC50 values are
represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline [0.5ng/
ml], shRNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5ng/ ml], shRNA HSF1 Mir4
and shRNA HSF1 Mir4 + Doxycycline [0.5pg/ ml]. Expressed as mean + SD. n=6
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Figure A6 Additional timepoints and vehicle controls versus no treatment group for
MDA-MB-231 inducible HSF1 knockdown cells treated with Gefitinib

Cell survivability graphs for MDA-Mb-231 with HSF1 inducible knockdown cells at (A) 48
hours (B) 24 hours and (C) 0 hours cotreated with Gefitinib. (D) 72 hours Vehicle Controls
(0.2% v/v DMSO) compared to No Treatment (complete medium). Calculated IC50 values
are represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline
[0.5png/ ml], shARNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5pg/ ml], shRNA
HSF1 Mir4 and shRNA HSF1 Mir4 + Doxycycline [0.5ng/ ml]. Expressed as mean + SD.
n=3
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Figure A7 Additional timepoints and vehicle controls versus no treatment group for
T47D inducible HSF1 knockdown cells treated with Pictilisib

Cell survivability graphs for T47D with HSF1 inducible knockdown cells at (A) 48 hours (B)
24 hours and (C) 0 hours cotreated with Pictilisib. (D) 72 hours Vehicle Controls (0.2% v/v
DMSO) compared to No Treatment (complete medium). Calculated IC50 values are
represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline [0.5ng/
ml], shRNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5png/ ml], shRNA HSF1 Mir4
and shRNA HSF1 Mir4 + Doxycycline [0.5pg/ ml]. Expressed as mean + SD. n=7
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Figure A8 Additional timepoints and vehicle controls versus no treatment group for
MDA-MB-231 inducible HSF1 knockdown cells treated with Pictilisib

Cell survivability graphs for MDA-MB-231 with HSF1 inducible knockdown cells at (A) 48
hours (B) 24 hours and (C) 0 hours cotreated with Pictilisib. (D) 72 hours Vehicle Controls
(0.2% v/v DMSO) compared to No Treatment (complete medium). Calculated IC50 values
are represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline
[0.5png/ ml], shARNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5pg/ ml], shRNA
HSF1 Mir4 and shRNA HSF1 Mir4 + Doxycycline [0.5ng/ ml]. Expressed as mean + SD.
n=3
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Figure A9 Additional timepoints and vehicle controls versus no treatment group for
T47D inducible HSF1 knockdown cells treated with Idelalisib

Cell survivability graphs for T47D with HSF1 inducible knockdown cells at (A) 48 hours (B)
24 hours and (C) 0 hours cotreated with Idelalisib. (D) 72 hours Vehicle Controls (0.2% v/v
DMSO) compared to No Treatment (complete medium). Calculated IC50 values are
represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline [0.5ng/
ml], shRNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5png/ ml], shRNA HSF1 Mir4
and shRNA HSF1 Mir4 + Doxycycline [0.5pg/ ml]. Expressed as mean + SD. n=6
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Figure A10 Additional timepoints and vehicle controls versus no treatment group for
MDA-MB-231 inducible HSF1 knockdown cells treated with Idelalisib

Cell survivability graphs for MDA-MB-231 with HSF1 inducible knockdown cells at (A) 48
hours (B) 24 hours and (C) 0 hours cotreated with Idelalisib. (D) 72 hours Vehicle Controls
(0.2% v/v DMSO) compared to No Treatment (complete medium). Calculated IC50 values
are represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline
[0.5png/ ml], shARNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5pg/ ml], shRNA
HSF1 Mir4 and shRNA HSF1 Mir4 + Doxycycline [0.5ng/ ml]. Expressed as mean + SD.
n=3

Page 214 of 228



200 —e- T-47Dns
— -8~ T-47Dns + Doxycycline
g 150
= —&— T-47DshHSF Imirl
£
48 hours Z 100 —¥ T-47DshHSFImirl + Doxycycline
3 T-47DshHSF Imir 4
X 50 T-47DshHSF Imir 4 + Doxycyline
! s
0 T T T T T T 1
d D D N
.@Q Q‘%Q & M
B Concentration of Doxorubicin (uM)
o~ T-47Dns
200 -#- T-47Dns + Doxycycline
T; 150 —&— T-47DshHSF I mirl
E —¥ T-47DshHSF1mirl + Doxycycline
2 4 hours 2 100 T-47DshHSF I mir 4
8 T-47DshHSF 1mir 4 + Doxycyline
X 50 \\
0 T T T T T T 1
d DO NN
S S S
N
N
Concentration of Doxorubicin (uM)
200
-o- T-47Dns
'§ 150 ~#- T-47Dns + Doxycycline
E —4— T-47DshHSF1mirl
O hours 2 100 —¥- T-47DshHSFImir1 + Doxycycline
8 i T-47DshHSF I mir 4
S 50 T-47DshHSF I mir 4 + Doxycyline
0 T T T T T T 1
d DO NN
S S8
N
N
Concentration of Doxorubicin (uM)
200+
@ T-47Dns
= 1504 B T-47Dns + Doxycycline
s
Controls < A T-47DshHSF1mirl
Z2 1001 mm e = ; ¥ T47DshHSFImirl + Doxycycline
(72 hOU.I'S) 3 T-47DshHSF 1 mir 4
X - T-47DshHSF I mir 4 + Doxycyline

T T
No Treatment Vehicle Control

IC,, Cell Survival (uM)
Cell Line T-47D

Time (Hours) 24 48
Non-silencing 26.78 0.68
Non-silencing + Doxycycline 34.29 0.23
shRNA HSF1 Mirl 30.03 0.63
shRNA HSF1 Mirl + Doxycycline 10.93 0.35
shRNA HSF1 Mir4 5.49 0.75
shRNA HSF1 Mir4 + Doxycycline 18.07 0.65

Page 215 of 228



Figure A11 Additional timepoints and vehicle controls versus no treatment group for
T47D inducible HSF1 knockdown cells treated with Doxorubicin

Cell survivability graphs for T47D with HSF1 inducible knockdown cells at (A) 48 hours (B)
24 hours and (C) 0 hours cotreated with Doxorubicin. (D) 72 hours Vehicle Controls (0.2%
v/v DMSO) compared to No Treatment (complete medium). Calculated IC50 values are
represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline [0.5ng/
ml], shRNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5ng/ ml], shRNA HSF1 Mir4
and shRNA HSF1 Mir4 + Doxycycline [0.5pg/ ml]. Expressed as mean + SD. n=3
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Figure A12 Additional timepoints and vehicle controls versus no treatment group for
MDA-MB-231 inducible HSF1 knockdown cells treated with Doxorubicin

Cell survivability graphs for MDA-MB-231 with HSF1 inducible knockdown cells at (A) 48
hours (B) 24 hours and (C) 0 hours cotreated with Doxorubicin. (D) 72 hours Vehicle Controls
(0.2% v/v DMSO) compared to No Treatment (complete medium). Calculated IC50 values
are represented in table according to cell conditions: non-silencing (ns), ns + Doxycycline
[0.5png/ ml], shARNA HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5pg/ ml], shRNA
HSF1 Mir4 and shRNA HSF1 Mir4 + Doxycycline [0.5ng/ ml]. Expressed as mean + SD.
n=3
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Figure A13 T47D inducible HSF1 knockdown cells treated with AZD8055

Cell survivability graphs for T47D with HSF1 inducible knockdown cells at (A) 72 hours and
(B) 0 hours cotreated with AZD8055. (C) 72 hours Vehicle Controls (0.2% v/v DMSO)
compared to No Treatment (complete medium). Hypothesised IC50 values are represented
in table according to cell conditions: non-silencing (ns), ns + Doxycycline [0.5ug/ ml], shRNA
HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5ng/ ml], shRNA HSF1 Mir4 and shRNA
HSF1 Mir4 + Doxycycline [0.5ug/ ml]. Expressed as mean + SD. n=2
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Figure A14 T47D inducible HSF1 knockdown cells treated with MK-2206

Cell survivability graphs for T47D with HSF1 inducible knockdown cells at (A) 72 hours and
(B) 0 hours cotreated with MK-2206. (C) 72 hours Vehicle Controls (0.2% v/v DMSO)
compared to No Treatment (complete medium). Hypothesised IC50 values are represented
in table according to cell conditions: non-silencing (ns), ns + Doxycycline [0.5ug/ ml], shRNA
HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5ng/ ml], shRNA HSF1 Mir4 and shRNA
HSF1 Mir4 + Doxycycline [0.5ug/ ml]. Expressed as mean + SD. n=2
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Figure A15 T47D inducible HSF1 knockdown cells treated with AUY922

Cell survivability graphs for T47D with HSF1 inducible knockdown cells at (A) 72 hours and
(B) 0 hours cotreated with AUY922. (C) 72 hours Vehicle Controls (0.2% v/v DMSO)
compared to No Treatment (complete medium). Hypothesised IC50 values are represented
in table according to cell conditions: non-silencing (ns), ns + Doxycycline [0.5ug/ ml], shRNA
HSF1 Mirl, shRNA HSF1 Mirl + Doxycycline [0.5ng/ ml], shRNA HSF1 Mir4 and shRNA
HSF1 Mir4 + Doxycycline [0.5ug/ ml]. Expressed as mean + SD. n=2
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APPENDIX 2 Tables of Significance for the Anticancer Drugs tested.
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Table A1 Doxorubicin

[ T-47D MDA-MB-231
redicted (LS) elow Adjusted elow Adjusted
Tukey's multiple comparisons test Eean . .00% CI of diff. khreshold mmary [P Value Mean Diff. 95.00% CI of diff. khreshold mmary [P Value
ICell Line ICompared to
Non-silencing + Doxycycline 8.708] -6.603 to 24.02] N ns| 0.5614] -3.875[17.26 t0 9.505 [J 0.9588
shRNA HSF1 Mirl 2.083] -13.23 to 17.39) N ns| 0.9987] 1.708}-11.67 to 15.09 0 0.9991
INon-silencing 13.67] -3.451to 30.78 N ns|  0.1939 4.917}-8.464 to 18.30 0 0A892_6|
0.9167| -16.20 to 18.03) N ns| >0.9999 4.2929.089 to 17.67 0 0.937
20.08 4.772 to 35.39) Yes| ** 0.0033 6.292}-7.089 to 19.67 0 0.7462)
-6.625]  -21.94 to 8.686 N ns| 0.8037] 5.5831-7.797 to 18.96 0 0.8293)
Doxorubicin [Non-silencing + Doxycycline 4.958] -12.16 to 22.08 N ns| 0.9578] 8.7921-4.589 t0 22.17 0 0.402)
-7.792|  -24.91 to 9.326 Noj ns| 0.7681 8.167-5.214 to 21.55 0 0.4866|
11.38]  -3.936 to 26.69) N ns| 0.2636] 10.171-3.214 to 23.55 o 0.243)
11.58] -5.535 to 28.70) N ns| 0.3652] 3.208}-10.17 to 16.59 0 0.9818
shRNA HSF1 Mirl -1.167] -18.28 to 15.95 N ns| >0.9999 2.58310.80 to 15.96 0 0.9932)
18.00] 2.689 to 33.31 Ye: *0.0118 4.5831-8.797 to 17.96 o 0.9181
. . -12.75]  -31.50 to 6.002 N ns| 0.3598 -0.625114.01 to 12.76 0 0.9999
ShRNA HSFI Mirl + Doxycycline 6417 -10.70 10 23.53 No| q 0.882) 1.375[12.01 to 14.76__|No 0.9997
|sShRNA HSF1 Mir4 19.17] 2.049 to 36.28] Ye_sl * 0.0191 2}-11.38to 15.38 0 0.998
Table A2 Crizotinib
T-47D MDA-MB-231
clow |Adjusted clow |Adjusted
[Tukey's multiple comparisons test [Mean Diff. [95.00% CI of diff. Ezlreshold? Summary [P Value ean Diff. [95.00% CI of diff. threshold? [Summary |P Value
(Cell Line Compared to
on-silencing + Doxycycline 11.44}-2.797 to 25.67 [ s 0.1925] -3.25-13.69 to 7.186 o s 0.946)
shRNA HSF1 Mirl 3.5941-10.64 to 17.83 o ns 0.978] 0.8438]-9.592 to 11.28 o S 0.9999
on-silencing shRNA HSF1 Mirl + Doxycycline 12-2.235 t0 26.23 [} s 0.1513] -2.969|-13.40 to 7.467 [ S 0.9631
shRNAHSF1 Mir4 21.25[7.015t035.48  [Yes el 0.0004 -12.721-23.15t0 -2.283 _ |Yes o 0.0075
shRNA HSF1 Mir4 + Doxycycline 9.344-4.891 to 23.58 o s 0.4088] -4.219|-14.65 t0 6.217 [\ S 0.8514
shRNA HSF1 Mirl -7.8441-22.08 to 6.391 0 ns 0.6054 4.094/-6.342 to 14.53  [No s 0.8668
Crizotinib [Non-silencing + Doxycycline shRNA HSF1 Mirl + Doxycycline 0.5625}-13.67 to 14.80 o s 0.9999 0.2813}-10.15 t0 10.72 0 S >0.9999
shRNA HSF1 Mir4 9.8131-4.422 to 24.05 0 s 0.3525 -9.469/-19.90 t0 0.9671 [No s 0.0989
shRNA HSF1 Mir4 + Doxycycline -2.094116.33 to 12.14 o ns 0.9982] -0.9688]-11.40 t0 9.467 _ [No S 0.9998
shRNA HSF1 Mirl + Doxycycline 8.406|-5.828 to 22.64 o s 0.5303] -3.813}-14.25 t0 6.623 [\ S 0.898)
hRNAHSF1 Mirl shRNAHSF1 Mir4 17.66[3.422 t0 31.89  [Yes [k 0.0061] -13.561-24.00 to -3.127 _ [Yes o 0.0034
shRNA HSF1 Mir4 + Doxycycline 5.75-8.485 t0 19.98 o S 0.8518] -5.063}-15.50 to 5.373 0 S 0.7263
KhRNAHSF1 Mirl + Doxyeycline shRNA HSF1 Mir4 9.25-4.985 t0 23.48 0 s 0.4205 -9.751-20.19 t0 0.6858 |No s 0.0817
sShRNA HSF1 Mir4 + Doxycycline -2.656]-16.89 to 11.58 o ns 0.9945! -1.25|-11.69 to 9.186 o S 0.9993!
[shRNA HSF1 Mir4 shRNA HSF1 Mir4 + Doxycycline -11.91}-26.14 to 2.328 [} S 0.1576] 8.51-1.936 to 18.94 [\ S 0.1803]
Table A3 Gefitinib
T-47D MDA-MB-231
[Below |Adjusted Below |Adjusted
[Tukey's multiple comparisons test ean Diff. [95.00% CI of diff. |threshold? [Summary [P Value ean Diff. [95.00% CI of diff. |threshold? [Summary [P Value
(Cell Line ICompared to
on-silencing + Doxycycline -7.146}-15.69 to 1.402 0 0.1598 -5.3331-19.88 t0 9.214 o N 0.8935)
hRNAHSF1 Mirl -4.604]-13.15 t0 3.944 o 0.6339) -6.9171-21.46 t0 7.630 _ [No S 0.7372]
on-silencing shRNA HSF1 Mirl + Doxycycline -1]-9.548 to 7.548 [ 0.9994; -6.333}-20.88 t0 8.214 [ S 0.8025}
hRNA HSF1 Mir4 -5.208]-13.76 to 3.340 (] 0.4999) 0.2917}-14.26 to 14.84 _ |No S 0.9999
ShRNA HSF1 Mir4 + Doxycycline -2.479}-11.03 to 6.069 o 0.9611 -4}-18.55 to 10.55 [ Ins 0.9669
hRNA HSF1 Mirl 2.542]-6.006 to 11.09 0 0.9567} -1.5831-16.13 t0 12.96 o S 0.9996
Gefitinib [Non-silencing + Doxycycline ShRNA HSF1 Mirl + Doxycycline 6.14ﬂ-2.402 to 14.69 o 0.309) -1-15.55 t0 13.55 0 Ins 0.9999
hRNA HSF1 Mir4 1.9381-6.611 to 10.49 0 0.9869 5.6251-8.922 t0 20.17 o S 0.8701!
shRNA HSF1 Mir4 + Doxycycline 4.667]-3.881 to 13.21 o] 0.6202, 1.333]-13.21 to 15.88 0 Ins 0.9998]
hRNA HSF1 Mirl + Doxycycline 3.604-4.944 to 12.15 0 0.8311 0.5833}-13.96 to 15.13 o S 0.9999
IsShRNAHSF1 Mirl shRNA HSF1 Mir4 -0.6042[-9.152 to 7.944 o 0.9999 7.208}-7.339 t0 21.76 [\ Ins 0.702]
hRNA HSF1 Mir4 + Doxycycline 2.1251-6.423 to 10.67 0 0.9801 2.917111.63 to 17.46 o s 0.9919
. . |sShRNAHSFI Mir4 -4.208]-12.76 to 4.340 o 0.7183) 6.6251-7.922 t0 21.17 o Ins 0.7708]
NRNAHSFIMirl + Doxyeycline [ rNAHSFI Mird + Doxyeyeline | -1.479-10.03 10 7069 _|No 0.9962 2.333[122110 1688 _|No s 0.997)
[sShRNA HSF1 Mir4 shRNA HSF 1 Mir4 + Doxycycline 2.729|-5.819 to 11.28 o 0.9418 -4.292|-18.84 to 10.26 [ Ins 0.9554]
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Table A4 Idelalisib

T-47D MDA-MB-231
clow elow |Adjusted
[Tukey's multiple comparisons test [Mean Diff. [95.00% CI of diff. [threshold? ean Diff. [95.00% CI of diff. &hold? Summary [P Value
(Cell Line ICompared to
on-silencing + Doxycycline -3.700]  -13.86 to 6.457] No 1.75/-9.031 to 12.53 [ 0.997]
hRNAHSF1 Mirl -6.325| -16.48 to 3.832) No 3.167]-7.615 to 13.95 o 0.9562]
on-silencing hRNA HSF1 Mirl + Doxycycline 2.025] -8.132 to 12.18 No 2.417|-8.365 to 13.20 [ 0.9866]
hRNAHSF1 Mir4 -3.725| -13.88 to 6.432) No -3.5-14.28 to 7.281 o 0.9339]
hRNA HSF1 Mir4 + Doxycycline -8.925| -19.08 to 1.232] No| -4.51-15.28 to 6.281 [ 0.8291
hRNAHSF1 Mirl -2.625|  -12.78 to 7.532] Noj 1.417]-9.365 to 12.20 o 0.9989
Idelalisib [Non-silencing + Doxycycline hRNA HSF1 Mirl + Doxycycline 5.725  -4.432 to 15.8§] No 0.6667|-10.11 to 11.45 o 0.9999
hRNAHSF1 Mir4 -0.02500/  -10.18t0 10.13 No -5.25|-16.03 to 5.531 0 0.7172)
hRNA HSF1 Mir4 + Doxycycline -5.225| -15.38 t0 4.932) No -6.25|-17.03 to 4.531 o 0.5445|
hRNA HSF1 Mirl + Doxycycline 8.350] -1.807to 18.51 Noj -0.75-11.53 to 10.03 o 0.9999
ShRNA HSF1 Mirl hRNAHSF1 Mir4 2.600] -7.557 to 12.76] No -6.667|-17.45 to 4.115 [} 0.4718]
hRNA HSF1 Mir4 + Doxyeycline -2.600]  -12.76 to 7.557 No -7.6671-18.45 t0 3.115 0 0.3128
. . hRNAHSF1 Mir4 -5.750]  -15.91 to 4.407 Noj -5.917]-16.70 to 4.865 [} 0.6032]
ShRNAHSF1 Mirl + Doxyeycline [} » 1a HSF1 Mir4 1 Doxyeyline 10.95] 211110 -0.7931 Yes| 6.9171-17.70 10 3.865__[No 0.4295
|[sShRNA HSF1 Mir4 hRNAHSF1 Mir4 + Doxycycline -5.200]  -15.36 to 4.957] Nd -1]-11.78 t0 9.781 [} 0.9998]
Table AS Lapatinib
T-47D MDA-MB-231
clow |Adjusted clow |Adjusted
[Tukey's multiple comparisons test [Mean Diff. [95.00% CI of diff. |threshold? [Summary |P Value [Mean Diff. [95.00% CI of diff. Ehreshold? Summary [P Value
(Cell Line ICompared to
on-silencing + Doxycycline -2.229}-9.080 to 4.621 [J 0.9371 2.750] -8.387 to 13.89| No| ns| 0.9793
shRNA HSF1 Mirl 1.667|-5.184 t0 8.517  [No 0.9819 9.542]  -1.595 to 20.68| N ns| 0.1369
on-silencing sShRNA HSF1 Mirl + Doxycycline -0.7083}-7.559 to 6.142 [ 0.9997] -2.708]  -13.85 to 8.429 N ns| 0.9807|
shRNA HSF1 Mir4 -2.5211-9.371t0 4330 [No 0.8977 0.5000]  -10.64 to 11.64 N ns| >0.9999]
shRNA HSF1 Mir4 + Doxycycline -4.833]-11.68 t0 2.017 0 0.3302] -11.79] -22.93 to -0.6545 Yes| *__0.0315)
shRNA HSF1 Mirl 3.896]-2.955 to 10.75 [ 0.577, 6.792) -4.3451t017.93 N ns| 0.4876]
Lapatinib [Non-silencing + Doxycycline ShRNAHSF1 Ml:rl + Doxycycline 1.521]-5.330t0 8.371  [No 0.988 -5.458]  -16.60 to 5.679) No ns| 0.7117
shRNA HSF1 Mir4 -0.2917}-7.142 to 6.559 o 0.9999 -2.250]  -13.39 to 8.887 N ns| 0.9916
shRNA HSF1 Mir4 + Doxycycline -2.604-9.455 t0 4.246 __ [No 0.8842) -14.54]  -25.68 to -3.405 Yes| **|0.0034
shRNA HSF1 Mirl + Doxycycline -2.375|-9.226 to 4.476 o 0.9189) -12.25| -23.39to -1.113) Y% *l 0.0224]
ShRNAHSF 1 Mirl ShRNA HSF | Mird 4188/ 11.04 102,663 [No 0.4962) 9.042] -20.18 t0 2.095| N [EI 0.1807
sShRNA HSF1 Mir4 + Doxycycline -6.51-13.35 t0 0.3505 _[No 0.0739 -21.33| -32.47 to -10.20) Ye_zI k¥ <0.0001
ShRNAHSF1 Mirl + Doxycycline ShRNAHSF1 M]:.l'4 i -1.812]-8.663 to 5.038 o 0.9738] 3.208]  -7.929 to 14.35) N j 0.9597]
shRNA HSF1 Mir4 + Doxycycline -4.1251-10.98 to 2.726 0 0.5134 -9.083]  -20.22 to 2.054] No| ns| 0.1767]
[sShRNA HSF1 Mir4 shRNA HSF1 Mir4 + Doxycycline -2.313]-9.163 to 4.538 o 0.9271 -12A29| -23.43to -1.155 Yej *0.0217
Table A6 Pictilisib
T-47D MDA-MB-231
Below Adjusted Adjusted
[Tukey's multiple comparisons test [Mean Diff. [95.00% CI of threshold? [Summary |P Value P Value
Cell Line ICompared to
on-silencing + Doxycycline -0.7321}-6.502 to 5.037 [ 0.9992, -1.625}-8.238 t0 4.988  [No 0.9797,
hRNA HSF1 Mirl 2.446}-3.323 t0 8.216 o 0.8286} -0.66671-7.279 to 5.946 o 0.9997
INon-silencing hRNAHSF1Mirl + Doxycycline -2.161}-7.930 to 3.609 [\ 0.8912, 3.708-2.904 t0 10.32  [No 0.5804]
hRNA HSF1 Mir4 0.6607-5.109 to 6.430 o 0.9995 2.917-3.696 to 9.529 o 0.7937
hRNA HSF1 Mir4 + Doxycycline -3.161}-8.930 t0 2.609 _ |[No 0.6179) 0.25-6.363 t0 6.863  |[No 0.9999
hRNA HSF1 Mirl 3.1791-2.591 to 8.948 o 0.612] 0.9583}-5.654 to 7.571 o 0.9983
Pictilisi . . hRNAHSF1Mirl + Doxycycline -1.429-7.198 t0 4.341 __|[No 0.9806) 5.3331-1.279t0 11.95  [No 0.1865)
ictilisib [Non-silencing + Doxycycline .
hRNA HSF1 Mir4 1.3931-4.377 t0 7.162 [ 0.9827, 4.5421-2.071to 11.15 [\ 0.3515)
hRNA HSF1Mir4 + Doxycycline -2.429,-8.198 t0 3.341 _ |[No 0.8329) 1.875|-4.738 to 8.488  [No 0.9623)
hRNA HSF1 Mirl + Doxycycline -4.6071-10.38 t0 1.162  [No 0.2011 4.3751-2.238 t0 10.99  [No 0.3941
ShRNA HSF1 Mirl hRNA HSF1 Mir4 -1.786]-7.555t0 3.984  |[No 0.9492 3.583}-3.029 to 10.20 [ 0.6163)
hRNA HSF1 Mir4 + Doxycycline -5.6071-11.38 t0 0.1625 [No 0.0622 0.9167}-5.696 to 7.529 _ |[No 0.9986
. . hRNA HSF1 Mir4 2.821}-2.948 t0 8.591  |[No 0.7252, -0.7917|-7.404 to 5.821 o 0.9993)
ShRNAHSFI Mirl ~ Doxyeycline | RNAHSFI Mird + Doxycyeline -1[6.770 10 4770 __|No 0.9962 -3.458}10.07 10 3.154__|No 0.6518
[ShRNA HSF1 Mir4 hRNAHSF1 Mir4 + Doxycycline -3.821}-9.591 t0 1.948  |No 0.4041 -2.6671-9.279 to 3.946 o 0.8487,
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Table A8 MK-2206
T-47D
Tukey's multiple comparisons test |Mean Diff. [95.00% CI of diff. [Below threshold? [Summary |Adjusted P Value
Cell Line ICompared to
INon-silencing + Doxycycline 8.188]-5.598 10 21.97  [No ns 0.4987,
ShRNAHSF1 Mirl 10]-3.785t023.79  [No ns 0.2786)
INon-silencing ShRNAHSF1 Mirl + Doxycycline 9.063|-4.723 t0 22.85  [No ns 0.3849,
shRNAHSF1 Mir4 -5.188]-18.97 t0 8.598  |No ns 0.872]
ShRNA HSF 1 Mir4 + Doxycycline 7.51-6.285t021.29  |No ns 0.5931
ShRNAHSF1 Mirl 1.813]-11.97 t0 15.60  [No ns 0.9988]
MK-2206|Non-silencing + Doxycycline ShRNAHSF1 M%rl + Doxycycline 0.875|-12.91 t0 14.66 _ [No ns >0.9999
shRNAHSF1 Mir4 -13.38]-27.16 t0 0.4103 _|No ns 0.0619,
shRNA HSF1 Mir4 + Doxycycline -0.6875[-14.47 t0 13.10 __ [No ns >0.9999
shRNAHSF1 Mirl + Doxycycline -0.9375[-14.72 t0 12.85  [No ns >0.9999
ShRNAHSF1 Mirl shRNAHSF1 Mir4 -15.19]-28.97 to -1.402 _ |Yes * 0.0231
ShRNA HSF 1 Mir4 + Doxycycline -2.5-16.29t0 11.29  [No ns 0.9943
ShRNAHSF 1 Mirl + Doxycycline SshRNAHSF1 Mi1r4 : -14.25|-28.04 to -0.4647 |Yes * 0.039,
ShRNA HSF 1 Mir4 + Doxycycline -1.563|-15.35t0 12.22  [No ns 0.9994
shRNAHSF1 Mir4 shRNA HSF1 Mir4 + Doxycycline 12.69-1.098 t0 26.47  [No ns 0.0875
Table A7 AZD8055
T-47D
Tukey's multiple comparisons test |Mean Diff. [95.00% CI of diff. [Below threshold? [Summary [Adjusted P Value
Cell Line Compared to
INon-silencing + Doxycycline -6.125]-20.79 to 8.541 INo ns 0.8153
ShRNAHSF1 Mirl 7.25[-7.416t021.92  [No ns 0.6863
Non-silencing shRNA HSF1 Mirl + Doxycycline -2.75-17.42t011.92  |[No ns 0.9933]
shRNAHSF1 Mir4 -2.875-17.54t0 11.79  [No ns 0.9918
ShRNA HSF1 Mir4 + Doxycycline -9.438]-24.10 t0 5.229  [No ns 0.4089]
ShRNAHSF1 Mirl 13.38]-1.291 t0 28.04  |No ns 0.0925
AZDS8055 [Non-silencing + Doxycycline ShRNAHSF1 M%rl + Doxycycline 3.375[-11.29 to 18.04  |No ns 0.983]
shRNAHSF1 Mir4 3.25-11.42t017.92  [No ns 0.9857]
shRNA HSF1 Mir4 + Doxycycline -3.313-17.98 to 11.35  [No ns 0.9844
ShRNA HSF1 Mirl + Doxycycline -10]-24.67 t0 4.666  [No ns 0.3446)
ShRNAHSF1 Mirl shRNA HSF1 Mir4 -10.13]-24.79 to 4.541  [No ns 0.331
shRNAHSF1 Mir4 + Doxycycline -16.69|-31.35 t0 -2.021 _ [Yes * 0.0173
ShRNAHSF1 Mirl + Doxycycline shRNAHSF1 M%r4 : -0.125|-14.79 to 14.54  [No ns >0.9999
ShRNA HSF1 Mir4 + Doxycycline -6.688]-21.35t07.979  |No ns 0.7539
shRNAHSF1 Mir4 shRNA HSF1 Mir4 + Doxycycline -6.563|-21.23 t0 8.104  [No ns 0.7682]
Table A9 AUY922
T-47D
Tukey's multiple comparisons test |Mean Diff. [95.00% CI of diff. |Below threshold? |[Summary |Adjusted P Value
Cell Line Compared to
INon-silencing + Doxycycline -3.625]-26.90 to 19.65 INo ns 0.9972f
shRNAHSF1 Mirl 9.438]-13.84t0 32.72  |No ns 0.8331
[Non-silencing ShRNA HSF1 Mirl + Doxyeycline -2.625|-25.90 t0 20.65  [No ns 0.9994
shRNAHSF1 Mir4 11.13-12.15t0 3440 |No ns 0.7159
shRNAHSF1 Mir4 + Doxycycline -0.0625|-23.34 t0 23.22 _ |No ns 0.9999
shRNAHSF1 Mirl 13.06/-10.22 t0 36.34  |No ns 0.56006]
AUY922|{Non-silencing + Doxycycline shRNAHSF1 M%rl + Doxycycline 1/-22.28 to 24.28 No ns 0.9999
shRNAHSF1 Mir4 14.75|-8.528 t0 38.03  |No ns 0.4262]
shRNA HSF1 Mir4 + Doxycycline 3.563|-19.72 t0 26.84  |No ns 0.9974
shRNAHSF1 Mirl + Doxycycline -12.06[-35.34t0 11.22  [No ns 0.6421
shRNA HSF1 Mirl shRNAHSF1 Mir4 1.688]-21.59t0 24.97  |No ns 0.9999
shRNA HSF 1 Mir4 + Doxycycline -9.5-32.78 to 13.78 INo ns 0.8293
ShRNAHSF1 Mirl + Doxycycline shRNAHSF1 Mir4 13.75|-9.528 t0 37.03  |No ns 0.5048)
shRNA HSF1 Mir4 + Doxycycline 2.5631-20.72 t0 25.84  |No ns 0.9995)
shRNAHSF1 Mir4 shRNA HSF1 Mir4 + Doxycycline -11.19[-34.47 t0 12.09  [No ns 0.7111
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APPENDIX 3 Western blots of mTOR and AKT associated proteins
with induced HSF1 knockdown
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Figure A16 mTOR and AKT protein levels in T47D cells with HSF1 Knockdown

Western blot for HSP90a, AKT [T308/ pan(total)], P70s6 and GSK3-f, are related markers of
mTOR and AKT pathways in inducible HSF1 knockdown T47D cells. Cell conditions: (R-)
non-silencing (renilla), (R+) ns + Doxycycline [0.5ug/ ml], (M1-) shRNA HSF1 Mirl, (M1+)
shRNA HSF1 Mirl + Doxycycline [0.5ug/ ml], (M4-) shRNA HSF1 Mir4 and (M4+) shRNA
HSF1 Mir4 + Doxycycline [0.5ug/ ml].). n=3.
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Figure A17 mTOR and AKT protein levels in MDA-MB-231 cells with HSF1 Knockdown

Western blot for HSP90a, AKT [T308/ pan(total)], P70s6 and GSK3-f, are related markers of
mTOR and AKT pathways in inducible HSF1 knockdown MDA-MB-231 cells. Cell
conditions: (R-) non-silencing (renilla), (R+) ns + Doxycycline [0.5ug/ ml], (M1-) shRNA
HSF1 Mirl, (M1+) shRNA HSF1 Mirl + Doxycycline [0.5¢g/ ml], (M4-) siRNA HSF1 Mir4
and (M4+) shRNA HSF1 Mir4 + Doxycycline [0.5ug/ ml].). n=3.
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