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Abstract

Prostate cancer (PCa) cells grow in an environment which is known to cause
endoplasmic reticulum (ER) stress. This activates a process called the unfolded
protein response (UPR) which PCa utilises in order to survive and adapt to the adverse
environmental conditions. Using interdisciplinary approaches and tissue culture
models representing different stages of PCa, this project investigated the link between
the UPR and the key oncogenic driver of PCa, the androgen receptor. It has been
observed that hormone responsive PCa utilises all three UPR arms in order to promote
ER homeostasis and cell survival. The importance of the UPR during the progression
of PCa to the castrate resistant stage was also assessed. Interestingly, UPR signalling
was inactivated in castrate-resistant models of PCa, and the cells were instead
dependent on the ER-associated degradation (ERAD) pathway in order to resolve the
stress and survive. These findings have identified potential UPR vulnerabilities that

can be targeted to prevent disease progression.

Little is known about the structure and interaction partners of the UPR sensor
ATFG, as protein expression has been shown to be problematic. To resolve this issue
a stable tetracycline-inducible HEK293S GnTI(-) cell line for the expression of ATF6
was generated and mass spectrometry performed to characterise the ATF6
interactome. Sixty novel interaction partners of ATF6 were identified, most of which
are associated with the cytoskeleton, such as Spectrin B-Il and p195, which were
validated by immunoblotting. It is hoped that the use of this modified expression
system will provide an advantage in the process of expression, solubilisation and

structure determination of ATF6 and of other membrane proteins.
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Chapter 1: Introduction

1.1 The prostate

The prostate is a walnut-sized secretory gland in the male reproductive system
which helps in the production of semen (Moore et al., 2011). Itis localised at the base
of the bladder and it is anatomically divided into four regions: the peripheral zone
(comprises 70% of glandular tissue and most carcinomas arise from this area), the
central zone (surrounds the ejaculatory ducts and comprises 25% of the glandular
tissue), the transition zone (surrounds the urethra and comprises 5-10% of the
glandular tissue; it is also the site of origin of benign prostatic hyperplasia) and finally,
the anterior fiboromuscular stroma — which is a non-glandular tissue that surrounds
the anterior surface of the three glandular regions (Figure 1.1a) (McNeal, 1981, Verze

et al., 2016).

Structurally, the prostate is formed of glandular elements embedded in a
fiboromuscular stroma. The glandular elements consist of a secretory layer — which is
responsible for the production of several factors found in the seminal fluid, such as
prostate specific antigen (PSA), prostatic acid phosphatase and human kallikrein-2;
and a basal layer — which is made of cuboidal epithelial and neuroendocrine cells
that support the secretory layer. The basal layer is then lined by a basement layer
which separates the basal cells from the stroma (Figure 1.1b) (Verze et al., 2016).
The stroma that encapsulates the prostate consists of collagen, elastin and smooth
muscles - which upon ejaculation, contract and force the prostatic fluid into the
urethra (Aumuller and Seitz, 1990). The prostatic fluid plays a major role in male
fertility as it triggers the molecular pathways involved in ejaculation and regulates

proteins that activate sperm maturation and capacitation (Verze et al., 2016).
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Figure 1.1 Gross and microscopic anatomy of the prostate.

A. The prostate has three main zones: the central zone, transition zone and the peripheral zone. B.
Microscopic structure of the prostate. The glandular epithelium, composed of the secretory layer and

the basal layer, is embedded in the fiboromuscular stroma. From (Verze et al., 2016).
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1.1.1 Endocrine control of the prostate

In order to maintain endocrine homeostasis, the prostate is regulated by the
central nervous system through the hypothalamus and pituitary glands (de Lecea et
al., 1998, Sandberg, 1980). Hormones secreted by the pituitary gland, such as
luteinizing hormone (LH), follicle stimulating hormone (FSH) and prolactin, control
prostatic physiology and anatomy. For example, prolactin plays a role in prostatic
growth, function and integrity and the LH regulates testosterone synthesis in the

testes (Sandberg, 1980).

Androgens, such as testosterone, are the male sex hormones that are part of
the steroid hormone family. They are produced in the testes and adrenal glands and
play a crucial role in prostate biology (Evans, 1988). The prenatal development of the
prostate is dependent on androgens, and in adults, they promote the survival of
secreting epithelia and maintain the functional state of the gland (Heinlein and Chang,
2004, Wilding, 1995). Androgens are also responsible for the development of internal
and external genitalia and, during puberty, for the development of secondary sexual
characteristics, such as increased skeletal muscle bulk, voice deepening and axillary
and pubic hair growth. Reduced levels of androgens have been associated with
infertility, whilst increased levels of androgens were found to increase the risk of

developing prostate cancer (PCa) (Dart et al., 2013).

1.1.2 Diseases of the prostate

The prostate can be affected by a number of diseases, both benign and
malign. Examples of such diseases include prostatitis, benign prostatic hyperplasia
(BPH) and PCa (Verze et al., 2016). Prostatitis is an inflammation of the prostate
that affects 11-13% of adult men, with 5- 10% of the cases being caused by bacterial

strains (Wagenlehner et al., 2013, Roberts et al., 1997). It can be classified into four
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categories: acute bacterial prostatitis, chronic bacterial prostatitis, inflammatory or
non-inflammatory chronic pelvic pain syndrome and asymptomatic inflammatory
prostatitis (Nickel, 2003). Regardless of its cause or type, prostatic inflammation
can affect male fertility and remains a possible predisposing factor for the

development of BPH and PCa (Verze et al., 2016).

Benign prostatic hyperplasia (BPH) is an enlargement of the prostate that is
more common in older men, affecting 8% of men in their forties, more than 50% aged
over 60 and 90% of men over 80 years. When the benign enlargement compresses
the prostatic urethra, it obstructs the urine flow, leading to the development of lower
urinary tract symptoms (LUTS) which are characterised by bothersome voiding. BPH
can lead to acute or chronic urinary retention that could cause serious medical
complications, such as renal failure, recurrent urinary tract infection, bladder calculi
and haematuria. Patients are therefore carefully examined in order to receive the
correct treatment, with the standard treatment being the surgical removal of the
obstructing tissue (Thorpe and Neal, 2003).

1.2 Prostate cancer (PCa)

In 1853, a surgeon from The London Hospital discovered “a very rare disease”
during a histological examination. The condition he discovered became the first
recorded case of PCa (Denmeade and Isaacs, 2002). Over a century and a half later,
PCa has become a major health problem, being the most common malignancy in
men and the second most common form of cancer in the UK. It accounts for 13% of
all new cases of cancer, with 1 in 8 men being diagnosed with the disease during

their lifetime (Attard et al., 2016).
Although PCa has not been linked to any preventable risk factors (CRUK,
2014), the risk of developing the disease depends on factors such as age, ethnicity,
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a previous cancer, family history and genetics. PCa is more common in older men,
being rarely diagnosed in men under 50 (CRUK, 2015). It has also been shown that
the incidence of PCa is at least 50% higher in black-African men than in other racial
and ethnic groups (Greenlee et al., 2001). On the other hand, Asian populations have
a significantly lower incidence of PCa compared with the Western populations.
Interestingly, men who have emigrated to the Western nations have an increased risk
of developing the disease, which suggests a possible environmental or dietary effect
(Denmeade and Isaacs, 2002). Furthermore, patients who have had a previous
cancer, such as kidney, bladder, lung, thyroid or melanoma skin cancer, have a

slightly increased risk of developing PCa (CRUK, 2015).

Another established risk factor for PCa is a family history of the disease.
Studies have shown that first-degree relatives of men with PCa have double the risk
of developing the disease than the general population. Moreover, the risk is four times
higher for the first-degree relatives of men that have been diagnosed with the disease
younger than 60 years. Other genetic factors that influence the risk of getting the
disease include the PCa predisposition gene HOXB13 and the rare germline BRCA2
mutations from families with increased rates of breast and ovarian cancer; these
mutations can increase the risk of developing PCa up to seven times (reviewed in

(Attard et al., 2016).

1.2.1 PCa screening

The prostate-specific antigen (PSA) test measures the amount of PSA present
in the blood stream and has been used to aid disease diagnosis since 1994
(Greenlee et al., 2001). PSA is a 33-kDa serine protease, part of the glandular
kallikreins family, that is synthesized in the epithelial cells of the prostate. It is
secreted into the glandular ducts where it prevents the coagulation of semen by
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digesting the seminal vesicle protein, seminogelin (Lilja, 1985, Henttu and Vihko,
1994). The androgen receptor (AR) regulates PSA gene expression through three
androgen response elements, located in the PSA promoter (Heinlein and Chang,
2004) and increases its expression, whilst epidermal growth factor and activation of

protein kinase C decreases PSA expression (Henttu and Vihko, 1994).

Under normal conditions, PSA does not escape from the prostate capsule and
therefore PSA levels in the blood are undetectable. However, under certain
circumstances, PSA can leak from the ducts into the prostatic extracellular fluid and
enter the blood stream. As PCa progresses, the malignant cells affect the normal
structure of the ducts and PSA is able to enter the circulation. Higher levels of PSA
can therefore be detected in the blood. PSA testing is able to distinguish between
cancer-free controls, localised disease and the metastatic stages of the disease
(Heinlein and Chang, 2004, Lilja et al., 2008). However, increased serum
concentrations of PSA are not specific to PCa, as they are also found in patients with
BPH; this has led to over-diagnosis and the treatment of insignificant PCa cases (Lilja
et al., 2008, Henttu and Vihko, 1994). There is therefore no national screening

programme for PCa running in the UK (CRUK, 2016a).

1.2.2 Types of PCa. Gleason score.

Depending on the type of cell where the cancer originated, PCa can be
classified into different types: acinar adenocarcinoma —the most common type of PCa
and develops in the gland cells that line the prostate gland; ductal adenocarcinoma
— develops in the cells that line the ducts of prostate gland; transitional cell cancer —
develops in the cells that line the urethra and normally starts in the bladder and then
spreads into the prostate; squamous cell cancer - originates in the cells that cover

the prostate and tends to spread quickly; and finally, the small cell PCa which is a
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type of neuroendocrine cancer (CRUK, 2016b).

Upon histological examination of prostatic tissue, which was obtained from a
biopsy or radical prostatectomy, the diagnosis of PCa can be confirmed only if the
basal cell layer is lost. Gleason histologic grading system is based on the glandular
differentiation and pattern of tumour growth in the prostatic stroma. The patterns of
tumour are classified from the most differentiated (Gleason 1) to the least
differentiated (Gleason 5) (Figure 1.2). The scores of the two most abundant patterns
of tumour are then added to obtain the Gleason score (H Lee et al., 2011) (H Lee et
al., 2011).

1.3 Androgen Receptor (AR) as the key oncogenic driver of PCa

The normal development of the prostate and the maintenance of the male
phenotype is regulated by androgens, which act through the androgen receptor (AR)
(Heinlein and Chang, 2004). Huggins and Hodges first demonstrated that PCa is also
dependent on androgens, and hence that the AR plays a crucial role in the
development and progression of the disease (Chen et al., 2009). AR expression is
maintained throughout all stages of the disease and promotes cancer progression by
continuously conferring growth signals to PCa cells (Gelmann, 2002, Heinlein and
Chang, 2004).

1.3.1 Structure of the androgen receptor

The androgen receptor (AR) is a ligand-dependent transcription factor that
belongs to the Nuclear Receptor Family (Robinson-Rechavi et al., 2003). It is encoded
by a gene located on the X-chromosome (locus Xg11-Xql12) (Brown et al., 1989) and
consists of 2757-nucleotide long protein coding region. This region spans eight exons,
with introns of different sizes (ranging from 0.7 to 2.6 kb) and codes for a 110-kDa

protein (919 amino acids) (Gelmann, 2002).
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Figure 1.2. Gleason patterns.

Grade 1 and 2 are considered normal prostate cells. Grade 3 is considered as prostate cancer — the glands are
single, rounded, vary in shape, size and spacing of the acini and they tend to infiltrate among normal acini.
Grade 4 prostate cancer — infiltrating cords that form an anatomically sponge-like epithelium and some cells
have an abundant clear cytoplasm (hypernephroid). Grade 5 is the least differentiated prostate cancer — cells
do not form glands and are tightly packed together. From (Humphrey, 2004)
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AR, like other nuclear receptors, has a modular structure consisting of an N-
terminal domain (NTD), followed by a DNA-binding domain (DBD) that is connected
to the C-terminal ligand- binding domain (LBD) by a flexible hinge region (Figure 1.3)
(Claessens et al., 2008, Robinson-Rechavi et al., 2003). The AR also has two
activation functions, AF-1 in the N- terminus (residues 142-485, constitutively active)

and the ligand dependent AF-2 in the LBD (Jenster et al., 1992, He et al., 1999).

The NTD is encoded by exon 1 and is the first and largest domain of the AR
(residues 1- 555). The poly-Q repeat region is highly variable in the human population
and its length affects the folding and structure of the NTD. Removal of the poly-Q
repeats leads to a decrease in the a-helical structure of the NTD, whilst an increase
in the length of the poly-Q repeats leads to a slight increase in the a-helical structure
(Davies et al., 2008, Tan et al., 2015). These changes in the NTD also affect the AR
transcriptional activity, the shorter repeats imposing a higher AR transactivation

activity and longer repeats reducing activity.

It has been demonstrated that the structural plasticity of the NTD allows the
interaction of the AR with structurally diverse binding partners, such as co-activators,
basal transcription factors and intramolecular interactions with the LBD. All these
interactions are important for AR activity and the NTD is required for full

transcriptional activity (Tan et al., 2015).

The DNA-binding domain (DBD) is the second domain of the AR (residues
556-623) and each DBD is organised into two zinc finger-like modules. The AR
functions as a dimer and binds to DNA response elements, such as androgen
response elements (ARE) in the regulatory region of target genes. A nuclear
localisation signal (NLS), responsible for the nuclear import of the receptor, is found

between the DBD and the hinge region (residues 617-633) (Tan et al., 2015).
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Figure 1.3. The structure of the Androgen Receptor.

AR gene is located on the X- chromosome (Xq11-q12) and codes a 919 amino acids protein. The protein has a

N-terminal domain (NTD) encoded by exon 1, a DNA-binding domain (DBD) encoded by exons 2 and 3, a hinge

and a ligand-binding domain (LBD) encoded by exons 4-8 (adapted from (Tan et al., 2015).
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The flexible hinge region (residues 624-665) separates the DBD and LBD and
consists of the last a-helix of the DBD and the first a-helix of the LBD. The NLS is
found in this region (Evans, 1988) and mutations within the NLS have been
associated with PCa and androgen- insensitivity syndrome (Cutress et al., 2008,

Claessens et al., 2008).

The LBD (residues 666-919) is organised in a three-layer, anti-parallel a-
helical sandwich, with eleven a-helices (H) and two anti-parallel B-sheets. The first
layer comprises H1 and H3 helices, the second layer is formed by H4, H5, first B-
sheet and H8, H9 and the final layer is completed by H10 and H11. Instead of an H2,
the AR has a long flexible linker. The ligand- binding pocket (LBP) is central to the
LBD and is surrounded by H3, H5 and H11 that directly contact the bound ligand.
H12 acts as a lid to the LBD, closing following ligand binding, resulting in additional

cofactor binding sites (Claessens et al., 2008, Tan et al., 2015).

1.3.2 Androgen receptor signalling

The AR is a ligand-dependent transcription factor that is responsible for
mediating the physiological effects of androgens. It binds to androgen-responsive
genes, such as PSA and transmembrane protease serine 2 (TMPRSS2) and
promotes growth and survival of the cells (Gelmann, 2002, Heinlein and Chang,
2004). The AR signalling pathway is summarised in Figure 1.4. The pituitary gland
secretes the luteinizing hormone (LH) that initiates the production of testosterone by
the Leydig cells in the testes. After the testicular synthesis, testosterone is
transported to the target tissues, such as the prostate, and is converted to the more
potent testosterone metabolite dihydrotestosterone (DHT) by 5-a-reductase. DHT
binds to the LBP and promotes the dissociation of the heat-shock protein (HSP)
complex from the AR. The AR translocates into the nucleus, dimerizes and binds to
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Figure 1.4. Androgen Receptor signalling in the prostate.

First, testosterone is converted to DHT by 5-a-reductase, then it binds the LBP of the AR. AR then

translocates into the nucleus, binds to the promoter region of the target genes and initiates transcription.

Target genes of the AR promote growth and survival of the cells. SHBG — Sex Hormone Binding Globulin.

Adapted from (Tan et al., 2015).
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AREs in the regulatory regions of target genes. At these response elements, the AR
is able to recruit co-activators that facilitate transcription (Tan et al., 2015).
1.4 Treatment of PCa

Depending on different factors, such as the clinical stage of the tumour, age,
serum PSA, Gleason score and number of positive prostate biopsies, patients have
different treatment options. For the localised disease and low-grade tumours, therapy
options include active surveillance (in order to avoid unnecessary treatment), radical
prostatectomy, radiation therapy or cytotoxic chemotherapy. Other options such as
cryotherapy, high-intensity focal ultra-sound and photodynamic therapy may also be

used (Attard et al., 2016, Denmeade and Isaacs, 2002).

Tumours that have spread from the prostate are usually treated with hormone
therapy that blocks the AR signalling pathway and inhibits tumour growth. Androgen
deprivation therapy aims to induce chemical castration by either blocking the
production or the action of androgens (Brooke and Bevan, 2009). Androgen
deprivation therapy can be divided into two categories: androgen depletion therapy
and anti-androgens. Androgen depletion therapy prevents the production of
androgens by using gonadotropin-releasing hormone (GnRH) agonists and
corticosteroids to inhibit the pituitary stimulation of the testes and the adrenals.
Furthermore, the conversion of circulating testosterone into DHT by 5a- reductase

can also be inhibited (Chen et al., 2009).

Anti-androgens target the AR signalling pathway by preventing the binding of
androgen to the AR. Anti-androgens can be steroidal (such as progesterone
analogues) or non-steroidal (such as bicalutamide and enzalutamide) (Chen et al.,
2009). Steroidal anti-androgens have a partial agonist activity; therefore, they cannot

be used as a first-line therapy (Labrie et al., 1987). Non-steroidal anti-androgens do
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not activate AR-dependent reporters or genes and are considered “pure antagonists

(Chen et al., 2009).

In most cases, anti-androgens and androgen depletion therapy are combined
in order to achieve a maximal androgen blockade (Labrie et al., 1987, Labrie et al.,
1983). However, despite their initial success, these therapies cannot completely
inhibit AR activity and invariably fail. The tumours develop resistance and progress
to the aggressive and difficult to treat castrate resistant stage (Katsogiannou et al.,

2015).

1.5 Mechanisms of Therapy Resistance and Castrate Resistant Prostate Cancer
There are many mechanisms that cause the progression of PCa to a castrate
resistant stage (CRPC), and most of them are related to the AR and its reactivation
(Figure 1.5). These mechanisms include AR gene amplification and over-expression,
AR mutations that lead to promiscuous ligand interaction, changes in the balance of
AR cofactors and activation via the outlaw pathway (Saraon et al., 2011, Montgomery

et al., 2008).

The overexpression of the AR hyper-sensitises the pathway to low androgens
environments and is found in 40% of all CRPC cases (Feldman and Feldman, 2001).
The AR can also be activated in a ligand independent manner or by other molecules,
such as growth factors or kinases (Taplin and Balk, 2004). Mutations of the AR often
allow the receptor to be activated by alternative steroids or anti- androgens (such as
amino acid substitutions H874Y, T877A and T877S) (Brooke et al., 2008). Increased
levels of AR co-activators and decreased levels of co-repressors can also enhance

receptor signalling (Brooke et al., 2011).
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Figure 1.5 Mechanisms that promote the progression of castrate resistant prostate cancer.

AR dependent mechanisms include: (1) Amplification of the AR gene and overexpression of AR protein. (2)
Promiscuous pathway — mutations in the AR allow its activation by alternative steroids or anti-androgens.
(3) Ligand-free activation of the AR via its crosstalk with AKT, HER2, or Ackl. (4) Androgen-independent

mechanisms. E2 — oestrogen receptor, P — progesterone receptor; C — glucocorticoids; F — flutamide; GR —

glucocorticoid receptor. Figure from (Tan et al., 2015).
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Mechanisms that do not involve the AR pathway, but have been associated
with the development of CRPC have also been identified, and they include the over-
expression of anti-apoptotic proteins (such as BCL2, and Hsp27), loss of expression
of tumour suppressor genes, activation of oncogenes, post-transcriptional
modifications using miRNA, epigenetic alterations, alternative splicing and gene
fusion (Katsogiannou et al., 2015, Feldman and Feldman, 2001).

1.6 The Unfolded Protein Response in Prostate Cancer

Castrate-Resistant Prostate Cancer is a highly aggressive and difficult to treat
terminal stage of the disease that has a major impact on patient’s quality of life.
Studies have been conducted in order to improve our understanding of the biology of
the disease and several mechanisms have already been identified (Katsogiannou et
al., 2015, Feldman and Feldman, 2001). However, there is still a great need to
characterise the mechanisms of therapy resistance in PCa and develop new

approaches to treat this often-terminal stage of the disease.

PCa, like many other solid tumours, is characterised by uncontrolled
proliferation of transformed cells, which grow in an environment characterised by lack
of oxygen and nutrients and often experience oxidative stress and lactic acidosis;
these conditions are known to cause stress in a part of the cell called the endoplasmic
reticulum (Storm et al., 2016). This stress impairs protein folding, which is detected
by three sensor proteins, IRE1a, PERK and ATF6 that initiate the unfolded protein
response (UPR). If the stress cannot be resolved, the UPR switches from being pro-
survival to activating programmed cell death (Corazzari et al., 2017). PCa cells take
advantage of the pro-survival UPR pathway - that enables them to survive, adapt to
adverse environmental conditions, and promotes therapy resistance. Importantly, the

UPR has also been shown to be regulated by the AR, linking the UPR to the key
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oncogenic driver of PCa (Sheng et al., 2015).

1.6.1The endoplasmic reticulum (ER)

Prostate, like all the major secretory organs and cells, has the potential to
secrete high protein loads. However, in order to do so, it is reliant on the proper

functioning of the endoplasmic reticulum (ER) (Hetz, 2012).

The ER is a large organelle involved in the regulation of protein synthesis,
folding and secretion; it also plays an important role in several key cellular functions,
such as lipogenesis, gluconeogenesis, calcium storage and organelle biogenesis
(Hetz, 2012, Storm et al., 2016). It has a complex architecture and is composed of a
dynamic, continuous membrane bilayer that can be divided into three main functional
domains — the nuclear envelope (NE), and the peripheral ER cisternae and tubular
network. The NE surrounds the nucleus and is formed of two large and flat lipid
bilayers — the inner nuclear membrane (INM) and the outer nuclear membrane (OCM)
which are separated by the internuclear membrane space. The two membranes
connect with each other at nuclear pores, facilitating and regulating the transport of
molecules, such as RNAs and proteins, into and out of the nucleus. The NE then
extends into cisternae and tubules that are part of the peripheral ER. These
structures have different morphologies and so they each have different roles in the
cellular processes that are regulated by the ER. The sheets, or cisternae, have
ribosomes on their cytosolic surface and they are the main site for protein synthesis,
folding, and post-translational modifications, whilst the tubules are manly involved in
lipid synthesis, calcium signalling and contacts with other organelles (Schwarz and

Blower, 2016, Friedman and Voeltz, 2011, English and Voeltz, 2013).

The architecture of the ER depends on the type and function of the cell. For

example, the ER of secretory cells, such as the one of prostate and pancreatic cells,
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have a high density of sheets, whilst liver or adrenal cells tend to have a mainly

tubular network (Schwarz and Blower, 2016).

The ER is connected with the plasma membrane (PM) and a number of
organelles, including the Golgi apparatus, mitochondria, endosomes, lipid droplets
and peroxisomes (English and Voeltz, 2013). The ER membrane frequently comes
into contact with the plasma membrane and forms structures called the ER-PM
junctions — which have been proved to have important roles in regulating Ca?* levels
and lipid transfer (Carrasco and Meyer, 2011). The ER membrane also interacts with
the membrane of the Golgi apparatus in order to regulate the protein and lipid transfer
between the two organelles, and this interaction between the membranes is
particularly important for the non-vesicular lipid transport. The vesicular transfer of
proteins from the ER to Golgi (anterograde transport) is COPIl mediated whilst the
transfer from Golgi back to the ER (retrograde transport) is COPI mediated.
Furthermore, the connection between the ER and mitochondrial membrane is needed
in order to regulate Ca?* signalling, lipid biosynthesis, mitochondrial division and
organelle inheritance (English and Voeltz, 2013). Therefore, the ER plays a central
role in the proper functioning of a cell and in retaining organismal homeostasis

(Rutkowski and Hegde, 2010).

1.6.2 Protein synthesis and folding

However, the main function of the ER is the regulation of synthesis and folding
of secretory and transmembrane proteins, being responsible for ~30% of the cellular
proteome (Rutkowski and Hegde, 2010). Protein synthesis is initiated on the cytosol
side of the ER, where a mRNA-ribosome complex is formed. The nascent polypeptide
contains a signal sequence at its N-terminus that is recognised by the signal

recognition particle (SRP) and allows the recruitment of the mRNA-ribosome-nascent
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polypeptide-SRP complex to the ER membrane where it binds the SRP receptor. The
polypeptide then enters the ER lumen via the translocon complex (Rapoport, 2007)
and translation continues as the protein threads into the ER lumen. Folding of the
protein begins co-translationally and, due to the hydrophobic nature of the signal
sequence, the N-terminus of the polypeptide remains integral to the ER membrane,
allowing the folding process to take place in a controlled manner (Pearse and Hebert,
2010). Once the signal peptide is cleaved and translation is complete, the ribosome
is released into the cytosol bulk and the polypeptide undergoes post-translocation
modifications and continues its folding process (Schwarz and Blower, 2016, Adams
et al., 2019). These are important processes that allow the protein to mature into its
functional tertiary or quaternary state and, because it is a highly error-prone process,
it needs to be tightly regulated by ER chaperones and their cofactors (Pobre et al.,

2019).

Molecular chaperones, such as those from the protein disulfide isomerase
(PDI) family, promote the formation of disulphide bonds — modifications which allow
the protein to attain and maintain its tertiary and quaternary structure. Another
important quality control measure is the addition of N-linked oligosaccharides
(GlcsManoGIcNACc2) to the polypeptide; the subsequent trimming of glucoses by
glucosidases | and 1l influences protein solubility, degradative processes, and
interactions with ER chaperones (Williams, 2006, Trombetta and Helenius, 1998,
Pearse and Hebert, 2010, Pobre et al., 2019). The lectin chaperones, and
predominantly the Calnexin and Calreticulin members, are ER chaperones that are
associated with the N-linked glycosylation system — they recognise incompletely
folded glycoproteins and bind to the terminal glucose residue of the

GlciMangGIcNAc: intermediate oligosaccharide in order to support the proper folding

34



and oligomerisation of the protein (Hebert et al., 1995).

Other molecular chaperones that reside within the ER include members from
the Heat shock protein 40 (Hsp40), Hsp70, Hsp90 and Hspl00, with the Hsp70
member BiP (binding-immunoglobulin protein/GRP78) being one of the most

abundant protein in the ER (Williams, 2006, Pobre et al., 2019).

1.6.2.1 Binding immunoglobulinprotein (BiP)

BiP is an ER chaperone that is able to interact with both glycosylated and non-
glycosylated proteins. It has various roles in the cell — from supporting the correct
folding of the proteins, contributing to ER calcium stores, maintaining the permeability
barrier of the ER and targeting misfolded proteins for proteosome degradation, to
sensing stress within the ER and activating the unfolded protein response (UPR) in
order to restore ER homeostasis (Pobre et al., 2019). Under physiological conditions,
BiP is bound to the three stress sensor proteins: IRE1a, PERK and ATF6 and inhibits
their activation (Hetz, 2012). BiP forms a stable complex with the luminal domains of
both IRE1a and PERK, and is able to inhibit their activation by stopping their
spontaneous self-dimerization, oligomerization and autophosphorylation (Bertolotti et
al., 2000), whilst for ATF6, BiP binding masks the Golgi-localisation signals leading
to the retention of ATF6 in the ER membrane (Shen et al., 2002). The build-up and
accumulation of misfolded proteins in the ER results in the relocalisation of BiP which
dissociates from the three UPR sensor proteins and binds the unfolded proteins

instead (Walter and Ron, 2011).

An indirect model and a direct recognition model have been proposed as
potential mechanisms through which ER stress is sensed by IRE1a and PERK (Hetz
et al., 2020). One indirect model suggests that in the presence of unfolded proteins,

BiP releases the IRE1a sensor in order to preferentially bind the misfolded peptide
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chains. In this model, unfolded proteins compete for BiP and ERdj4, a co-chaperone
of BiP which is required to stabilise BiP binding to IRE1a and prevent the dimerization
of IRE1a (Amin-Wetzel et al., 2017, Amin-Wetzel et al., 2019). Another indirect model
states that BiP has the ability to sense the ER stress and that it binds the misfolded
peptide chains via its substrate binding domain. This interaction then causes the
ATPase domain of BiP to dissociate from IRE1a and PERK leading to their activation
and initiation of UPR (Carrara et al., 2015b, Kopp et al., 2018). Finally, due to the
major histocompatibility complex (MHC)-like structure of IRE1a’s luminal domain, the
direct model suggests that unfolded proteins are able to bind directly to IRE1a.
However, this model is not widely supported as the crystal structure of the MHC type
| groove suggests that the luminal domain of IRE1a is not compatible with peptide
binding and following further investigations, no misfolded proteins bound to IRE1a

could be detected in vitro (Hetz et al., 2020).

Once BIP dissociates from the three sensors, it supports the proper folding
pathways of the newly synthesised proteins by binding to the hydrophobic regions
that are present in their unfolded regions; this action prevents the aggregation of the
nascent polypeptides and is regulated by the binding of ATP and ADP molecules
(ATPase cycle). BiP is able to bind the hydrophobic regions of the unfolded proteins
when it is bound by ATP and is, therefore, in an open state. Once bound to the
protein, members of the DNAJ proteins support the hydrolysis of ATP into ADP,
locking BiP unto the misfolded protein. Folding of the protein progresses when the
ADP molecule is released from BiP — a process which is supported by ER nucleotide
exchange factors and members of the DNAJ family that allows ATP to rebind and
leads to the release of the protein from BiP. As the ATPase cycle continue, the folding

of the nascent proteins progresses (Ma and Hendershot, 2004a, Pobre et al., 2019).
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Finally, when the proteins are -correctly folded into their functional
conformation, they are released by chaperones and are prepared for their transport
to the Golgi apparatus. The exit of secretory proteins from the ER occurs exclusively
via the ER exit sites (ERES) — which are smooth ER projections that are coated with
COPII coat components that facilitate the generation of COPII vesicles (Barlowe,
2002, Sato and Nakano, 2007). The vesicles carrying the cargo are then transported
to the ERGIC (vesicular-tubular clusters) where they are sorted into anterograde
carriers that transfer them to the Golgi. After their passage through the Golgi, the
proteins are delivered to their final destination within the cell or beyond (Szul and

Sztul, 2011).

However, if the newly synthesized proteins fail to mature into their native
conformation, they are targeted by the ER-associated degradation (ERAD) pathway
- which cause the protein to be retro-translocated into the cytosol, where it is
ubiquitylated and degraded by the 26S proteosome (Vembar and Brodsky, 2008,
Kumari and Brodsky, 2021). If the misfolded proteins cannot be degraded by the
ERAD, then another pathway is activated in order to increase the capacity of the ER,
reduce protein translation, control the expression of ERAD genes, autophagy and
restore the ER homeostasis (Qi et al., 2017, Hwang and Qi, 2018). This pathway is

called the Unfolded Protein Response (UPR).

1.6.3 The Unfolded Protein Response

Stressful conditions, such as hypoxia, nutrient deprivation, increase in
secretory demand, or loss of calcium homeostasis lead to an accumulation of
unfolded proteins in the ER. This disrupts the ER function and is termed ER stress
(Clarke et al., 2014, Hetz and Papa, 2017). When unfolded proteins accumulate

above a critical threshold, three sensor proteins - IRE1a (inositol requiring-enzyme 1
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alpha), PERK (protein kinase RNA-like ER kinase) and ATF6 (activating transcription
factor 6) initiate several signal transduction pathways, collectively called the unfolded
protein response (UPR), in an attempt to restore homeostasis (Figure 1.6) (Corazzari
et al., 2017). The signal transduction pathways initiated by the sensors work together
to maintain the function of the ER and the accuracy of protein folding by attenuating
protein translation, increasing the folding capacity of the ER, controlling protein
trafficking, and degrading the misfolded proteins via the ERAD and autophagy
pathways. If the cells have been under prolonged ER stress that cannot be resolved,
then the UPR switches to a pro-apoptotic response where it regulates several

mechanisms that initiate programmed cell death (Hetz et al., 2020).

Although the main function of the UPR is to reduce the stress and restore
proteostasis, it has also been associated with the regulation of other cellular
processes, such as lipid and cholesterol metabolism, energy homeostasis,

inflammation, and cell differentiation (Rutkowski and Hegde, 2010, Hetz, 2012).

Furthermore, the UPR is involved in the pathogenesis of various diseases,
involving both secretory cells and diseases that are linked to protein misfolding and
aggregation. Abnormal levels of ER stress have been associated with diabetes
mellitus, retinitis pigmentosa, immunological disorders, neurodegenerative

conditions and cancer (Hetz et al., 2020, Oakes and Papa, 2015).
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Figure 1.6. ER stress sensors and the UPR signalling pathways.
The dissociation of BiP from the three UPR sensors leads to the phosphorylation of IRE1a and PERK and the

translocation of ATF6 to the Golgi apparatus. The sensor proteins initiate the UPR pathways in order to

restore homeostasis. From (Storm et al., 2016).
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1.6.3.1 Inositol requiring-enzyme 1 alpha (IRE1a)

IRE1a is a 1115 amino acid type | transmembrane protein that is encoded by
the ERN1 gene (located on chromosome 17, locus 17923.3) and has a site-specific
endoribonuclease (RNase) and serine/threonine kinase activity (Mori et al., 1993, Hetz
and Papa, 2017). The protein has two domains: the ER-luminal N-terminal domain
and the cytoplasmic C-terminal domain. The crystal structure of the N-terminal domain
has been solved by Zhou et al. and is made of 367 amino acids which form a triangular
B-sheet cluster. On each side of the triangular plate there are three major 3-sheet
motifs (N, C, and M motifs) which have several a-helices inserted between them (Zhou
et al., 2006). The N-terminal domain senses the unfolded proteins and upon
dissociation of BiP, it dimerises to form an MHC-like groove that is stabilised by
hydrogen bonds and hydrophobic interactions. The cytoplasmic domain of IRE1a has
two parts: the kinase domain and the kinase-extension nuclease (KEN)/RNase
domain which is located at the C-terminal of the molecule (Siwecka et al., 2021). The
kinase domain (amino acids 571-832) has a bilobal structure and contains the ATP-
binding site located between the 3-sheet N-terminal lobe and the a-helical C-terminal
lobe. The activation segment is located at amino acids 711-741; a possible
phosphorylation site is also present at the Ser724 and an APE and DFG motifs at
amino acid 746-748 and 711-713, respectively. The RNase domain is located at amino
acids 835-963 and has a helical conformation (Lee et al., 2008, Carlesso et al., 2019,

Ali et al., 2011, Siwecka et al., 2021).

1.6.3.2 Protein kinase RNA-like ER kinase (PERK)

PERK is a type | transmembrane serine/threonine protein encoded by the
EIF2AK3 gene on chromosome 2 (locus 2p11.2) and has a ER-luminal domain and

a cytosolic domain — which contains the protein kinase domain (Harding et al., 1999).
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The structure of the N-terminal domain has been solved by (Carrara et al.,
2015a) and was found to have both a dimeric state as well as a transient ring-type
tetramer structure. The four monomers (A, B, C, D) consist of mainly B-sheets and
two a-helices; their structure can be divided into three structural motifs — the
dimerization subdomain, -sandwich subdomain, and the tetramer subdomain. The
dimerization subdomain consists of a series of anti-parallel B-sheets that allow the
formation of the A-B and C-D dimers. The role of the B-sandwich subdomain is to
stabilize the other domains and is made of B-strands arranged into a two-layer (3-
sandwich fold. Finally, the tetramer subdomain was found to stabilize the interaction
between the A-B and C-D dimers and consists of B-strands and one a-helix. As the
a-helix of the tetramer domain is swapped between the monomers, it indicates that
the tetramer interphase of PERK is transient and that it plays an important role in the

activation of UPR (Carrara et al., 2015a).

1.6.3.3 Activating transcription factor 6 (ATF6)

The stress sensor ATF6 is a type Il ER membrane protein, part of the basic
leucine zipper (bZIP) transcription factor family. It is encoded by a gene located on
chromosome 1 (locus 1g23.2) and it consists of 670 amino acids (Haze et al., 1999a,
NCBI, 2019). The protein has three main domains — the ER-luminal domain (C-
terminus), a trans-membrane domain that allows its integral association with the ER
membrane, and the cytoplasmic domain (N-terminus). Similarly to other members of
the bzIP family, the cytoplasmic segment of ATF6 contains the transcription-
activation domain and the well-conserved bZIP domain. The binding site for the ER
chaperone BiP, the Golgi localization sequences (GLS) as well as the cleavage sites
for the site-1 (S1P) and site-2 proteases (S2P) are found on its luminal domain. These

are important sites that allow the detection of unfolded proteins as well as its
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translocation from the ER to the Golgi — where it is processed by S1P and S2P
(Asada et al., 2011, Jheng et al., 2018).
1.6.3.3.1 Mammalian expression of membrane proteins for structural studies

The structures of IRE1a and PERK have already been solved (Ali et al., 2011,
Zhou et al., 2006, Carrara et al., 2015a, Lee et al., 2008) however, the study of ATF6
has proved problematic. Many difficulties are encountered during the expression of a
membrane protein, as well as during its solubilisation, purification and crystallisation
(Carpenter et al., 2008).

In order to solve the structures of IRE1a and PERK, their luminal domains (and
IRE1a’s cytosolic domain) had to be expressed in bacterial cells (E. coli BL21, BL21
(DE3) and Rossetta 2 (DES3) strains). Because bacterial cells are easy to manipulate,
are fast growing, and have inexpensive culture costs and high levels of
overexpression, they have been widely used for the expression of soluble proteins
(Mathieu et al., 2019). However, the expression of functional eukaryotic membrane
proteins in bacterial systems has been difficult to achieve. One difficulty consists in
the complexity of eukaryotic membrane proteins — they have a partial hydrophobic
surface, are flexible, they lack stability, and they require molecular chaperones that
facilitate their folding into a functional state. Post-translational modifications, such as
N-glycosylation, palmitoylation and disulfide bond formation are often essential for the
efficient folding of membrane proteins and bacterial or yeast systems do not have the
necessary machinery that allow this process to occur (Andréll and Tate, 2013). Using
a mammalian expression system that allows the post-translational modifications to
take place is therefore recommended. However, the attachment of large and highly
heterogenous N-glycans to the expressed protein, as is often observed for HEK293

cells, could be a major drawback in the process of crystallisation (Reeves et al., 2002).
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Furthermore, the nature of the lipids in which the proteins are embedded may affect
their stability and ultimately, the process of crystallisation (Carpenter et al., 2008). This
limitation is addressed in Chapter V, where | used a modified mammalian expression
system (Reeves et al., 2002) to overcome the difficulties encountered during the
expression of ATFG6.

Detergents also play an important role in the process of solubilisation,
purification, and crystallisation of membrane proteins. The challenge consists in the
selection of appropriate detergents that are suitable for these processes. In most
cases, the detergent that is used for solubilisation is not adequate for purification and
crystallisation. During solubilisation, detergents have to disrupt the phospholipid
bilayer and cover the hydrophobic region of the protein to form a water-soluble protein-
detergent complex that prevents the aggregation of proteins once they are removed
from the cell. lonic detergents, such as sodium dodecyl sulphate (SDS), disrupt the
hydrophobic interaction of the protein core and leads to their denaturation. Milder non-
ionic detergents only break the lipid-lipid interactions, not the protein-protein
interactions, and are therefore preferred in membrane protein research. N-dodecyl-B-
D-maltoside (DDM) is an example of such a detergent and has been broadly used in

this field (Carpenter et al., 2008, Moraes et al., 2014, Parker and Newstead, 2016).

The next challenge consists in finding the optimal conditions that promote the
protein and detergent molecules into crystal formation. There are different types of
crystallisation methods available. The most common one is known as in surfo
crystallisation, where vapour diffusion, microdialysis and microbatch techniques are
used for membrane proteins. Then, there is crystallisation in meso, where certain
lipids are mixed with the protein-detergent complex. This leads to the formation of

lipidic cubic phases (LCP) which can then be turned into sponge phases (useful for
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large proteins or protein complexes) (Moraes et al.,, 2014). An advantage of this
method is that the membrane proteins are able to diffuse in the lipid, rather than being
confined by the detergent (Carpenter et al., 2008). However, regardless of the
crystallization method, many parameters must be taken into consideration, such as
purity of the protein and its aggregation state, buffers, pH values, temperature,
precipitants, salts and additives. Although automation and membrane crystallization
screens are available, this remains a tedious process where many difficulties are
encountered (Moraes et al., 2014). The detergent covering the hydrophobic regions
of the protein reduces the protein-protein interactions and that leads to the formation
of fragile crystals with poor diffraction ability. Addition of other detergents or additives
in the crystallisation drop can improve their quality; however, for growth of crystals,
optimisation still remains difficult to achieve (Carpenter et al., 2008, Moraes et al.,

2014).

1.6.4 The adaptive UPR

The first cellular event initiated by the activated UPR involves a general
reduction in protein synthesis and an enhanced degradation of unfolded proteins,
whilst the second event involves the transcriptional upregulation of target genes that
are involved in the global control of protein homeostasis. In the adaptive activity of the
UPR, IRE1a, PERK and ATF6 work as a complex signalling network that restores ER

proteostasis and preserves cellular function (Hetz and Papa, 2017).

1.6.4.1 Adaptive signalling of IRE1a

The IRE1a branch initiates pathways that increase the folding capacity of the
ER and its ability to deal with ER stress (Storm et al., 2016). Activation of IRE1a in
response to ER stress occurs following the dissociation of BiP from the sensor

domain which allows the IRE1a to dimerise, oligomerise and trans-
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autophosphorylate its kinase domains. This leads to the activation of the RNase
domain that is involved in the splicing of its substrate (Yoshida et al., 2001, Yoshida
et al., 2006). Splicing of XBP1 mRNA is assisted by Sec61, a component of the
translocon (Hetz et al., 2020). Spliced XBP1 mRNA encodes a protein (XBP1s) which
is a more stable transcription factor that is involved in the regulation of various genes
that modulate protein folding, secretion, ER-associated degradation (ERAD), protein
translocation into the ER, lipid synthesis and production of proteins that are involved

in ER biogenesis (Lee et al., 2005, Acosta-Alvear et al., 2007).

Furthermore, the RNase domain of IRE1a has been found to regulate the
stability of multiple other mRNAs in a process known as “regulated IRE1-dependent
decay” (RIDD) which aims to reduce the protein load during stressful conditions by
targeting mRNAs that contain the consensus sequence CTGCAG and have a
secondary structure similar to that of XBP1. This is a very important process is that
is able to either preserve ER homeostasis or induce programmed cell death (Siwecka
et al.,, 2021). It was also found to be involved in the regulation of inflammation,
glucose metabolism and liver function (Hollien and Weissman, 2006, Maurel et al.,
2014).

1.6.4.2 Adaptive signalling of PERK

PERK initiates a pathway that reduces the rates of protein translation (Hetz et
al., 2020). Upon dissociation of BiP, PERK is activated by oligomerisation and trans-
autophosphorylation. Once active, it phosphorylates the eukaryotic translation
initiator factor-2 (elF2a) at serine 51 (Harding et al., 1999), an event that leads to an
attenuation of protein translation and that reduces the number of proteins entering
the ER. The elF2a phosphorylation also triggers the selective CAP-independent
translation of the ATF4 mRNA — which encodes for a transcription factor that
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regulates genes involved in redox balance, amino acid metabolism, protein folding,
autophagy and cell survival. The enhancement of ATF4 translation ultimately leads
to an increased folding capacity of the ER and an upregulation of macroautophagy
(Hetz and Papa, 2017, Clarke et al., 2014). ATF4 is also involved in a feedback loop
that restores protein synthesis once the stress has been resolved. ATF4 upregulates
the expression of protein phosphatase 1 (PP1), the regulatory subunit of GADD34,
which promotes the dephosphorylation of elF2a and the resumption of protein
synthesis (Hetz et al., 2020).

1.6.4.3 Adaptive role of ATF6

Upon the dissociation of BiP, the Golgi localization sequences (GLS) of ATF6
are exposed and ATF6 is able to interact with the coat protein complex Il (COPII). This
leads to the translocation of ATF6 to the Golgi apparatus (Sato and Nakano, 2007,
Shen et al., 2002) where S1P and S2P cleave within its luminal and transmembrane
domains. The released cytoplasmic domain (ATF6f) is a bZIP transcription factor that
translocates to the nucleus and binds to the ER stress response elements in target
genes (Haze et al., 1999a). ATF6f activates the transcription of various genes,
including ER chaperones (BiP, GRP94 and PDI), ERAD components (protein
degradation enzymes), UPR genes such as XBP1, and, together with PERK, activates
the transcription of CCAAT/Enhancer-Binding Protein homologous protein (CHOP)
(Park et al.,, 2017, Hayat, 2015). Therefore, activation of ATF6 helps restore ER
homeostasis through an increase in the folding capacity of the ER, the activation of
ERAD and the induction of autophagy (Bommiasamy and Popko, 2011, Yu et al.,

2017).
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1.6.5 The pro-apoptotic UPR

The ways in which UPR promotes the survival of cells in response to ER stress
have been described above. However, in conditions of chronic stress, the UPR

switches from being pro-survival to activating programmed cell death (Figure 1.7).

The pro-apoptotic response is mainly mediated by IRE1a and PERK, however
ATF6 is also involved in these processes through the upregulation of CHOP (Storm

et al., 2016, Hetz, 2012).

The adaptive IRE1/XBP1 branch is first activated in response to stress with
the aim of restoring proteostasis. However, in response to prolonged ER stress,
IRE1a ceases to splice XBP1 and targets RIDD substrates instead. This results in
the endonucleolytic decay of many ER-localised mRNAs, including those encoding
for chaperones, such as BiP. This reduction in molecular chaperones impairs protein
folding even further and causes additional ER stress that ultimately leads to apoptosis

(Han et al., 2009).

Hyper-phosphorylated IRE1a induces apoptosis by reducing (by degradation)
the levels of microRNAs that supress pro-apoptotic targets, such as the anti-Casp2
mMiRNA, miR-17, miR-96 and miR125b. This leads to the activation of the apoptotic
initiator Caspase-2 and an increased expression of thioredoxin-interacting protein
(TXNIP) (Chen and Brandizzi, 2013). The activation of Caspase-2 initiates
mitochondrial oxidative stress-induced apoptosis (Lopez-Cruzan et al., 2016) whilst
increased levels of TXNIP activate the NLRP3 inflammasome and Caspase-1
cleavage leading to sterile inflammation. Sterile inflammation then triggers the
production of pro-inflammatory cytokines and chemokines, such as interleukin-1 (IL-

1B8) and causes pyroptotic death (Chen and Nunez, 2010, Lerner et al., 2012).
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Figure 1.7. Apoptosis pathways induced by ER stress.
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In the presence of chronic ER stress, IRELa and PERK become hyper-phosphorylated and initiate the pro-

apoptotic response. Adapted from (Hetz et al., 2020)
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Another mechanism through which IRE1a can initiate apoptosis is through the
recruitment of the adaptor protein tumour necrosis factor receptor (TNFR)-associated
factor 2 (TRAF2) and apoptosis signal regulating kinase 1 (ASK1) to the ER
membrane. This activates c-Jun N-terminal kinase (JNK) and p38 MAPK and results
in the activation of the pro-apoptotic factors BID and BiM and inhibition of the anti-

apoptotic factors BCL-2, BCL-XL, and MCL-1 (Adams et al., 2019).

PERK signalling is also an important regulator of the switch between the
adaptive response and the pro-apoptotic response (Storm et al., 2016). PERK
activation leads to a decreased secretory load; however, its sustained signalling is
not compatible with survival (Hetz and Papa, 2017). CHOP, one of the target genes
of ATF4 and ATF6, encodes a transcription factor responsible for the regulation of
the pro- and anti-apoptotic members of the BCL-2 family. When PERK is hyper-
phosphorylated, CHOP supresses the expression of anti-apoptotic BCL-2, whilst up-
regulating the pro-apoptotic members, such as BIM, PUMA and NOXA (Urra et al.,
2013, Zinszner et al., 1998). Another mechanism through which CHOP promotes
apoptosis is through the regulation of the GADD34 gene. GADD34 (growth arrest and
DNA damage inducible 34) associates with the phosphatase PP1, promotes the
dephosphorylation of elF2a and reinitiates protein synthesis. This may in turn trigger
proteotoxicity and lead to apoptosis through an increased reactive oxygen species
(ROS) production and ATP depletion (Urra et al., 2013). Furthermore, it has been
found that CHOP activation induces the transcription of death receptor 5 (DR5). The
increase in the protein levels of DR5 leads to a ligand-independent activation of the

receptor and of the apoptotic machinery via caspase-8 (Lu et al., 2014).

Furthermore, accumulation of ROS in the ER leads to a release of Ca?* from

the ER lumen through the inositol 1,4,5-triphosphate receptor (IP3R); the subsequent
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uptake of Ca?* by the mitochondria leads to a release of cytochrome ¢ and formation

of the BAX/BAK-dependent apoptosome (Hetz et al., 2020).

In summary, chronic ER stress leads to the activation of the pro-apoptotic
response, which through the interaction of many different mechanisms, aims to
eliminate the damaged cells from the system.

1.6.6 The Unfolded Protein Response in Cancer

It is known that tumours grow in an environment characterised by hypoxia,
nutrient deprivation and lactic acidosis. These conditions, together with intrinsic
factors, such as oncogenic activation, alteration in chromosome number, genomic
instability, increased mutations and redox imbalance, lead to ER stress (Ma and
Hendershot, 2004b, Urra et al., 2016). The UPR was found to be highly active in
various cancers including breast, colorectal, liver and glioma (Madden et al., 2019).
Therefore, the UPR activation has been studied in different human tumours and
cellular models and it was found that individual components of the UPR are
associated with cell transformation, dormancy, angiogenesis, immunogenicity,
genomic instability, metastasis and resistance to treatment (Figure 1.8) (Urra et al.,
2016). Moreover, the ER chaperones BiP and GRP94 were found to be
overexpressed in solid tumours and BiP abundance was particularly associated with
poor prognosis and increased proliferation rate and invasion of several types of
cancer. Hence, the UPR has become an attractive therapeutic target for both solid
and blood cancers (Urra et al., 2016). The mechanisms through which the UPR drives
tumourigenesis, cancer progression, cell dormancy and therapy resistance will be

described below.
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1.6.6.1 UPR in tumourigenesis and cancer progression

The UPR promotes tumour progression by regulating mechanisms that enhance cell
survival, trigger cell transformation, and change the metabolic status of the cell (Urra
et al., 2016). Neoplastic transformation is the process through which a cell becomes
malignant and requires an accumulation of mutations that either activate oncogenes
(such as BRAFY69E ¢c-MYC, H-RAS) or cause the loss or inactivation of tumour
suppressor genes (such as p53). This transformation then leads to a rapid and
uncontrolled cell growth which overloads the ER due to the constant need for high
level protein synthesis; these conditions lead to the activation of the UPR, which the
cells exploit in order to survive and support cancer progression (Madden et al., 2019).
For example, in melanoma cells, the BRAFV6%°E mutation activates IRE1/XBP1 and
ATF6 signalling and the knockdown of BiP and XBP1 were found to delay melanoma
cell proliferation (Croft et al., 2014).

Loss of the p53 tumour suppressor gene in HCT116 colorectal carcinoma cells
was found to increase IRE1la expression and activate IRE1a/XBP1s signalling which
enhanced the function of the ER and promoted cell proliferation (Namba et al., 2015).

However, the process through which the UPR is able to sustain its pro-survival
signalling, and not trigger apoptosis in the rapidly growing tumours, is not entirely
understood. It has been proposed that this is achieved through the activation of pro-
survival mechanisms, such as autophagy, as well as the inhibition of pro-apoptotic
components, such as CHOP (Madden et al., 2019). For example, Hart et. al.
demonstrated that in both mouse and human lymphoma, c-MYC was able to activate
PERK/elF2/ATF4 signalling which resulted in the activation of autophagy; this was
found to promote the c-MYC dependent cell transformation and increase tumour

growth (Hart et al., 2012). Moreover, a study conducted by Rong et. al. showed that
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the suppression of the pro-apoptotic component CHOP by the oncogenic H-RASV1?
was one of the mechanisms through which H-RASV'? was able to promote cellular
transformation (Rong et al., 2005). In several cancers, such as glioblastoma and pre-
B acute lymphoblastic leukaemia, overexpression of XBP1s has been associated
with poor prognosis (Pluquet et al., 2013, Kharabi Masouleh et al., 2014), and in
chronic lymphocytic leukaemia and triple-negative breast cancer (TNBC) is involved
in tumour progression (Storm et al.,, 2016). In TNBC, XBP1 promotes tumour
progression by interacting with hypoxia-inducible factor 1-alpha (HIF1a) and induces
the expression of hypoxia signature genes (Chen et al., 2014). Furthermore, the
P58IPK protein, which is regulated by XBP1 and ATF6, promotes the survival of
tumour cells undergoing ER stress (Huber et al., 2013) and mutations of IRE1a have

been associated with loss of its apoptotic function (Urra et al., 2016).

PERK is involved in the initiation of cancer and tumour progression, mainly by
regulating protein translation in hypoxic tumours, the NRF2 pathway and cellular
redox, metabolism, and lipid biosynthesis (Bu and Diehl, 2016, Urra et al., 2016). It
is well known that solid tumours grow in a harsh, hypoxic environments, and so the
tumours must tolerate these conditions in order to survive (Muz et al., 2015). The
protective role of PERK in response to these conditions is conferred by ATF4 and
CHOP — which bind directly to the promoters of MAP1LC3B and ATG5 and induces
their expression. The increased expression of MAP1LC3B and ATG5 leads to the
expansion of the phagophore and formation of the autophagosome which ultimately
induces autophagy (Rouschop et al., 2010, Bu and Diehl, 2016). Furthermore, PERK
maintains redox homeostasis in tumours through its interaction with NRF2 — a direct
substrate of PERK which regulates the expression of genes involved in the

production of glutathione, an important antioxidant which protects cellular
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macromolecules from reactive oxygen and nitrogen species (Pizzorno, 2014), and
prevents the accumulation of ROS in the ER (Bu and Diehl, 2016).

1.6.6.2 UPR in tumour dormancy and therapy resistance

The UPR has been linked to tumour dormancy. Dormant cells are inactive,
they do not divide and are in a state of cell cycle arrest (GO/G1 phase). When the
optimal conditions for cell proliferation and metabolism are restored, these cells may
be reactivated and cause cancer recurrence, especially after a course of
chemotherapy or radiotherapy (Paez et al., 2012). ATF6 is constitutively active in
dormant cells and a study has found that the inhibition of ATF6 in these tumours
causes a downregulation of adaptive pathways (such as mTOR) leading to reduced
tumour cell survival and proliferation (Schewe and Aguirre-Ghiso, 2008). It is also
found overexpressed in recurrent cells (mainly in metastatic lesions) where it has
been linked with poor prognosis (Ramaswamy et al., 2001). Furthermore, ATF6 is
able to control proteins involved in tumour transformation and increased chemo- and
radiotherapy resistance. IRE1a and PERK also have a role in this process.
IRE1a/XBP1s signalling can control cell cycle progression and proliferation through
the regulation of cyclin D1 expression whilst PERK may induce dormancy through
the negative regulation of cyclin D1 and promote drug resistance of dormant cells
(Urra et al., 2016). The UPR is therefore involved in many aspects of tumour cell
biology, such as angiogenesis, invasion, mitochondrial function, intercellular
communication and tumour associated inflammation (Clarke et al., 2014).

1.6.7 The role of UPR signalling in Prostate Cancer

The activation of the UPR in PCa enables cells to survive, adapt to adverse

environmental conditions and promotes therapy resistance (Storm et al., 2016,

Corazzari et al., 2017). Importantly, the UPR has also been shown to be directly
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regulated by the AR, linking the UPR to the key oncogenic driver of PCa (Sheng et
al., 2015). For instance, the AR was able to bind to gene regulatory sites and activate
the IRE1a arm whilst inhibiting PERK signalling. Activation of the IRE1a restored
homeostasis and secured cell survival, whilst inhibiting JNK signalling; this reduced
apoptosis and resulted in an increase in proliferation. XBP1s expression, when
compared to normal prostate, was also upregulated in PCa samples, suggesting that
IRE1a is important in PCa progression. Furthermore, inhibition of the IRE1a branch
reduced PCa cell growth in both in vitro and in vivo models (Sheng et al., 2015).
Using preclinical mouse models, Sheng et. al. further demonstrated that the use of a
specific IRE1a RNase inhibitor (MKC8866) was able to inhibit the growth of PCa
tumours and increase the effects of the chemotherapeutic Cabazitaxel. Using global
transcriptomic analysis, Sheng et. al. also demonstrated that XBP1s directly
activates the expression of c-MYC and controls the activation of the c-MYC
transcriptional program (Sheng et al., 2019). c-MYC is an oncogenic pathway that is
highly active in all stages of PCa (Wu et al., 2021, Hawksworth et al., 2010) and
recently, it has been found that there is a significant positive correlation between the
levels and activity of c-MYC and AR — where c-MYC regulates the expression of the
full-length and splice variants of the AR in CRPC (Bai et al., 2019). Therefore, an
important role may emerge for the IRE1a/XBP1s branch of the UPR, where crosstalk
between c-MYC and androgen signalling promotes PCa progression (Zhang et al.,
2020).

Recently, PERK signalling has also been found to support the progression of
PCa. For example, Nguyen et. al. used a mouse model of MYC-hyperactivated PCa
and showed that PERK signalling, and most importantly the phosphorylation of

elF2a, was selectively activated in advanced PCa in order to enhance protein
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synthesis to a level that supports tumour development. The use of a small molecule
(ISRIB) that reinitiates protein synthesis (despite the phosphorylation of elF2a) in a
patient-derived xenograft model was found to impair the progression of metastatic
PCa (Nguyen et al., 2018). An additional study highlighted the importance of ATF4
in PCa and identified a novel ATF4 target gene — the family with sequence similarity
129 member A (FAM129A). The expression of ATF4 and FAM129A were found to be
increased in PCa samples and inhibition of ATF4-FAM129A branch successfully
restricted tumour growth in a preclinical PCa model (Pallmann et al., 2019).
Furthermore, Liu et. al. looked at the expression levels of IRE1a, PERK and ATF6 in
a panel of 160 PCa and 30 BPH tissues and found that their expression was
correlated with the Gleason grade, PSA level, T stages and M stage of the tissues.
They could also associate high expression levels of the UPR sensors with poor
prognosis, shorter survival duration and PSA recurrence (Liu et al., 2017).

Radiation therapy is a common and effective treatment for PCa, however the
tumours can become resistant to such treatments and the cancer progresses to an
inoperable stage (Ngrgaard et al.,, 2010). In order to enhance the effect of
radiotherapy upon PCa, Amoroso et. al. used ONC21 — a molecule that activates the
UPR - to enhance the activation of UPR in response to radiation and promote cell
death. Their results showed that ONC21 was able to increase the radiation response
by increasing the expression of the UPR components and by supressing the
expression of cell cycle and DNA repair factors (Amoroso et al., 2021).

ER chaperones such as BiP, HSP27 and HSP90 also play an important role
in PCa and their overexpression has been associated with aggressive PCa; HSP27
was able to promote metastasis in PCa and inhibit apoptosis in PC3 cells, whilst the

inhibition of HSP90, in combination with non-invasive low energy focused ultrasound,
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led to a shift between pro- survival UPR signalling to the pro-apoptotic response
(Storm et al., 2016). BiP is the most studied ER chaperone in PCa (Storm et al., 2016)
and its overexpression is associated with a greater risk of PCa recurrence and a
worse survival (Pootrakul et al., 2006). Although it is normally located in the ER
lumen, in PCa and several other cancers, BiP is found on the cell membrane(Arap et
al., 2004); this translocation has also been linked with the Castrate-Resistant PCa
(Zhang et al., 2013). Because BiP is only present on the cell surface of malignant
cells and not in healthy cells (Arap et al., 2004), several approaches have already
been employed to try and develop a targeted therapy against cancer (Storm et al.,
2016). One patrticular study was able to demonstrate that targeting the surface BiP
supressed castration-resistant osteoblastic bone metastases in vivo (Mandelin et al.,
2015).

Furthermore, a pro-apoptotic protein (prostate apoptosis response 4 PAR-4)
secreted by cancer cells was able to bind to the surface BiP and induce apoptosis
(Burikhanov et al., 2009).

Therefore, ER stress and the UPR play an important role in PCa. The AR
directly regulates the UPR, and the UPR sensors together with the ER chaperones
have a key role in tumour survival and therapy resistance (Storm et al., 2016).
However, despite the medical relevance of the pathway, our understanding of the

UPR in PCa is limited.

1.7 Research Aims

This study aims to characterise the UPR in PCa, to identify methods to target this
pathway to promote tumour death and to generate an expression system to facilitate
the characterisation of ATF6:

1) Investigate the effect of targeting UPR signalling upon Prostate Cancer
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proliferation
Proliferation assays (Crystal Violet) and gPCR will be used in order to investigate the
effect of UPR inhibitors on PCa cell lines. These inhibitors will block the activity of
IRE1a, PERK, and ATF6 in cell lines representing different stages of the disease, in
the presence/absence of ER stress (induced using tunicamycin). Flow cytometry and
Caspase 3/7 apoptosis assays will also be performed to determine whether the
inhibition of the sensor proteins induces cell cycle arrest and/or apoptosis.
2) Investigate the expression of components of the UPR components in Prostate
Cancer
The expression levels of IRE1a, PERK and ATF6 in the different PCa cell lines will
be measured using gPCR and immunoblotting. Protein expression will be correlated
with drug sensitivity assessed in Aim 1 to see if expression levels correlate with
pathway sensitivity.
3) Characterise the effects of androgens and anti-androgens upon UPR
signalling in Prostate Cancer
AR positive prostate cancer cells (e.g. LNCaP) will be treated with androgen and the
effect upon the expression of UPR members measured using gPCR and
immunoblotting. The effect of anti-androgens and the role of UPR signalling in cellular
outcome, will be measured using the experiments described in Aim 1.
4) Address the lack of a suitable expression system for the study of membrane
proteins, with a particular focus on ATF6.
Stable tetracycline-inducible HEK2935 GnTI(-) cell lines will be generated in order to
express ATF6. Mass spectroscopy, Coomassie blue staining and immunoblotting will
be used to investigate whether ATF6 is expressed as a functional protein and to

identify novel interaction partners of the protein.
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Chapter 2: Materials and Methods

2.1 Reagents, buffers and solutions

2.1.1 Reagents and kits

All the reagents and kits used in this study are shown in the tables below.

Table 2.1.1 Reagents and kits used in this study.

Reagent/Kit Supplier
Acrylamide Sigma-Aldrich
Agar Fisher Scientific
Agarose Fisher Scientific

Amicon® Ultra — 0.5 Centrifugal Filter Devices Millipore, MERK

kit

APS (Ammonium persulfate) Sigma-Aldrich

Bovine serum albumin (BSA) Sigma-Aldrich

Crystal Violet (CV) stain Sigma-Aldrich
Coomassie Blue staining solution Thermo-Fisher Scientific
DC Assay kit Bio-Rad

DMEM LONZA

DMEM/F-12 50/50 1x growth medium Corning®

Dimethyl sulfoxide (DMSO) Sigma-Aldrich

Ethidium bromide Sigma-Aldrich

Foetal bovine serum (FBS) SLS (Cat No. YPMI-25)
GenelJet Gel Extraction Kit Thermo-Fisher Scientific

Glycine Thermo-Fisher Scientific




Glycogen blue

Thermo-Fisher Scientific

Halt phosphate inhibitor cocktail

Thermo-Fisher Scientific

Heat-inactivated foetal bovine serum (HI-

FBS)

SLS

HiYield™ Plasmid Kit (Mini)

Real Biotech Corporation

IPTG ((Isopropyl-B-D-thiogalalctoside)

Sigma-Aldrich

Luria Broth (LB)

Lennox, Fisher Scientific

Luria Broth (LB) agar

Sigma-Aldrich

Luna® Universal gPCR Master Mix

New England Biolabs

LunaScript RT® SuperMix Kit

New England Biolabs

Luminata™ Forte Western HRP Substrate

Millipore

PageRuler™Plus Prestained Protein Ladder

Thermo-Fisher Scientific

Penicillin-Streptomycin-Glutamine (PSG) Sigma-Aldrich
Phenol red-free RPMI-1640 SLS

Phosphate-buffered saline (PBS) tablets Sigma-Aldrich
PMSF (Phenylmethylsulfonyl fluoride) Sigma-Aldrich
Propidium iodide (PI) 1 mg/ml Sigma-Aldrich

PureLink™ RNase A (20 mg/ml)

Thermo-Fisher Scientific

Q5®High-Fidelity DNA Polymerase (M0491)

New England Biolabs

QIAEX®II Kit (cat. no. 20021) QIAGEN
RPMI-1640 SLS

TEMED (Tetramethylethylenediamine) Sigma-Aldrich
TRIS Sigma-Aldrich
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TRIzol® Reagent

Ambion

Trypsin/EDTA Sigma-Aldrich
Tween® 20 Sigma-Aldrich
XGal Sigma-Aldrich
Sodium dodecyl sulphate (SDS) Fisher Scientific

2.1.2 Solutions and buffers

All the solutions and buffers used in this study are shown in the tables below.

Table 2.1.2.1 Buffers and solutions used for Western Blotting.

Name

Description Storage

RIPA
(radioimmunoprecipitation)

cell lysis buffer

0.5 ml of ImM Tris-ClI (pH Filter sterilised and
8.0), 1 mM of EDTA (20 mg), stored at 4°C.

1% Triton X-100, 0.1%

sodium deoxycholate (50 mg),

0.1% SDS, 140 mM Nacl,

protease inhibitors (added in

time of experiment).

10x Running buffer

30.3g of Tris, 1449 of Glycine, Autoclaved and
100 ml of 10% SDS, ddH20 stored at room

tollL. temperature.

Semi-dry Transfer Buffer

11.26 g glycine, 2.44 g Tris, Stored at room
200 ml methanol, H2O upto 1  temperature

L
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10% acrylamide gel

1.65 ml acrylamide, 1.9 ml 1
M Tris pH 8.9, 1.4 ml ddH:20,
50 yl 10% SDS, 50 ul 10%

APS, 5 ul TEMED

(Tetramethylethylenediamine).

Prepared fresh every

time

Stacking gel 425 ul acrylamide, 947 yl 1 M Prepared fresh every
Tris pH 6.8, 1.1 ml H20, 25 pl  time
10% SDS, 25 ul 10% APS,
2.5 yl TEMED

10% SDS 50 g of SDS, 500 ml H20 Stored at room

temperature
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Table 2.1.2.2 Buffers and solutions used for cloning.

Name

Description

Storage

Luria Broth (LB)

10 g LB, 500 ml ddH20;
Supplemented with

antibiotics as needed

Autoclaved and stored at

room temperature

LB Agar

35 g LB agar, 1 L ddH20.

Autoclaved and stored at
room temperature.
Supplemented before use
with antibiotics and

poured into plates.

SOC medium (super
optimal broth with

catabolite repression)

2% tryptone, 0.5% yeast
extract, 10 mM NaCl, 2.5
mM KCI, 10 mM MgCiI2,
10 mM MgSO0O4, and 20
mM glucose, made up in

1L of ddH20.

Autoclaved and stored at

room temperature

1% agarose gel

0.75 g agarose, 75 ml 1X

TAE, 1-2 ul EtBr

Prepared fresh every time

10X TAE (Tris acetic acid

EDTA) buffer

800 ml ddH20, 48.4 g
TRIS, 3.7 g EDTA, 11.4

ml acetic acid

Autoclaved and stored at

room temperature
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Table 2.1.2.3 Buffers and solutions used for flow cytometry.

Name

Description Storage

Nicoletti buffer

10 g Sodium citrate, 10 ml Stored at 4°C

Triton (100x), ddH20 up
tolL;

Before use, 1 ml Nicoletti
buffer was mixed with 20

pl Pl

PI staining solution for cell

cycle measurement

1 mlI PBS, 10 ul RNAse A Prepared fresh

(20 mg/ml), 10 pl PI (1

mg/ml)

Table 2.1.2.4 Drugs used in this study

Name / Company

Description

Storage

Mibolerone (MIB)

(Sigma-Aldrich)

Synthetic androgen.

Dissolved in EtOH

-20°C

Bicalutamide (BIC)

(Sigma-Aldrich)

Anti-androgen drug. Blocks
activity of androgens by binding

to the AR.

Dissolved in EtOH

-20°C
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Enzalutamide (ENZA) Anti-androgen drug. Blocks Dissolved in

(Sigma-Aldrich) translocation of AR from the DMSO
cytoplasm to the nucleus. -20°C

Tunicamycin (TUN) ER stress-inducer. Dissolved in

(Abcam) Nucleoside antibiotic that DMSO
inhibits protein glycosylation. -20°C

4u8c Selective inhibitor or IRE1a. Dissolved in

(Sigma-Aldrich) Blocks substrate access to the  DMSO
active site of IRE1a and inhibits  -20°C
splicing of XBP1 and RIDD.

Toyocamycin Selective IRE1a inhibitor. PI3- Dissolved in

(Abcam) kinase inhibitor. Suppresses DMSO
tunicamycin-induced XBP1 -20°C
MRNA splicing.

AEBSF Inhibitor of ATF6. Irreversible Dissolved in

(Sigma-Aldrich) serine protease inhibitor. ddH20

-20°C

GSK-2656157 (GSK) Highly selective inhibitor of Dissolved in

(Santa Cruz PERK. ATP-competitive. DMSO

Biotechnology) Decreases apoptosis and -20°C
excessive autophagy.

HA15 Specific inhibitor of BiP. Inhibits  Dissolved in

(Sigma-Aldrich) the ATPase activity of BiP. DMSO

-20°C
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Z-VAD-FMK Irreversible inhibitor of pan- Dissolved in

(Selleckchem) caspase; blocks all features of DMSO
apoptosis. -20°C

Necrostatin-1 Inhibitor of necroptosis. Dissolved in

(Sigma-Aldrich) Allosteric inhibitor of RIP1 DMSO
Kinase. Blocks necroptosis, -20°C

leading to necrosis.

Ferrostatin-1 Inhibitor of ferroptosis. Blocks Dissolved in
(Sigma-Aldrich) lipid peroxidation. DMSO
-20°C

2.2 Cell culture

A panel of human prostate cancer cell lines that represent the different stages
of the disease was utilised in this study (Table 2.2.1). BPH-1, LNCaP, C42, C42B,
22Rv1, DU145 and PC3 cells were purchased from the ATCC and grown in Roswell
Park Memorial Institute (RPMI) 1640 growth medium that was supplemented with 10%
foetal bovine serum (FBS) and 1% Penicillin Streptomycin-Glutamine (PSG). The
HEK293S GnTI (-) cells were kindly supplied by Dr Philip Reeves (University of Essex)
and grown in Corning® DMEM/F-12 50/50 1x growth medium that was supplemented
with 10% heat-inactivated foetal bovine serum (HI-FBS), 1% L-Glutamine and 1%
Penicillin-Streptomycin. All the cells were incubated at 37 °C, in humidified air and at

5% CO..
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Table 2.2.1 Prostate Cancer cell lines used in this study.

Cell Origin / Characteristics Mutations Reference
line Type
BPH-1  Prostate / Benign prostate Express: (Hayward et
hyperplasia WT p53, PTEN, Bax, al., 1995)
Epithelial p21
Androgen
independent Do not express: AR,
PSA, PAP
Prostate / Metastatic prostate Express: (Horoszewicz
LNCAP adenocarcinoma AR, PSA, PAP et al., 1983,
Epithelial WT p53 Cunningham
Androgen PTEN inactivation and You,
responsive CK-8, 18, and 20. 2015)
Prostate / Derived from LNCAP  Express: (Wu et al.,
AR, PSA 1994)
C42 Epithelial- Androgen CK-8
responsive
like
Prostate / Derivative subline of  Express: (Thalmann et
C42B C42 AR, PSA al., 1994)
Epithelial- CK-8
like Androgen
responsive
Prostate / Castration-induced Express: (Cunningham
22RV1 regression and AR, PSA and You,
Epithelial relapse 2015)
AR splice variants
Prostate / Castrate Resistant Express: (Stone et al.,
DU145 PCa P223L/V274F p53 1978,
Epithelial PTEN, CK-5, 7, 8, 19 Namekawa et
Androgen al., 2019)
independent Do not express:
AR, PSA
Prostate / Castrate Resistant Express: (Kaighn et al.,
PC3 PCa Mutated p53 1979,
Epithelial TGF-a, EGFR Namekawa et
Androgen al., 2019)
independent Do not express:
AR, PSA, PTEN
Embryonic Lack complex N- Do not express: (Reeves et
HEK?293S Kidney/ glycans GnTI (N-acetyl- al., 2002)
GnTI- Epithelial- glucosaminyltransferase
like )
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2.2.1 Passage of cells

The cells were grown until they reached 70 - 80% confluency and then
passaged as follows: the growth medium was aspirated, the cells were washed with
warm phosphate buffered saline solution (PBS) and incubated with Trypsin-EDTA for
several minutes at 37°C. Once the cells had detached from the flask, 5 or 10 mL of
growth medium was added, and the required volume of cell suspension was added to
a new cell culture flask (Thermo Fisher Scientific) containing fresh growth medium.
2.2.2 Cell counting and plating

The cell suspension (from Section 2.2.1) was used to seed plates for new
experiments. To be able to seed a specific number of cells per well, the number of
cells in the suspension was calculated. This was done as follows: 0.5 mL of cell
suspension was diluted in 4.5 mL medium, 10 pl of this mixture was added to a
haemocytometer and the cells that were present in 10 haemocytometer squares were
counted. The counted cells were averaged, and the value converted into number of
cells x108; this value was then utilised to determine the number of cells per mL by
dividing this value to the number of RPMI mL utilised to resuspend the cells. Finally,
this value was used to determine the volume of cell suspension and growth medium

needed to seed plates with the desired cell concentration.

2.2.3 Defrosting/freezing cells

The frozen stock was quickly defrosted by placing the cryovial in warm water
(37 °C). The cell suspension was transferred to 5 ml of warm growth medium. The
cells were collected by centrifugation (500xg, 3 minutes), the supernatant was
removed, and the cells were re-suspended in 5 ml of fresh growth medium. The cell

suspension was then transferred to an appropriately sized flask (25 cm? or 75 cm?)

68



and incubated overnight under the previously described conditions. After 24 h, the
growth medium was replaced with fresh medium.

To create a frozen stock, the cells were passaged as previously described in
Section 2.2.1. The cells were then collected by centrifugation (500xg, 3 minutes) and
resuspended in freezing medium (10% DMSO, 90% FBS). The volume of freezing
medium utilised in this step depended on the size of the flask that the cells were grown
in — 2 ml freezing medium for a 25 cm?, and 4 ml freezing medium for a 75 cm?. 1 ml
of this cell suspension was then transferred to a cryovial, which was then wrapped in
a few layers of insulating material and stored at -80°C. To ensure preservation, the
cells were transferred into liquid nitrogen after 24 h.

2.3 Crystal Violet Proliferation Assay

To determine IC50 values, BPH-1, LNCaP, DU145 and PC3 cells were treated
for 72 h with a dose range of Tunicamycin (TUN) and UPR inhibitors (0 uM, 0.01 uM,
0.1 uM, 1 pM, 10 uM). The ICso values were subsequently used for combination
treatments, in order to inhibit the three UPR arms during ER stress. The cells were
seeded in 96-well plates, at a concentration of 4,000 cells per well (100 pl). After 24
h, the cells were treated as previously described and incubated at 37 °C for another
72 h. To fix the cells, 100 pl of 4% PFA-PBS were added to the wells and incubated
for 1 h at RT. The plate was then washed three times with H20 and left to dry. Next,
40 pl of 0.08% crystal violet stain were added to each well and left for 1 h at RT. The
plate was then washed three times with H20 and left to dry. Finally, 100 pl of 10%
acetic acid was added per well and left on a shaker for 1 h, at RT. The plates were

read at 490 nm, using the FLUOstar Omega microplate reader (BMG LABTECH).
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2.4 Flow cytometric assays

BPH-1, LNCaP, DU145 and PC3 cells were seeded in 12-well plates at a cell
concentration of 30,000 cells per well. To investigate the effect of ER stress upon PCa
cell cycle and cell death, the cells were treated with a dose range of Tunicamycin (O
puM, 0.01 uM, 0.1 uM, 1 uM, 10 pM) for 72 h. Next, to determine what type of cell death
was triggered by ER stress, the cells were treated with inhibitors of cell death (Z-VAD-
FMK, Necrostatin-1 and Ferrostatin-1) 30 minutes before the treatment with
Tunicamycin (1 pM). The plates were then incubated at 37°C for 72h before being
collected and analysed using the BD AccuriTM C6 flow cytometer. The mechanisms
of cell death were investigated using DU145 CASP8, FADD and RIP1 knock-out cell

lines treated with 1 uM Tunicamycin for 72 h.

2.4.1 Cell cycle analysis

After treatment (described in Section 2.4), the growth medium was transferred
to a 2 ml Eppendorf tube. 500 pl of PBS were added to each well and then transferred
to the corresponding Eppendorf tube. The cells were detached with 100 ul
trypsin/EDTA, resuspended in 500 pl of the collected medium and transferred to the
corresponding Eppendorf tubes. The cells were centrifuged for 5 minutes at 5500 RPM
(MiniSpin mini centrifuge, Eppendorf) and resuspended in 50 pl PBS. 500 pl of 70%
EtOH was added dropwise, whilst mixing with a vortex, to each tube and stored at 4
°C. Before performing the analysis, the cells were pelleted for 5 minutes, 5500 RPM
(MiniSpin mini centrifuge, Eppendorf) and resuspended in 200 pl PI staining solution
(see Section 2.1.2). The samples were analysed using the BD AccuriTM C6 flow

cytometer (BD Biosciences).
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2.4.2 Pl inclusion and DNA Hypodiploidy Assay

The cells were harvested, as previously described in Section 2.4.1, and kept
on ice. For the Pl inclusion assay, 20 pg/ml of propidium iodide (P1) were added to the
cells, vortexed, and analysed immediately. Next, in order to perform the DNA
Hypodiploidy assay, the cells were centrifuged for 2 minutes at 5000 RPM and then
resuspended in 200 pl Nicoletti buffer (see Section 2.1.2). Analysis for both assays
was performed using the BD AccuriTM C6 flow cytometer (BD Biosciences).
2.5 Quantitative PCR (gPCR)

Quantitative PCR was used to analyse the expression of various UPR target
genes. The starting material for this technique is total RNA, extracted from the cells of
interest. The RNA was reverse transcribed into complementary DNA (cDNA) used as

the template for the gPCR reaction.

2.5.1 RNA extraction

Cells were seeded in 12-well plates and treated as necessary. After the desired
time, growth medium was removed, and the cells were washed once with PBS. 400 pl
of TRIzol® Reagent (Ambion) was added to each well, transferred to a 1.5 ml
Eppendorf tube and incubated at RT for 10 minutes. 100 pl of chloroform were added
to each tube, the tubes were shaken for 15 seconds, and incubated at RT for 3
minutes. The tubes were centrifuged at 12000 x g for 15 minutes, at 4°C. The top
phase was transferred to a fresh tube and, to help the precipitation of RNA, 1 pl of
Glycogen Blue and 250 pl cold isopropanol were added to each tube; the tubes were
mixed by inversion for a few seconds and incubated at RT for 10 minutes. To
precipitate the RNA, the tubes were centrifuged for 10 minutes at 12000 x g, 4°C. The
pellets were washed 2 times with 400 pl 75% EtOH (5 minutes centrifugation at 7500

X g, 4°C). After the ethanol was removed, the pellets were allowed to dry at RT and
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resuspended in 20 pl ddH20. The concentration of RNA was determined by
Nanodrop® ND-1000 UV/VIS Spectrophotometer.
2.5.2 NanoDrop® ND-1000 UV/VIS Spectrophotometer

The RNA concentration was measured with the help of NanoDrop® ND-1000
UV/VIS Spectrophotometer (Thermo Scientific) according to manufacturer’s
guidelines. The ratio of absorbance at 260 nm over the absorbance at 280 nm
(260/280) as well as the ratio of absorbance at 260 over the absorbance at 230
(260/230) were used to assess the quality of the RNA - values over 1.8 indicating that
the RNA was clean and pure. Nanodrop was also used to determine the concentration

of DNA extracted from different sources.

2.5.3 Reverse Transcriptase PCR

cDNA was synthesised using the LunaScript RT® SuperMix Kit (New England
Biolabs). 2 pl LunaScript RT SuperMix (5X), 125 ng of RNA and nuclease-free H20
up to a total volume of 10 ul were added in a PCR tube and incubated in a thermocycler
(T100™, Bio-Rad) according to manufacturer’s instructions. The cycle details are
shown in Table 2.5.3. Prior to use, each cDNA sample was diluted with 30 pl ddH20

and then stored at -20°C.

2.5.4 Real-time gPCR

Real-time qPCR was performed using a Roche LightCycler 96. The reaction
mix consisted of 2 pl cDNA, 5 pl Luna® Universal gPCR Master Mix (New England
BioLabs), 0.4 ul forward primer (10 uM), 0.4 pl reverse primer (10 uM) and 2.2 ul
ddH20. The thermocycling conditions were set according to the manufacturer’s
guidelines (New England Biolabs) and are shown in Table 2.5.4.1. The primers used
for these experiments are shown in Table 2.5.4.2 and were purchased from Sigma.

The expression levels of the studied genes were normalised to the expression of the
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60S ribosomal protein L19 (RPL19) gene. The delta-delta Ct method was used to

calculate changes in gene expression.

Table 2.5.3 Cycle details for the synthesis of cDNA using the LunaScript RT®

SuperMix.
Cycle step Temperature Time Cycles
Primer annealing 25°C 2 min
cDNA synthesis 55°C 10 min 1
Heat inactivation 95°C 1 min

Table 2.5.4.1 Thermocycling protocol for real-time qPCR using Luna Sybr green

master mix.
Cycle step Temperature Time Cycles
Initial denaturation  95°C 60 sec 1
Denaturation 95°C 15 sec
40-45
Extension 60°C 30 sec
Melt curve 60-95°C 60 sec 1
Table 2.5.4.2 Primers used for Real-time gPCR.
Primer name Primer sequence (5’-3’)
XBP1ls_F TGCTGAGTCCGCAGCAGGTG
XBP1ls_R GCTGGCAGGCTCTGGGGAAG
ATF4_F GGGACAGATTGGATGTTGGAGA
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ATF4_R ACCCAACAGGGCATCCAAGT

HERPUD1_F TCCTCCTCCTGACGTTGTAAA
HERPUD1_R TGCTCGCCATCTAGTACATCC
CHOP_F ACCAAGGGAGAACCAGGAAACG
CHOP_R TCACCATTCGGTCAATCAGAGC
IRE1a_F GGGTCTGAGGAAGGTGATGC
IRE1a_R CAGTGGGGTTTCATGGTGTC
PERK_F AGATCGCAGAGGCAGTGGAG
PERK_R CGAGACCTCTGTCTGAGCAC
ATF6_F CATCCGCAGAAGGGGAGACA
ATF6_R CAGGGTCCCACGCTCAGTTT
BiP_F GTATGGTGCTGCTGTCCAGG
BiP_R GGTGTCAGGCGATTCTGGTC
L19 F GCGGAAGGGTACAGCC AAT
L19 R GCAGCCGGCGCAAA

2.6 Cloning ATF6 into pACMVtet-O vector

2.6.1 Design of cloning primers

Cloning primers were designed using the OligoPerfect™ Primer Designer from
Thermo Fisher Scientific. Based on the NEB Restriction Enzyme Chart, the optimised
restriction sites of Xbal (forward) and Xhol (reverse) were added to the primer
sequences. The Rho-1D4 epitope (TETSQVAPA) was also added to the reverse

primer (Table 2.6.1).
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Table 2.6.1 ATF6 Cloning and Sequencing Primers.

ATF6_forward GCTCTAGAGCATGGGGGAGCCGGC
Cloning ATF6_reverse CCGCTCGAGCGGTTAGGCAGGCGCCACTTGGCT

GGTCTCTGTTTGTAATGACTCAGGGATGGTG

ATF6_F1 AGCAGCACCCAAGACTCAAACAA
Sequencing ATF6_F2 GGCAGCTGGATGAAGTTGTGTCA
ATF6_F3 GGCTCAAATTCTCAGCTGATGGC

2.6.2 PCR amplification of ATF6 DNA

In order to amplify the DNA of ATF6, the pEGFP-ATF6 plasmid (#32955) was
purchased from AddGene. The plasmid was isolated using the Real Genomics
HiYield™ Plasmid Kit (Mini), according to the high copy number protocol instructions.
The ATF6 DNA was amplified using the Q5® High-Fidelity DNA Polymerase (M0491,
New England Biolabs). A 25 ul reaction was performed according to the kit

instructions.

2.6.3 Agarose Gel Electrophoresis

To assess the size and quality of the ATF6 DNA, the PCR products were run
on 1% agarose gel in 1x TAE buffer (Section 2.1.2) for 15 minutes at 120V, 400 mA.
The DNA bands were visualised using a UV box. Gel extraction was performed using

the QIAEX®II Kit (cat. no. 20021) from QIAGEN.

2.6.4 Ligation of ATF6 into PGEM®-T Easy Vector
To improve cloning efficiency, the ATF6 insert was sub-cloned into the PGEM®-
T Easy Vector System | (cat. no. A1360) according to manufacturer’s instructions. The

reaction consisted of 5 pl 2X Rapid Ligation Buffer, 1 pl pPGEM®-T Easy Vector (50
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ng), 1 pl PCR product (1:3 ratio with vector DNA) and 1 pl T4 DNA ligase and ddH20
to a total volume of 10 pl. The reaction was mixed and incubated at RT for 2 h.
2.6.5 Transformation of competent cells

The ATF6-PGEM®-T Easy plasmid was transformed into XL-1 Blue
Supercompetent cells as follows: 1 pl of ligation reaction was added to 25 ul of bacteria
and left on ice for 30 minutes; heat shock was performed for 45 seconds at 42°C and
the tubes were immediately placed on ice for 2 minutes; 450 ul of SOC medium was
added and incubated for 1h at 37 °C with shaking. The bacteria were pulse span, 450
ul of medium was removed, and the pellet re-suspended in the remaining 50 pl. This
cell suspension was spread on a LB agar plate which contained 10% ampicillin and
had 40 pl XGAL (20 mg/mL) and 4 ul IPTG (200 mg/mL) spread on the surface. The
plate was incubated overnight at 37°C. Blue-white screening was performed to select
for the recombinant bacteria — a white colony was picked and grown overnight at 37°C
in 5 ml LB broth supplemented with 50 pg/mL ampicillin. 4.5 mL of the bacterial culture
was collected by centrifugation and the cell pellet was used to isolate the plasmid
(Real Genomics HiYield™ Plasmid Kit (Mini)).
2.6.6 Re-cloning into pACMVtetO vector

After the ATF6-PGEM®-T plasmid was extracted, 3 ug of DNA was digested
with Xhol and Xbal restriction enzymes. The samples were run on 1% low-melt
agarose gels, and the insert extracted. 3 ug of the pACMVtetO vector (supplied by Dr
Philip Reeves) was also digested with Xhol and Xbal, then alkaline phosphatase and
PCR clean-up (kit from New England Bioloabs) were performed. The alkaline
phosphatase reaction consisted of 18 ul (912.6 ng) pACMVtetO digest, 3 ul alkaline
phosphatase 10x buffer, 2 ul ddH20 and 2 pl alkaline phosphatase enzyme. The

reaction was incubated for 10 minutes at 37 °C and then for 5 minutes at 75 °C. Finally,
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the ATF6 insert was ligated into pACMVtetO as previously described. Sanger

sequencing of the construct was performed by Eurofins Scientific.

2.7 Stable transfection of HEK293S GnTI(-) cells

HEK293S GnTI (-) cells were grown as previously described. 24 h before
transfection, the cells were split 1:3 in complete DMEM (10% FBS, 1% L-Glu, 1%
Penicillin Streptomycin) in order to seed three 150 mm? culture dishes.
First, 30 ug of ATF6-PACMVtetO DNA was mixed with 50 ul CaCL2 (2.5 M) and ddH20
to a total volume of 500 ul. Importantly, in order to form a better precipitate, the CaClz
was added last, in a dropwise manner whilst vortexing for 60 seconds. Next, 500 pl of
2x BES (pH 7.02) was added to the first solution dropwise with vortex for 60 seconds,
followed by another 60s of vortexing. The final solution was then slowly added to the
cells, again in a dropwise manner while gently rocking the plate to stop the formation
of precipitate. The cells were then incubated at 37°C, 1% CO2. After 24h, the medium
was changed to DMEM/F12 and the cells were incubated at 37°C, 5% CO:. 24h later,
the transfected cells were split in DMEM/F12 as follows: 1:5 (2 x 10 ml dishes), 1:10
(3 x 10 ml dishes), 1:50 (2 x 10 ml dishes) and 1:100 (2 x 10 ml dishes). After 24h, the
transfected cells were fed with DMEM/F12 containing 30% conditioned medium and
Geneticin. The cells were fed every 4 days with this conditioned media until colonies
started to form.
2.7.1 Expanding clones and cell induction

Colonies were picked using sterile discs and transferred to the top row (A) of 4
x 24-well plates. From this point, the cells were grown in DMEM/F12 with Geneticin.
Once the cells were confluent, they were split into their corresponding 3 wells (rows
B, C, D). When the cells were confluent, row B was fed with 500 ul complete DMEM,

row C was fed with complete DMEM and induced with 1 ug/ml Tetracycline and
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Sodium Butyrate (5mM), whilst row D was frozen (-80°C) for future work. After 72h,

the cells from rows B and C were harvested and the pellets stored at -20°C.
2.8 Protein immunoblotting/western blotting

2.8.1 Preparing cell lysate and protein quantification

Cells were seeded in 6-well plates and treated as necessary. The growth
medium was removed, and the cells were washed with PBS and placed on ice. The
lysis buffer (RIPA buffer supplemented with protease inhibitors, 10 pl/ml Halt
phosphatase inhibitor cocktail and 5 pl/ml PMSF) was added onto the cells and the
plates left on ice for another 10 minutes. The cells were harvested by cell scraping,
transferred into 1.5 ml Eppendorf tubes, and lysed using sonication (3 cycles of 30
seconds on and 30 seconds off; Biorupter® Plus, Diagenode). The lysates were
centrifuged at 12000 x g, for 10 minutes, at 4 °C. The supernatant was transferred into
a fresh, pre-chilled Eppendorf tube and the protein concentration was determined by
performing a Protein Detergent Compatible (DC, BioRad) assay according to
manufacturer’s instructions. Standard concentrations of bovine serum albumin (BSA)
were used as a reference in this assay. A FLUOstar Omega plate reader (BMG
LABTECH) was used to detect the concentration of protein in the lysates by reading
the absorbance at 750 nm. The lysate was diluted as necessary with lysis buffer so
that each sample had a final concentration of 10 pug protein per 10 pl sample. 6X SDS
Protein Loading Buffer (containing beta-mercaptoethanol) was added to the samples
and the mixes were boiled for 5 minutes at 95 °C and then placed immediately on ice.
2.8.2 SDS polyacrylamide gel electrophoresis

The acrylamide gels were prepared as described in (Section 2.1.2). 5 ml of 10%
or 8% acrylamide gel were poured in a glass cassette and allowed to set before adding

the stacking buffer. A total of 30 pug of protein were loaded per well. To identify the
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estimated molecular weight of the target protein, 4 ul of PageRulerTM Plus Prestained
Protein Ladder (Bio-Rad) was also loaded on the gel. The gels were then run in 1x
Running Buffer (Section 2.1.2) for 2h at 125V, 40 mA.
2.8.3 Immunoblotting

Before assembling the gel / PVDF membrane sandwich, the gel was soaked
for a few minutes in transfer buffer, whilst the membrane was soaked both in methanol
and then in transfer buffer. A semi-dry electro-blotting apparatus (Bio-Rad) was used
to transfer the proteins onto the membrane; the transfer was performed for 2 h at 15mA
and 100 V. The membrane was blocked for at least 30 minutes with 5% Milk PBS-T
(0.1% Tween). Incubation with primary antibody was performed at RT, with rocking,
for at least 2 h. The membrane was washed 3 times (5 minutes each time) with PBS-
T. Incubation with mouse or rabbit secondary antibody (concentration 1:2000, diluted
in 5% Milk PBS-T) was performed for 1 h at RT. The protein of interest was detected
by the addition of Luminata™ Forte Western HRP Substrate (Millipore) to the
membrane and the chemiluminescence imaged using a Fusion FX (VILBER

LOURMAT) system.
2.9 Dot Blot

2.9.1 Preparing cell lysates and samples
The pellets (from Section 2.7.1) were re-suspended in 100 pl of 1% (w/v) DDM

in PBS, mixed for 1 h at 4 °C and centrifuged for 30 minutes, 12000 x g, at 4°C. The
supernatants were transferred to fresh tubes. Samples were serially diluted in a 96-

well plate the (1:4, 1:16, 1:64), as follows: 25 ul of sample were added to rows A and
E which contained 50 ul 0.1% (w/v) DDM in PBS; the samples were then serially
diluted by taking 25 ul from row A / E and adding to rows immediately bellow (rows B,
C, D and F, G, H, respectively) which contained 75 ul 0.1% (w/v) DDM in PBS.
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2.9.2 Blotting

Using vacuum, 25 pul of the diluted samples were transferred to the
nitrocellulose membrane, which was previously soaked in water. The membrane was
washed 4 times with 150 pl 0.1% (w/v) Triton X-100 in PBS, applying vacuum after
each wash. The membrane was then blocked overnight at 4 °C with 10% (w/v) milk in
PBS. The membrane was incubated for 5 h, RT, with a primary antibody solution
containing 100 mM K-POa4 buffer (pH 7.4), 0.5% (w/v) gelatine, 0.25% (w/v) BSA and
10 pg/ml of Rho-1D4 antibody. The membrane was washed 5 x 5 minutes with 50 ml
of PBS containing 0.5% (w/v) milk and 0.1% (v/v) Tween-20. Incubation with
secondary antibody was for 1h at RT (30 ml wash buffer with goat anti-mouse IgG
HRP antibody (Pierce, Lot RH240915) at a dilution of 1:5000). The membrane was
once again washed 5 x 5 minutes and then developed using ECL buffer (100 mM Tris-
HCI pH 8.5; 250 mM Luminol (Sigma); 10 mM coumaric acid and 30% H202).
2.10 Coomassie blue stain

The protein samples were prepared by mixing 1 ug of protein with 6x protein
loading dye. The samples were boiled for 5 minutes at 95°C, cooled on ice and then
5 pl loaded on a 10% acrylamide gel. The gel was run for 2h at 125 V and 40 mA. The
gel was soaked in Coomassie Blue stain and left rocking overnight at RT. ddH20 was
used to de-stain the gel. Pictures of the gel were taken using a EPSON Perfection
1250 scanner.

2.11 Protein Purification

2.11.1 Cell lysis
Two clones of the stably transfected HEK293S GnTI- cells were plated in a 150
mm culture dish and once they were confluent, the cells were fed with complete

DMEM. After 24h, the cells were induced for 48h as previously described. Cells were
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harvested and lysed with 2 ml of PBS solution containing 1% (w/v) DDM and 4 pl of

protease inhibitor PMSF. The samples were mixed at 4°C for 1h, centrifuged at 12000

X g, 4 °C for 30 minutes and the supernatants transferred to fresh tubes.

2.11.2 Column preparation

Rho-1D4 agarose beads (100 ul) were added to the supernatants and mixed
head-over-end for 1h at 4 °C. Then, at 4 °C, the samples were added to a 2 mL
Pierce™ disposable plastic column (Thermo Fisher Scientific) (cap on). The cap was
then removed and the flow through saved. Next, the column was washed 5 times with
2 ml wash buffer (0.1% DDM in PBS) and each flow-through was saved in a different
tube.
2.11.3 Elution of the purified protein

Elution buffer was prepared by mixing 800 ul wash buffer with 8 ul competitive
Rho-1D4 peptides. At RT, the first elution was performed by adding 100 pl elution
buffer to the column and saving the flow-through. For the second and third elution, the
flow through was collected after 1h. Finally, for the fourth elution, the elution buffer
was added to the column, left overnight at 4°C, and the flow though collected the next
morning. Samples were kept at 4°C. Amicon® Ultra — 0.5 Centrifugal Filter Devices kit
(Millipore, MERK, REF: UFC500324, LOT: R8KA97949) was used to concentrate the

eluates from 300 pl to 50 pl.

81



Chapter 3: Investigating the effects of endoplasmic reticulum stress
upon Prostate Cancer proliferation, cell cycle and cell death

Treatment options for PCa vary depending on the stage of the disease.
Androgen deprivation therapy (ADT) is the main treatment option for tumours that
have spread from the prostate. However, after 18-24 months of hormone therapy, for
most patients the disease progresses to the incurable castrate-resistant stage
(castrate resistant prostate cancer, CRPC) (Brooke and Bevan, 2009, Huang et al.,
2018). According to the advanced PCa Consensus Conference, CRPC can only be
diagnosed if the serum testosterone level of the patient is less than 1.7 nmol/L and if
there are signs of biochemical progression, such as a consecutive increase in PSA
levels (measured twice in a row over a week, or over 3 measurements that show that
the lowest value has increased by at least 50% or =2 g/L). The increase in new
lesions is also important during the diagnostic process (Thomas et al., 2016, Huang
et al., 2018).

The molecular mechanisms that promote the progression of PCa to CRPC, in
response to ADT, can be divided into AR-dependent mechanisms, AR bypass
signalling and AR-independent mechanisms. A few examples for the AR-dependent
mechanisms include the amplification of the AR gene and overexpression of the AR
protein, which is present in over 80% of CRPC patients and is associated with the
failure of ADT and development of CRPC (Koivisto et al., 1997, Huang et al., 2018).
Mutations in the AR are also common in CRPC, and the majority of them occur in the
LBD or NTD. Over 100 AR mutations have been identified and these can lead to a
more active/constitutively active AR. These can also decrease receptor ligand
specificity, allowing activation by other steroids such as glucocorticoids, or result in

anti-androgens becoming agonists (Huang et al., 2018). AR splice variants have also
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been identified in CRPC and these lack the LBD and are constitutively active; this
can be particularly important in CRPC as these splice variants can activate AR target
genes without the need of androgen (Haile and Sadar, 2011). Other AR-dependent
mechanisms include the altered expression and function of AR co-regulators,
aberrant post-translational modifications of the AR (which result in a decrease in
apoptosis and increase in the expression of AR target genes), and the synthesis of
intra-tumoural androgen (Huang et al., 2018). Additional therapy resistance
mechanisms that are AR independent include: alterations in the PI3K-Akt-mTOR
pathway that allow it to be constitutively active and promote cell survival and
angiogenesis, increased SRC kinase family signalling which promotes angiogenesis
and inhibits apoptosis, differential expression of microRNAs (miRNA) defects in the
DNA damage repair genes resulting in an increase in genomic instability (Huang et
al., 2018).

Treatment options for metastatic CRPC have been recently reviewed by
Leung et. al. and they include the use of chemotherapy drugs, such as docetaxel and
cabazitaxel; hormonal agents, such as abiraterone and enzalutamide; Sipuleucel-T
— an oncological vaccine; Radium-223 — which emits alpha-particle radiation to bone
metastasis; and Olaparib — a PARP inhibitor (Leung et al., 2021). Although the use
of some of these drugs improved the survival of CRPC patients, their effects were
limited and patients experienced bothersome side effects. Therefore, more
investigations are needed to understand the molecular biology of PCa and to improve
the therapeutic options for CRPC (Leung et al., 2021). Modulation of the Unfolded
Protein Response (UPR) may be a promising approach for the management of PCa
and CRPC.

PCa cells grow in an environment that is known to compromise ER function
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and cause ER stress (Storm et al.,, 2016). The tumour microenvironment has two
main components: the cellular components and the extracellular matrix. The tumour
cells, tumour stromal cells, endothelial cells, and immune cells (microglia,
macrophages, lymphocytes) comprise the cellular components, whilst collagen,
fibronectin, hyaluronan, laminin and others form the extracellular matrix. Soluble
factors secreted by the tumour cells manipulate these components in order to
promote tumourigenesis, angiogenesis, control the response to therapy, promote
metastasis and multi-drug resistance (Baghban et al., 2020, Jing et al., 2019). Due
to the rapid abnormal proliferation of the tumour cells and an insufficient blood supply,
the quantity of nutrients and oxygen is often sparse in the tumour microenvironment.
Therefore, most solid tumours grow in a hypoxic microenvironment, where the level
of oxygen in the cells drops from 2-9% to less than 2%. These conditions stimulate
the growth of new vasculature (angiogenesis) however the distribution of the blood
vessels is irregular and characterised by increased distances between the capillaries
that do not permit the efficient diffusion of oxygen. Therefore, the tumours always
have hypoxic regions — either permanent or transient (Jing et al., 2019, Petrova et
al., 2018). Hypoxia and nutrient deprivation impair the redox potential and limits the
formation of disulphide bonds which leads to an accumulation of unfolded proteins
and a disruption of the ER function (Morreall et al., 2019).

Activation of the UPR in PCa has been shown to support cancer progression
(Storm et al., 2016). The IRE1a/XBP1s branch is the most studied branch of the UPR
and was found to be directly activated by the AR in order to increase proliferation of
PCa cells (Sheng et al., 2015, Sheng et al., 2019). Moreover, inhibiting the RNase
activity of IRE1a with the MKC8866 inhibitor resulted in a reduction of PCa cell growth

in vitro and in vivo; importantly, when combined with the CRPC drugs abiraterone
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acetate and cabazitaxel, it synergistically inhibited tumour growth (Sheng et al.,
2019). XBP1s was also found to have common genomic binding sites with the AR
(Stelloo et al., 2020) and the ability to directly activate the transcriptional program of
the c-MYC oncogene (Sheng et al., 2019). Furthermore, the expression of XBP1s
was increased in patients who received AR-targeted therapy and high levels of un-
spliced XBP1 in primary PCa tumours correlated with a better bio-chemical
recurrence outcome (Stelloo et al., 2020). PERK has also been shown to have a pro-
survival role in MYC-hyperactivated PCa — where the high demand for protein
synthesis is not compatible with cell survival. Through the phosphorylation of elF2a,
PERK decreases the rate of protein synthesis allowing the cells to survive (Nguyen
et al., 2018).

There is a definite link between the UPR and PCa progression and further
investigations are needed in order to advance our understanding of the UPR in PCa.
In this Chapter, | use tunicamycin — a compound that blocks protein folding and
induces the UPR (Guillemette et al., 2011) — to mimic the stressful conditions of the
tumour microenvironment and investigate the ways in which PCa cells respond to ER
stress. | specifically look into the way ER stress affects the proliferation of PCa cells
and continue the investigation by assessing the effects of ER stress upon cell cycle
and cell death. | also study the activation of the UPR sensor proteins in response to
stress and assess the implications of these findings. Finally, | study the effects of
targeting UPR signalling upon the proliferation of PCa and characterise the crosstalk
between the UPR arms by looking at the expression of IRE1a, PERK, and ATF6
target genes. These results will further characterise the activity of UPR in PCa and

help us understand how PCa utilises the UPR in order to survive.
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3.1 Expression levels of IREla, PERK and ATF6 in PCa cell lines

To better understand UPR signalling in PCa, the expression levels of different
sensor proteins was investigated. The expression of IRE1a, PERK and ATF6 was
investigated using immunoblotting in eight PCa cell lines, representing different
stages of the disease (Table 3.1; information was collected from ATCC: The Global
Bioresource Centre). Low levels of IRE1a expression were found in the normal and
non-cancerous cells (PNT1A, BPH-1) and in the advanced stages of the disease
(22Rv1, DU145, PC3), whilst high levels of expression were present in androgen
responsive cells (LNCaP, C42, C42B) (Figure 3.1). PERK had a relatively stable
expression across the lines, with a lower expression in castrate resistant models
(DU145, PC3) and lowest in 22Rv1. The expression of ATF6 varied across the lines.
For example, the lowest level of expression was found in BPH-1 and normal prostate
cells (PNT1A). Its expression was then higher in androgen responsive (C42B,
LNCaP) and highest in castrate resistant cells (PC3, DU145, 22Rv1). Therefore, the
UPR components had differential expression across the lines, however a trend could
be observed, in which all the three proteins had high levels of expression in the
androgen responsive cells, and IRE1a and PERK had lower expression in castrate
resistant models.

3.2 Effects of ER stress upon PCa cell proliferation and cell cycle

In order to mimic the stressful conditions of the tumour microenvironment,
Tunicamycin - a natural occurring antibiotic that blocks protein folding by inhibiting
the N-linked glycosylation of nascent peptides (Guillemette et al., 2011), was used to
induce ER stress in four PCa cell lines (BPH-1, LNCaP, DU145 and PC3). Crystal
violet assays, as well as flow cytometry analysis were used to study the effects of ER

stress upon PCa cell proliferation, cell cycle and cell death.
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Figure 3.1 Expression of UPR components across a panel of PCa cell lines.
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Cells were grown at 37 Cin RPMI 1640 containing 10% FBS and 1% PSG. The cells were collected
and lysed for western blot analysis. Images are representative of three individual repeats. -Tubulin
was used as a loading control. Densitometry was performed using ImageJ software. The levels of

IRE1a, PERK and ATF6 are the mean of the 3 individual repeats.
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Cells were grown to in media supplemented with 10% FBS before being
treated with a dose range of Tunicamycin (0-10 uM) for 72h. After the treatment, the
cells were fixed with 4% PFA and stained with crystal violet; the ICso values of
tunicamycin were calculated using GraphPad Prism software (Figure 3.2.A). It has
been observed that tunicamycin reduced the proliferation of all of the cell lines, with
DU145 being the most sensitive to stress (ICso = 33 nM), followed by PC3 cells (ICso
= 73 nM), BPH-1 (ICso = 85 nM) and finally, LNCaP cells - which were the least

affected by stress (ICso = 697 nM).

In order to assess whether the reduction in proliferation was due to cell cycle
arrest or due to cell death, the same four cell lines were treated again for 72 h with
the same dose range of tunicamycin. Flow cytometry was performed to study the
effects of ER stress upon the cell cycle of PCa (Figure 3.2.B). Although it is known
that Tunicamycin is able to cause G1 arrest in cells (Brewer et al., 1999), the flow
cytometric analysis revealed that Tunicamycin had no such effect on the cell cycle of
BPH-1 cells. LNCaP cells showed a clear increase in G1 phase at the higher
concentrations (1-10 uM) of tunicamycin, indicating that increased levels of ER stress
are able to induce G1 arrest in these androgen responsive cells. However, at the
same higher concentrations, the castrate resistant DU145 and PC3 cells only

experienced a small increase in G1 phase.

Taken together, these results suggest that the non-cancerous prostate cells
(BPH-1) were the most resistant to ER stress — their proliferation was not greatly
reduced by tunicamycin nor did it affect their cell cycle progression. When compared
to the other cell lines, the proliferation of LNCaP cells had been the least affected by
ER stress and upon further analysis, it was also revealed that they were in G1-phase

cell cycle arrest. Finally, the proliferation of the castrate resistant models was greatly
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Figure 3.2 ER stress reduces proliferation of PCa cell ones and causes G1 arrest in LNCaP cells.

BPH-1, LNCaP, DU145 and PC3 cell lines were incubated at 37°C in RPMI 1640 containing 10% FBS and 1%

PSG and treated with 0-10 uM Tunicamycin for 72h. A. Cells were fixed with 4% PFA in PBS and stained with

crystal violet. Dose response curves and the IC, values were generated using GraphPad Prism 7 software.

B. Cell cycle analysis of PCa cells in response to a dose range of Tunicamycin was measured using a BD

Accuri™ C6 flow cytometer. Graphs are the mean of 3 individual repeats.
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reduced by ER stress; however, this stress had no effect on cell cycle regulation.

3.3 Effects of ER stress upon PCa cell death

To assess the effect of ER stress upon PCa cell death, cells were treated with
the same dose range of tunicamycin for 72 h and DNA Hypodiploidy and PI inclusion
assays were used to determine whether ER stress was able to induce apoptosis or
a different type of cell death in the PCa cells (Figure 3.3.1-2). DNA Hypodiploidy is a
flow cytometric assay that is able to measure the percentage of apoptotic
(hypodiploid) nuclei from a heterogenous cell population (Nicoletti et al., 1991), whilst
Pl inclusion method measures the percentage of propidium iodide (PI) intake by the
cells. Pl is a membrane-impermeable DNA-binding dye and so it can only cross
compromised plasma membranes in order to stain the DNA. As ruptured plasma
membranes are indicators of a different type of cell death, such as necrosis, the PI
inclusion assay is used as an indicator of non-apoptotic cell death (Rosenberg et al.,

2019, Galluzzi et al., 2007).

Tunicamycin was able to significantly induce apoptosis in DU145 cells starting
from the low concentration of 0.1 pyM, (p < 0.0001) (Figure 3.3.1A). These results
correlate with the previous findings, where it was found that the proliferation of these
cells was affected by ER stress and that the reduction in proliferation was not due to
a cell cycle arrest. Taken together, these results suggest that ER stress was able to

inhibit the proliferation of DU145 cells by inducing apoptosis.

LNCaP and PC3 cells had similar results to those seen for DU145. However,
Tunicamycin induced apoptosis only at the highest concentration tested (10 uM) (p <
0.0001). BPH-1 was found to undergo significantly less apoptosis than the other cell

lines and so these non-cancerous cells were, again, found to be the most resistant
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Figure 3.3.1 Apoptotic levels of PCa cell lines in response to a dose range of Tunicamycin.

Cells were treated for 72h, then collected and analysed using the BD Accuri™ C6 flow cytometer. A. DNA

Hypodiploidy assay of PCa cell lines. B. Line graphs are the mean of 3 individual repeats. Graphs and statistical

analysis (two-way ANOVA) were performed using GraphPAD Prism 7 software. *p<0.05, **p<0.005,

*%%p<0.0005.
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Cells were treated for 72h, then collected and analysed using the BD Accuri™ C6 flow cytometer. A. PI

inclusion assay of PCa cell lines. B. Line graphs are the mean of 3 individual repeats. Graphs and statistical

analysis (two-way ANOVA) were performed using GraphPAD Prism 7 software. *p<0.05, **p<0.005,
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92



cells to ER stress (Figure 3.3.1). Furthermore, high levels of Pl inclusion were found
in DU145 cells (at concentrations 0.1- 10uyM) and these percentages were
significantly higher than in BPH-1. High levels of PI inclusion were also found in
LNCaP and BPH-1 cells (at concentration 1-10 yM and 10 pM, respectively) (Figure

3.3.2).

In order to confirm the type of cell death induced by ER stress, | assessed
whether the cellular effects of tunicamycin can be inhibited by the addition of
apoptosis (Z-VAD-FMK), necroptosis (Necrostatin-1) and ferroptosis (Ferrostatin-1)
inhibitors. The cells were grown in medium supplemented with 10% FBS and treated
with the inhibitors 30 minutes prior to the addition of tunicamycin. The cells were
treated for 72 h with one concentration of tunicamycin, found to induce both apoptosis
and had high levels of Pl inclusion in all cell lines (1uM). As before, tunicamycin
induced apoptosis and high levels of PI inclusion were recorded in all cell lines

(Figures 3.3.3 — 6).

Apoptosis and Pl inclusion levels were significantly reduced in BPH-1, DU145
and PC3 in response to the pan caspase inhibitor Z-VAD-FMK, confirming that the
ER stress is able to induce PCa cell death by triggering apoptosis. Interestingly, in
BPH-1 cells, the ferroptosis inhibitor was also able to significantly reduce the levels
of PI inclusion whilst in PC3 cells Ferr-1 increased the percentages of Pl inclusion.

In LNCaP none of the inhibitors had a significant effect.
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Figure 3.3.3 Z-VAD-FMK inhibits tunicamycin-induced apoptosis in BPH-1 cells.

Cells were treated for 72h with DMSO, Z-VAD-FMK, Necrostatin-1 and Ferrostatin-1 in the presence or
absence of tunicamycin (1uM). For the combined treatment, inhibitors were added 30 min before
tunicamycin. Cells were then collected and analysed using the BD Accuri™ C6 flow cytometer. Graphs
are the mean of 3 individual repeats. Two-way ANOVA tests were performed using GraphPAD Prism 7
software. A-B. DNA Hypodiploidy assay. C-D. Pl inclusion assay. *p<0.05, **p<0.005, ***p<0.0005
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Figure 3.3.4 Apoptotic and Pl inclusion levels of LNCaP cells in response to tunicamycin and cell death

inhibitors.

Cells were treated for 72h with DMSO, Z-VAD-FMK, Necrostatin-1 and Ferrostatin-1 in the presence or
absence of tunicamycin (1uM). For the combined treatment, inhibitors were added 30 min before
tunicamycin. Cells were then collected and analysed using the BD Accuri™ C6 flow cytometer. Graphs
are the mean of 3 individual repeats. Two-way ANOVA tests were performed using GraphPAD Prism 7
software. A-B. DNA Hypodiploidy assay. C-D. Pl inclusion assay. *p<0.05, **p<0.005, ***p<0.0005
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Figure 3.3.5 Z-VAD-FMK inhibits tunicamycin induced apoptosis in DU145 cells.

Cells were treated for 72h with DMSO, Z-VAD-FMK, Necrostatin-1 and Ferrostatin-1 in the presence or
absence of tunicamycin (1uM). For the combined treatment, inhibitors were added 30 min before
tunicamycin. Cells were then collected and analysed using the BD Accuri™ C6 flow cytometer. Graphs
are the mean of 3 individual repeats. Two-way ANOVA tests were performed using GraphPAD Prism 7
software. A-B. DNA Hypodiploidy assay. C-D. Pl inclusion assay. *p<0.05, **p<0.005, ***p<0.0005
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Figure 3.3.6 Z-VAD-FMK inhibits tunicamycin induced apoptosis in PC3 cells.

Cells were treated for 72h with DMSO, Z-VAD-FMK, Necrostatin-1 and Ferrostatin-1 in the presence or
absence of tunicamycin (1uM). For the combined treatment, inhibitors were added 30 min before
tunicamycin. Cells were then collected and analysed using the BD Accuri™ C6 flow cytometer. Graphs
are the mean of 3 individual repeats. Two-way ANOVA tests were performed using GraphPAD Prism 7
software. A-B. DNA Hypodiploidy assay. C-D. Pl inclusion assay. *p<0.05, **p<0.005, ***p<0.0005
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To summarise, ER stress had little effect on the proliferation and cell cycle of
BPH-1 cells; however, apoptosis was triggered when the cells were under high levels
of stress. The results also show that the proliferation of the androgen responsive
cells, LNCaP, was reduced in the presence of ER stress because of a G1-phase
arrest. Although low levels of apoptosis were also found in these cells, the addition
of the apoptosis inhibitor Z-VAD-FMK could not significantly reverse these effects,
and so it could not be confirmed whether ER stress was able to induce apoptosis in
LNCaP cells. The proliferation of DU145 and PC3 cells was significantly reduced by
tunicamycin, and the results suggest that this inhibition of proliferation was caused
by ER stress-induced apoptosis.

3.4 Mechanisms of cell death induced by UPR

Activation of the UPR is able to induce apoptosis in PCa cells, however, the
signalling event leading to cell death remain unclear. It was proposed that UPR stress
can promote apoptosis through the activation of Death Receptor 5 (DR5) and caspase
8 (Lu et al., 2014). In response to ER stress, the transcription factor CHOP,
downstream of the PERK - ATF4 axis and of ATF6, induces the expression of DR5
and directly controls its accumulation. As a result, the activation of DR5 occurs
intracellularly (ligand-independent) and the caspase 8-activating complex (caspase 8,
DR5, FADD) is formed (Lu et al., 2014, Sano and Reed, 2013).

In order to further investigate this mechanism in PCa, several knock-out DU145
cell lines were used: two caspase 8 knock-out clones, two FADD knock-out clones
and one RIP1 (part of the necrosis machinery) knock-out cell line. These cell lines
were kindly provided by Dr Andrea Mohr and Dr Ralf Zwacka (University of Essex). To
induce ER stress, the cells were treated with 1 pM Tunicamycin for 72h. DNA

Hypodiploidy and Pl inclusion assays were performed to assess the levels of cell death
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in the knock-out clones (Figure 3.4). It was observed that the levels of apoptosis in
caspase 8 and FADD knock-out cell lines were significantly lower compared to the
parental DU145 cells. The Pl inclusion levels of caspase 8 knock-out (clone 4b) were
also significantly lower than the ones present in the normal cells. However, no such
difference was recorded for the FADD knock-out lines. However, a western blot to
confirm the knock-out of caspase 8 and FADD in these two clones is needed.
Interestingly, the RIP1 clone had significantly higher levels of apoptosis and necrosis

than the normal DU145 cells.

99



A. DU145 CASP8 KO DU145 FADD KO DULLS
DU145 48 9B 18 28 RIP1-3 KO
DMSO |
2.2% 24% 3.5% 3.1% 34% 9.3%
TUN {
26.2% 14.6% 17.3% 14% 12.8% 53.7%
DU145 CASP8 KO DU145 FADD KO DU145
DU145 4B 9B 1B 2B RIP1-3 KO
DMSO - 2.8% 3% 2.4% 21% 2.5%
TUN 8.6% 9.2% 37Y%

Apoptosis (%)

40+

Pl inclusion (%)
[~ w
T %

=)

= DMSO

Tunicamycin

s
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Cells were treated 1 pM Tunicamycin for 72h, then collected and analysed using the BD Accuri™ C6
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3.5 UPR activation in response to ER stress

In order to study UPR activation in PCa, the cells were grown in medium
supplemented with 10% FBS and then treated with a dose range of Tunicamycin for
6 and 24 hours. After the RNA was harvested and cDNA synthesised, the expression
levels of the UPR target genes XBP1s (downstream of IRE1a), ATF4 (downstream
of PERK), HERPUD1 (downstream of ATF6) and CHOP (pro-apoptotic gene
regulated by both PERK and ATF6) was assessed by g-PCR (Figure 3.5). These
results only show the changes in the expression levels of these genes and not the
activity of the encoded proteins.

Splicing of XBP1 by IRE1a was activated after 6h in BPH-1 and LNCaP cells
(0.1- 10uM and 10pM, respectively) and after 24h in DU145 cells (1uM). In LNCaP
cells, ATF4 expression was significantly increased after 6 h of tunicamycin (10uM)
treatment. However, PERK was not activated in BPH-1, DU145 or PC3 cells, as ATF4
MRNA levels remained unchanged during the 6 and 24h of stress. Furthermore, the
expression of the ATF6 target gene HERPUD1 was significantly increased in BPH-1
and LNCaP cells after 6 h of tunicamycin (0.1 uM and 10 pM, respectively) treatment
and in BPH-1 after 24 h of treatment. Finally, the expression of CHOP (downstream
of PERK and ATF6) was found to be induced in LNCaP cells after 6h of ER stress
and in LNCaP and PC3 cells after 24h.

To summarise, after 6h of stress, IRE1a and ATF6 were activated in the non-
cancerous cells and in the incipient stage of the disease (BPH-1, LNCaP). PERK was
activated in LNCaP cells only. After 24h, IRE1a was activated in LNCaP and castrate
resistant PCa (DU145), ATF6 in BPH-1 and LNCaP cells, whilst CHOP signalling

(mediated by PERK/ATF6) was activated in LNCaP and PC3 cells.
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Figure 3.5 UPR activation in response to ER stress.
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assessed using g-PCR. A. IREla activation. B. PERK activation. C. ATF6 activation. D. PERK/ATF6
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XBP1s mRNA levels

HERPUD1 mRNA levels ATF4 mRNA levels

CHOP mRNA levels

80+
604
404
204
0
° oot o1 1 1
[Tun] uM
20+
154
104
54
/‘\__._—:-q:——‘
=
o
(1] o1 1 10
[Tun] uM

o1 1 10

[Tun] uM

o1 1
[Tun] uM

performed using GraphPAD Prism 7 software. *p<0.05, **p<0.005,***p<0.0005.

- DU145
LNCaP

= PC3

-~ BPH-1

- DU145
LNCaP

- PC3

-~ BPH-1

-~ BPH-1
LNCaP

- PC3

-+ DU145

-~ BPH-1
LNCaP

- DU145

-~ PC3

102



3.6 Effects of targeting UPR Signalling upon Prostate Cancer proliferation and
target gene expression

The UPR has been proposed to protect cancer cells from cellular stress and
to promote proliferation (Storm et al., 2016). To assess the effect of disruption of
UPR signalling upon PCa proliferation, crystal violet proliferation assays were
performed in order to investigate the effect of UPR inhibitors in four PCa cell lines.
The inhibitors used are able to block the activity of IRE1a (4u8c), PERK (GSK-
2656157) and ATF6 (AEBSF). Cells were grown in medium supplemented with 10%
FBS and underwent single-agent treatment for 72 h with a dose range (0-10 pM) of
the inhibitors. The cells were then fixed with 4% PFA and stained with crystal violet
in order to assess the effect of the inhibitors upon the proliferation of PCa and to
obtain the 1Cso values of the inhibitors (Figure 3.6.1). Inhibition of PERK reduced the
proliferation of all PCa cell lines and GSK-2656157 had an average I1Cso of 5.54 uM.

The other drugs showed little activity in the cell lines at the concentrations tested.

Next, the inhibitors were used as combined treatments in the presence or
absence of ER stress induced using tunicamycin (Figure 3.6.2). It was observed that
in the absence of tunicamycin, the proliferation of LNCaP cells was significantly
reduced by the inhibition of PERK, and IRE1a. Furthermore, in UPR stressed cells
that had the IRE1a and PERK, IRE1a and ATF6, or all UPR arms inhibited,
proliferation was significantly reduced compared to cells treated with Tunicamycin
only (BPH1, DU145, PC3). However, no such significant difference was observed in
LNCaP cells. In summary, combined inhibition of IRE1a with PERK or ATF6 in the
presence of ER-stress caused a further reduction in the proliferation of castrate

resistant models and BPH-1 cells.
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Figure 3.6.1 Dose response curves, and ICso values, for the UPR inhibitors.

The cells were treated with the inhibitors (0-10 uM) or with DMSO as the control. Cells were incubated
with the treatment for 72h and fixed with 4% PFA in PBS. A. Dose response curves for AEBSF, inhibitor
of ATF6. B. Dose response curves for 4u8c, inhibitor of IREla. C. Dose response curves for GSK-
2656157, inhibitor of PERK. D. IC50 values for the inhibitors were generated using GraphPad Prism
software.*p<0.05,**p<0.005,***p<0.0005.
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Figure 3.6.2 Inhibition of UPR signalling further reduces proliferation during ER stress.

BPH-1, LNCaP, DU145 and PC3 cells were treated with Tunicamycin (85nM, 600nM, 50nM, 50nM,
respectively) and the inhibitors at 1uM (GSK) and 10 uM (AEBSF and 4u8C) for 72h. DMSO was used as
a control. Graphs are the mean of 3 individual repeats. One-way ANOVA tests were performed using
GraphPAD Prism 7 software. *p<0.05,**p<0.005, ***p<0.0005.
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The effect of UPR inhibitors upon UPR target gene expression was
investigated across a panel of PCa cell lines (LNCaP, C42, 22RV1, DU145 and PC3)
(Figures 3.4.3-7). The cells were grown in medium supplemented with 10% FBS and
treated with 10 uM UPR inhibitors for 24 h in the presence or absence of ER stress.
As toyocamycin was used as a potent inhibitor of XBP1 splicing in the study
conducted by (Sheng et al., 2015), this IRE1a inhibitor was also included in these

studies.

Inhibition of IRE1a by 4u8c significantly reduced the splicing of XBP1 in
LNCaP and DU145 cells and resulted in an increase of ATF6 signalling (HERPUD1)
in PC3 cells as well as the overexpression of CHOP in LNCaP and PC3 cells.
Inhibition of PERK by GSK-2656157 was not able to significantly reduce the
expression levels of ATF4 in any of the cell lines, however, it resulted in the
overexpression of CHOP in LNCaP cells and the ATF6 target gene HERPUDL1 in C42
cells. Moreover, splicing of XBP1 was also increased in LNCaP cells following PERK
inhibition. Inhibition of ATF6 by AEBSF had no significant effect upon the expression
of any of the UPR target genes studied in this experiment. It has also been observed
that in all cell lines, toyocamycin was able to not only reduce the splicing of XBP1,

but also to inhibit PERK and ATF6 signalling (ATF4, HERPUD1, CHOP).
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Figure 3.6.3 Effects of UPR inhibitors upon UPR target gene expression in LNCaP cells.

LNCaP cells were treated with 10 uM Tunicamycin+/- 10 uM UPR inhibitors for 24 hours and the activation
of the UPR was assessed using q-PCR. A. IREla activation. B. PERK activation. C. ATF6 activation. D.
PERK/ATF6 activation. Graphs are the mean of 3 individual repeats. Two-way ANOVA tests were performed
using GraphPAD Prism 7 software. *p<0.05, **p<0.005, ***p<0.0005.
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Figure 3.6.4 Effects of UPR inhibitors upon UPR target gene expression in C42 cells.

C42 cells were treated with 10 uM Tunicamycin+/- 10 uM UPR inhibitors for 24 hours and the activation of
the UPR was assessed using q-PCR. A. IRE1a activation. B. PERK activation. C. ATF6 activation. D. PERK/ATF6
activation. Graphs are the mean of 3 individual repeats. Two-way ANOVA tests were performed using

GraphPAD Prism 7 software. *p<0.05, **p<0.005, ***p<0.0005.
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Figure 3.6.5 Effects of UPR inhibitors upon UPR target gene expression in 22Rv1 cells.

22Rv1 cells were treated with 10 uM Tunicamycin +/- 10 uM UPR inhibitors for 24 hours and the activation
of the UPR was assessed using g-PCR. A. IREla activation. B. PERK activation. C. ATF6 activation. D.
PERK/ATF6 activation. Graphs are the mean of 3 individual repeats. Two-way ANOVA tests were performed
using GraphPAD Prism 7 software. *p<0.05, **p<0.005, ***p<0.0005.
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Figure 3.6.6 Effects of UPR inhibitors upon UPR target gene expression in DU145 cells.
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DU145 cells were treated with 10 uM Tunicamycin +/- 10 uM UPR inhibitors for 24 hours and the activation
of the UPR was assessed using g-PCR. A. IREla activation. B. PERK activation. C. ATF6 activation. D.
PERK/ATF6 activation. Graphs are the mean of 3 individual repeats. Two-way ANOVA tests were performed
using GraphPAD Prism 7 software. *p<0.05, **p<0.005, ***p<0.0005.
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Figure 3.6.7 Effects of UPR inhibitors upon UPR target gene expression in PC3 cells.

PC3 cells were treated with 10 uM Tunicamycin +/- 10 uM UPR inhibitors for 24 hours and the activation of
the UPR was assessed using q-PCR. A. IRE1a activation. B. PERK activation. C. ATF6 activation. D. PERK/ATF6
activation. Graphs are the mean of 3 individual repeats. Two-way ANOVA tests were performed using

GraphPAD Prism 7 software. *p<0.05, **p<0.005, ***p<0.0005.
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3.7 Discussion

In this chapter the effects of the tumour microenvironment upon the survival of
PCa cells were characterised. In order to do this, tunicamycin was used to induce ER
stress in a panel of PCa cell lines that represented different stages of the disease.
Proliferation and flow cytometric assays were used to investigate the effects of stress
upon PCa proliferation, cell cycle and cell death. gPCR assays were also performed
to study the activation of UPR signalling in response to stress and to investigate the
effects of targeting the three sensor proteins upon the expression of their target genes.

Four PCa cell lines were used in most experiments, and they were: (i) the BPH-
1 cells — which are benign epithelial cells isolated from the prostate tissue of a patient
with benign prostatic hyperplasia (Hayward et al., 1995) and were used as a control;
(if) the LNCaP cells — which are malignant epithelial cells that have been derived from
a metastatic prostate adenocarcinoma tumour found in the lymph node of a 50-year-
old patient; they express the AR and PSA at mMRNA and protein level and are androgen
responsive (Horoszewicz et al., 1983) therefore they have been used as a
representative of the incipient stages of the disease; (iii) DU145 and PC3 which are
malignant cells isolated from metastatic prostate tumours that had spread to the brain
(Stone et al., 1978) and the vertebrae (Kaighn et al., 1979), respectively; they do not
express the AR or PSA at mRNA or the protein level and are androgen independent
(Namekawa et al., 2019, Cunningham and You, 2015); therefore they represent the
metastatic, castrate resistant stage of PCa.
3.7.1 UPR sensor proteins have high levels of expression in hormone sensitive
models of Prostate Cancer

The protein expression levels of the three UPR sensors were assessed in eight

PCa cell lines (Figure 3.1) and it was observed that the levels of IRE1a were low in
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the normal and non-cancerous prostate cells as well as in the advanced metastatic
stages of PCa. However, in the incipient stages of the disease, in the androgen
responsive cell line LNCaP and its sublines C42 and C42B, IRE1a was found to have
high levels of expression. These results could suggest that IRE1a has an important
role during this hormone responsive stage of the disease, and they correlate with the
findings of Sheng et. al. who demonstrated that the expression of IRE1a increased
following androgen treatment and that this effect was regulated by the AR — which
bound directly to the gene regulatory sites of IRE1a and increased its expression
(Sheng et al.,, 2015). Since AR signalling promotes PCa growth, the interaction
between the AR and IRE1a branch of the UPR could also promote cancer survival —
an implication which has been recently confirmed by (Sheng et al., 2019). Therefore,
the detection of IRE1a in these cells, even in the absence of an ER-stressor, suggest
that PCa utilises IRE1a in the androgen-responsive stages of the disease and relies
on its proliferative effects.

The expression of PERK was found to be relatively high and uniform across the
normal, benign and androgen-responsive cells, however its expression was lower in
the metastatic models. PERK has been found to be involved in various cancers where
it has been shown to be differentially expressed and promoted tumour growth,
autophagy, metastasis, the infiltration of immune cells in the tumour microenvironment
and resistance to radiation (Wang et al., 2021). In PCa, PERK signalling has also been
shown to promote metastatic progression of both hormone-sensitive and castrate
resistant PCa through the phosphorylation of elF2a and the subsequent inhibition of
global protein synthesis (Nguyen et al., 2018). However, the results presented here
show that the basal levels of PERK in metastatic PCa cells are lower compared to the

basal levels of PERK found in normal and androgen-sensitive cells.
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Low levels of ATF6 were found in normal and benign prostate cells, with higher
expression in androgen-responsive cells and highest in metastatic models. Although
there is limited information available in the literature regarding the role of ATF6 in PCa,
a recent study has shown that progression of PCa is associated with the activation of
ATF6 (Pachikov et al., 2021). The S1P and S2P proteases, located in the Golgi, that
cleave ATF6 are overexpressed during the progression of PCa, and the protein
GCC185 that retains the two proteases in the Golgi apparatus is downregulated.
Furthermore, Pachikov et. al. demonstrated that PCa promotes the fragmentation of
the Golgi which leads to the translocation of S1P and S2P in the endoplasmic
reticulum, where they cleave ATF6 directly. This accelerates the activation of ATF6
and its signalling, promoting the production of pro-metastatic metabolites. The authors
also correlated the activation of ATF6 with AR signalling and disease stage (Pachikov
et al., 2021). Our findings correlate with this study as ATF6 was expressed in both
androgen responsive and metastatic models.

In summary, high levels of IRE1a, PERK and ATF6 were recorded in the
androgen responsive cell lines suggesting that the UPR is highly active during the
hormone sensitive stage of the disease. However, in metastatic models, the sensor
proteins had differential expression — with IRE1a and PERK having low levels of

expression and ATF6 having high levels of expression.

3.7.2 Androgen responsive cells attempt to delay cell death by entering into
Gl-phase arrest

The effects of ER stress upon the proliferation, cell cycle and cell death of PCa were
investigated using tunicamycin to induce ER stress in four cell lines. The effects of
UPR stress upon PCa proliferation (Figure 3.2.1A), cell cycle (Figure 3.2.1B) and cell

death (Figures 3.3.1-2) were subsequently assessed. Furthermore, inhibitors of
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apoptosis, necrosis and ferroptosis were used in order to determine the type of cell
death that is induced by ER stress (Figures 3.3.3-6).

It has been observed that the benign BPH-1 cells were least affected by ER
stress — BPHL1 proliferation was not greatly reduced by tunicamycin, it had no effect
upon cell cycle and the cells were found to undergo significantly less apoptosis when
compared to the other three lines. This would suggest that non-cancerous prostate
cells have the capacity to deal with ER stress and, when linked with the previous
western blot analysis, PERK signalling could play an important pro-survival role in
these cells. Furthermore, the use of ferroptosis inhibitor Ferrostatin-1 (Zilka et al.,
2017) was able to reduce the levels of Pl inclusion in these cells. Ferroptosis is a type
of cell death that is iron-dependent and is characterised by an accumulation of lipid
hydroperoxides which results in plasma membrane damage. It is activated in response
to stressful stimuli such as high or low temperatures, hypoxia, and radiation, and is
regulated by a network of organelles such as the mitochondria, lysosomes, lipid
droplets, peroxisomes, Golgi, the nucleus, and most importantly, the endoplasmic
reticulum (Chen et al., 2021, Tang et al., 2021). The involvement of the UPR in the
management of ferroptosis has been proven to be mainly through the PERK-elF2a-
ATF4 axis (which can either promote ferroptosis or the resistance to this type of cell
death), and through the CHOP-induced expression of the pro-apoptotic protein PUMA
— which supports the crosstalk between ferroptosis and TRAIL-induced apoptosis (Lee
et al., 2018, Chen et al., 2021). Taken together, these results suggest that continuous
ER stress is able to induce apoptosis and perhaps ferroptosis in non-cancerous
prostate cells.

When compared to the other three cell lines, the proliferation of the androgen-

responsive LNCaP cells was the least affected by ER stress and this reduction in
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proliferation was found to be caused by a G1-phase cell cycle arrest. Activation of
PERK has been known to cause G1 phase arrest through the phosphorylation of elF2a
and the subsequent inhibition of cyclin D1 synthesis (Brewer and Diehl, 2000);
entering into G1 arrest allows the cells to initiate repair mechanisms (Murad et al.,
2016), resolve the ER stress and delay apoptosis. Furthermore, although flow
cytometric assays revealed that the cells were undergoing cell death, none of the cell
death inhibitors could significantly reverse these effects and so it could not be
confirmed the type of cell death, induced by ER stress, was present in this line. These
results suggest that ER stress reduces the proliferation of LNCaP cells by causing a
cell cycle arrest rather than by inducing cell death. Linked with the previous western
blot analysis which showed that all UPR sensor proteins had high levels of expression
in these cells, it may be said that during the hormone sensitive stages of the disease,
PCa utilises all three UPR arms in order to promote cell survival.

The proliferation of the metastatic models DU145 and PC3 were greatly
reduced by ER stress. Furthermore, the reduction in proliferation was not due to a cell
cycle arrest, but because of ER stress-induced cell death. The use of flow cytometric
assays and cell death inhibitors confirmed that DU145 and PC3 were undergoing
apoptosis. Interestingly, the use of Ferrostatin-1 significantly increased the Pl inclusion
levels of PC3 cells. Ferroptosis is a type of programmed cell-death (Tang et al., 2019)
and the inhibition of this mechanism of cell death may result in an increase of other
uncontrolled cell death mechanisms, such as necrosis, that disrupt the plasma
membrane and allow the entrance of Pl in the cell, and the subsequent staining of
DNA. The results from the previous western blot analysis showed that there were low
levels of IRE1a in these cells and, when compared to the hormone sensitive stages of

the disease, these metastatic models also had lower levels of PERK. Because of this,

116



the cells might not have been able to efficiently resolve the stress and, as a result,
their proliferation was reduced. Although ATF6 had high levels of expression in these
cells and plays a mainly pro-survival role, it can also activate the expression of the
pro-apoptotic gene CHOP, which could explain the high levels of apoptosis that were
recorded in these lines.

To summarise, non-cancerous prostate cells are the most resistant to ER stress
and they retain their ability to resolve the stress, mainly though a PERK-regulated
mechanism. Androgen-responsive cells utilise all three UPR sensor proteins in order
to restore homeostasis and attempt to delay cell death by entering into a G1 phase
arrest. Finally, metastatic models are the most sensitive to ER stress, probably
because they have lower levels of IRE1a and PERK and so they might lose the ability

to efficiently deal with the stress.

3.7.3 UPR-induced apoptosis is dependent on caspase 8 and its activating
complex

It has previously been demonstrated that one mechanism by which UPR
signalling promotes cell death is through the upregulation of CHOP by ATF4, ATF6
and XBP1s, and its subsequent activation by the p38 MAPK (downstream of the
IRE1a-ASK1 axis) (Sano and Reed, 2013). The activated transcription factor CHOP
induces the expression of apoptotic targets such as: GADD34 (which promotes the
dephosphorylation of elF2a and restores protein synthesis and the translation of pro-
apoptotic mRNAs), ER oxidoreductase 1 (ERo-1a, which promotes the release of Ca?*
from the ER via the IPs Receptor), and death receptor 5 (DR5, TRAIL Receptor-2)
(Sano and Reed, 2013). DR5 is crucial for the caspase-8 mediated apoptosis and Lu
et. al. demonstrated that the accumulation of DR5 in the endoplasmic reticulum and

Golgi in response to ER stressors resulted in a ligand-independent activation of DR5
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and the formation of a death-inducing signalling complex (DISC)-like platform which
initiated apoptosis. The caspase 8-activating complex is composed of caspase 8, DR5
and caspase 8 adaptor Fas-associated death domain (FADD) (Lu et al., 2014). In
order to assess whether this was the mechanism through which tunicamycin induced
apoptosis in PCa cells, knock-out DU145 cell lines, that lacked the expression of
FADD or caspase-8, were used (Figure 3.4). Indeed, the levels of apoptosis in the
knock-out lines were significantly lower compared to the parental DU145 cells,
suggesting that the UPR-induced apoptosis in PCa is dependent on caspase 8 and its
activating complex. However, since the depletion of caspase 8 and FADD did not
completely rescue the cells from apoptosis, other cell death mechanisms could be

active in these cells. Further investigations should aim to identify these processes.

3.7.4 Deficient UPR signalling in castrate-resistant models of Prostate Cancer
Another aim of this study was to investigate the activation of the UPR sensor
proteins in response to stress. To do so, tunicamycin was used to induce ER stress in
BPH-1, LNCaP, DU145 and PC3 cells and the effect upon UPR target gene
expression, after 6 and 24 hours of treatment, was investigated (Figure 3.5.1). It was
observed that in benign prostate cells, IRE1a and ATF6 signalling were activated after
6 h of stress and that ATF6 signalling was maintained throughout the 24 h of treatment.
Activation of ATF6 was studied by measuring the mRNA levels of its target gene
HERPUD1. The HERPUDL1 protein resides in the ER and is involved in the ERAD
process, where it transports ubiquitinated substrates to the proteosome for
degradation (Ho and Chan, 2015). Furthermore, the mRNA levels of CHOP were not
significantly increased in the 24 h period, suggesting that in the first 24 h of stress,
UPR signalling is restoring homeostasis via IRE1a/XBP1s axis and through the

upregulation of ERAD pathways (ATF6/XBP1s).
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In LNCaP cells, all three UPR arms were activated after 6 h of stress, and
activation of IRE1a was maintained throughout the 24 h period. These results correlate
with the sensor protein expression levels found in these cells (Figure 3.1) and with the
cell cycle analysis (Figure 3.2.1B) — LNCaP cells were the only cells to enter into G1
arrest and also the only cells that had the PERK arm active during stress. Furthermore,
the mRNA levels of the pro-apoptotic CHOP were significantly upregulated after both
6 and 24 h of stress. Interestingly, there was a dramatic increase in the expression of
CHOP after 6 h of treatment, which was then followed by a decline in its expression
levels — observed at 24 h. Previous studies have demonstrated that CHOP induces
the expression of pro-survival autophagy genes before activating the transcription of
pro-apoptotic genes, playing an important role in switching between autophagy and
apoptosis (Hu et al., 2018). Taken together with our previous findings, these results
show once again that all three UPR are active during the hormone sensitive stage of
disease and that IRE1a signalling is maintained throughout the 24 h of stress. As the
proliferation of these cells was also the least affected by stress due to a cell cycle
arrest, these results suggest that the induction of CHOP in the first 6 h of stress
resulted in the upregulation of autophagy-associated genes that promote survival and
delay cell death. PERK signalling has also been found to reprogram autophagic gene
expression in order to promote cancer survival (Bu and Diehl, 2016), however further
investigations are needed in order to confirm these findings.

The metastatic models experienced a delay in the activation of UPR signalling,
as none of the three arms were active in the first 6 h of stress. After 24 h, IRE1a
signalling was activated in DU145 cells and significantly increased levels of CHOP
were found in PC3 cells. The decrease in proliferation and the high levels of apoptosis

recorded in these cells may be due to the delayed activation of UPR signalling and the
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selective upregulation of the pro-apoptotic transcription factor CHOP in PC3. Taken
together with the proliferation and cell death assays, these results suggest that UPR
signalling in metastatic models might be deficient, and further studies should aim to

investigate the activity of UPR in metastatic, castrate resistant PCa.

3.7.5 Metastatic models of Prostate Cancer rely on ER-associated degradation
(ERAD) pathway in order to survive

Proliferation assays were used to assess whether inhibition of the UPR sensor
proteins affects the growth of PCa. Initially, single agent treatments were performed
to investigate whether the inhibition of UPR sensor proteins, in the absence of ER
stress, affects the proliferation of PCa cells. Furthermore, the effects of combined
treatments that inhibited one or more UPR arms in the presence of stress were also
performed. It was observed that the proliferation of all four cell lines were reduced by
the inhibition of PERK (Figure 3.6.1) suggesting that PERK is essential for cell survival.

Combined treatments performed in the benign prostate cells showed that
inhibition of IRE1a and PERK as well as inhibition of all three UPR arms, in the
presence of ER stress, significantly reduced cell proliferation when compared to the
cells that were only treated with tunicamycin. It was previously suggested that BPH-1
cells were able to maintain their ability to resolve ER stress mainly through a PERK-
regulated mechanism (Section 3.5.2); moreover, IRE1a and ATF6 signalling were both
activated in response to stress (Section 3.5.4). As inhibition of these arms hindered
the ability of the cells to deal with stress, these results suggest that BPH-1 cells are
reliant upon the activity of all three UPR arms in order to survive.

Furthermore, inhibition of IRE1a using 4u8c (a compound that blocks the active
site of IRE1a and inhibits splicing of XBP1 and the RIDD process (Cross et al., 2012))

in the absence of stress, reduced the proliferation of LNCaP cells. These results
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correlate with the findings of (Sheng et al.,, 2015, Sheng et al., 2019) where they
demonstrated that inhibition of IRE1a significantly reduces the proliferation of PCa in
vitro and in vivo. | previously demonstrated that IRE1a signalling was active
throughout the 24 h of stress (Section 3.5.4) and that proliferation of LNCaP cells was
the least affected by ER stress (Section 3.5.2). Therefore, the results so far show that
IRE1a/XBP1s signalling has proliferative effects in androgen responsive cells.
Inhibition of PERK also reduced the proliferation of LNCaP cells and since previous
experiments have shown that PERK signalling is active in these cells, this suggests
that this signalling plays a pro-survival role in androgen responsive cells. Finally,
combined treatments had no significant effect upon the proliferation of LNCaP cells.
In metastatic DU145 cells, inhibition of IRE1a and ATF6, IRE1a and PERK, as
well as inhibition of all three UPR arms, in the presence of ER stress, further reduced
proliferation. Since only IRE1a signalling was active after 24 h of stress, and its sole
inhibition did not further reduce cell proliferation, the results may suggest a crosstalk
between IRE1a and ATF6 and PERK signalling pathways that facilitates cell survival.
PC3 cells responded similarly to DU145, where inhibition of IRE1a and ATF6 in the
presence of stress further reduced proliferation. Previous studies have demonstrated
that activated ATF6 induces the expression and accumulation of XBP1 mRNA which
is then spliced by IRE1a (Siwecka et al., 2021). Another crosstalk between IRE1a and
ATF6 signalling has been demonstrated by (Yamamoto et al., 2007) who showed that
XBP1s and ATF6 dimerise in order to induce the expression of target genes that
encode for ERAD components. They also suggested that the simultaneous activation
of the two signalling pathways is necessary in order to activate ERAD. As the
simultaneous inhibition of IRE1a and ATF6 signalling reduced the proliferation of both

DU145 and PC3 cells, it suggests that these metastatic cells rely on the ERAD process

121



in order to survive. Moreover, the PERK/ATF4 axis also supports IRE1a signalling by
upregulating the expression of /RE7a mRNA which leads to an increase in XBP1

splicing (Siwecka et al., 2021).

3.7.6 IREla signalling promotes survival of androgen responsive cells

The crosstalk between the three UPR arms have been further investigated by
looking into the expression of UPR target genes in response to stress and in response
to inhibition of each of the UPR sensor proteins (Figures 3.6.3-7). The cells were
treated with tunicamycin and the UPR inhibitors and the expression of target genes
was assessed by g-PCR. In order to obtain a broader view of UPR signalling in PCa,
these experiments were performed in LNCaP, C42, 22Rv1, DU145 and PC3 cells.

In LNCaP cells, IRE1a/XBP1s signalling was found to be active throughout the
24 h of stress and the inhibition of this pathway decreased proliferation. The inhibition
of IRE1a also resulted in a significant increase in the mRNA levels of the pro-apoptotic
gene CHOP. These results correlate with our previous findings and confirm once again
that IRE1a plays a pro-survival role in the androgen responsive cells. Moreover,
inhibition of PERK increased the expression of CHOP and XBP1s. Crosstalk between
IRE1a and PERK could be suggested where the splicing of XBP1 increases as a result
of PERK inhibition.

In C42 cells, a subline of LNCaP that represents the progression of PCa from
androgen dependence to independence (Thalmann et al., 1994), inhibition of PERK
increased the expression of the ATF6 target gene HERPUD1. PERK was found to
support the progression of both hormone sensitive and castrate resistant models
(Nguyen et al., 2018), therefore the activation of the ERAD component HERPUDL in

response to PERK inhibition could also promote PCa cell survival.
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Finally, in PC3 cells, inhibition of IRE1a increased the expression of HERPUD1
and CHOP. It may be proposed that the lack of IRE1a signalling further increased the
stress levels, and as a result HERPUD1 was activated to promote the degradation of
misfolded proteins by ERAD. CHOP was also activated, and based on our previous
findings, it may be proposed that its activation resulted in the activation of pro-
apoptotic genes.

3.7.7 Conclusions

This chapter demonstrated that UPR signalling is highly active during the
hormone-sensitive stage of PCa, and that this activity supports cell survival by
promoting G1 arrest, allowing the cells to resolve the ER stress and evade cell death.
Castrate resistant models of PCa were the most sensitive to ER stress, however UPR
signalling needs to be further characterised during this stage of the disease. Possible
crosstalk between the three arms of the UPR may also play an important role in

promoting cell survival.
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Chapter 4: Characterising the effects of androgens and antiandrogens

upon UPR signalling in prostate cancer

In the previous chapter, | demonstrated that the UPR is highly active in the
androgen dependent stages of PCa. The cells representing this stage of the disease
were the most responsive to ER stress and entered G1 arrest in order to promote cell
survival. As previously mentioned, the normal development of the prostate is
regulated by androgens which act through the androgen receptor (AR). The AR
activates genes which promote cell growth and survival and so it also plays a crucial
role in the development and progression of prostate cancer (Pienta and Bradley,
2006). Tumours that have spread from the prostate are often treated with hormone
therapy that block the AR signalling pathway and inhibit tumour growth (Brooke and
Bevan, 2009). These therapies aim to prevent the binding of androgen to the AR
(anti-androgens) or to lower the circulating levels of androgens (androgen depletion
therapy). However, despite their initial success, these therapies cannot completely
inhibit AR activity (Chen et al., 2009) and invariably fail. The tumours develop
resistance and progress to the aggressive and difficult to treat castrate resistant
stage, for which few therapeutic options exist (Katsogiannou et al., 2015).

Prostate cancer, like many other solid tumours, is characterised by
uncontrolled proliferation of transformed cells, which grow in an environment that is
known to compromise ER function and cause ER stress (Storm et al., 2016). The
activation of the UPR enables PCa cells to survive, adapt to adverse environmental
conditions and promote therapy resistance (Corazzari et al., 2017, Storm et al.,
2016). Importantly, the UPR has also been shown to be directly regulated by the AR,
linking the UPR to the key oncogenic driver of PCa. For instance, the AR was able to

bind to gene regulatory sites and activate IRE1a signalling whilst inhibiting PERK
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signalling. Inhibition of the IRE1a branch reduced PCa cell growth in both in vitro and
in vivo models (Sheng et al., 2015, Sheng et al., 2019). Furthermore, XBP1s was
found to have common genomic binding sites with the AR, and knockdown of XBP1s
reduced the expression of AR and UPR target genes (Stelloo et al., 2020).

To further our understanding of the role of the AR in UPR signalling, the effects
of androgens and antiandrogens upon the expression of UPR components in PCa
was investigated. In addition, the effect of UPR targeting upon AR signalling was
also characterised.

4.1 Effects of androgen and anti-androgens upon expression of UPR
components

In order to assess whether androgen affects the expression of UPR
components in PCa, four AR positive cells were grown in hormone depleted RPMI
medium for 72h and then treated with the synthetic androgen mibolerone for 24h.
The mRNA and protein levels of the UPR sensor proteins and of the ER chaperone
BiP were assessed by gPCR and western blotting (Figure 4.1.1). It was observed that
androgen increased the protein levels of IRE1a in all cell lines, but surprisingly, this
was only seen at the RNA level in LNCaP cells.

The mRNA levels of PERK were also increased in response to androgen
treatment in C42 cells. Atthe protein level, PERK did not show a trend towards being
regulated by androgen in LNCaP or C42 cells, but it does appear to be regulated in
C42B cells in response to this treatment. Interestingly, the basal levels of PERK were
lower in 22Rv1 cells compared to the other AR positive cells and its expression

appears to be weakly regulated by androgen treatment.
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Figure 4.1.1 Expression of UPR components in response to androgen.
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LNCaP, C42, C42B and 22Rv1 cells were kept at 37°C in RPMI 1640 containing 5% SFCS for 72h, then treated
with 1nM Mibolerone for 24h. A. The mRNA expression levels of UPR components were assessed by g-PCR.
Graphs are representative of 3 individual repeats. Two-way ANOVA tests were performed using GraphPAD
Prism 8 software. B. Protein levels of UPR components. Samples were separated by SDS page and visualised
by western blotting. 30 ug of protein were loaded into each lane and B-Tubulin was used as a loading control.

*p<0.05, **p<0.005, ***p<0.0005.
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Androgen treatment increased the mRNA levels of BiP in all cell lines, but this
was only found to be significant in LNCaP cells. At the protein level, BiP expression
was also found to be increased in response to androgen in LNCaP and C42B cells.
However, no change was recorded in 22Rv1 cells and BiP expression appears to
decrease slightly in response to androgen in C42 cells. Additionally, the basal levels
of BiP were higher in 22Rv1 cells compared to the other cell lines.

Therefore, it was observed that androgen was able to affect the expression of
multiple UPR components, but this regulation was cell line specific. It up-regulated
the mRNA and protein levels of the UPR sensor proteins IRE1a and PERK, as well
as those of the ER chaperone BiP. Interestingly, in 22Rv1 cells, which represent a
more advanced stage of the disease (Table 3.1), the basal protein levels of PERK
and BiP were different compared to the cell lines that represented the androgen
sensitive stages of PCa.

As a next step, | assessed the effects of androgen upon the expression of

UPR target genes (Figures 4.1.2-3). The cells were grown in hormone depleted
media for 72 h and then were treated with mibolerone for 24 h. After the RNA was
harvested, the expression of UPR target genes were assessed by g-PCR. As a
positive control, the effects of androgen and the antiandrogens were assessed upon
the AR target gene TMPRSS2. As expected, the AR target gene (TMPRSS2) was
upregulated in response to androgen and successfully inhibited by the anti-
androgens. The splicing of XBP1, which is a result of IRE1a activation, was also
significantly increased by androgen treatment in both LNCaP and C42 cells and this
was inhibited when cells were co-treated with the antiandrogens. Furthermore, the
expression of HERPUD1, a target gene of ATF6, was also increased in the presence

of androgen (LNCaP), whereas CHOP, a pro-apoptotic gene downstream of PERK
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Figure 4.1.2 UPR activation in response to androgen and antiandrogens.

LNCaP cells were kept at 37°C in RPMI 1640 containing 5% SFCS for 72h, then treated with 1nM
Mibolerone + 10 nM Bicalutamide or 10 uM Enzalutamide for 24h. Gene expression of UPR target
genes was assessed by g-PCR. Graphs are representative of 3 individual repeats. Two-way ANOVA tests
were performed using GraphPAD Prism 7 software. *p<0.05, **p<0.005, ***p<0.0005.
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Figure 4.1.3 UPR activation in response to androgen and antiandrogens.

C42 cells were kept at 37°C in RPMI 1640 containing 5% SFCS for 72h, then treated with 1nM
Mibolerone + 10 nM Bicalutamide or 10 uM Enzalutamide for 24h. Gene expression of UPR target
genes was assessed by g-PCR. Graphs are representative of 3 individual repeats. Two-way ANOVA tests
were performed using GraphPAD Prism 7 software. *p<0.05, **p<0.005, ***p<0.0005.

129



and ATF6 (Sano and Reed, 2013), was downregulated by androgen (C42). In
contrast, the expression of CHOP was increased by Enzalutamide.

It has been observed that androgen is able to up-regulate the expression
levels of the ER chaperone BiP and of the UPR sensor proteins. Moreover, the target
genes of these sensor proteins were also up-regulated or down-regulated in
response to androgen and anti-androgen treatment. Androgen seemed to activate
the pro-survival response of the UPR through the upregulation of XBP1s and
HERPUD1 and downregulation of CHOP, whereas anti-androgens reversed that
effect. These results suggest that there is a clear link between the androgen
signalling and the UPR.

4.2 Effects of UPR inhibitors upon AR signalling
4.2.1 Targeting BiP

A previous study has shown that the activated AR promotes prostate cancer
survival by promoting endoplasmic reticulum homeostasis (Bennett et al., 2010). In
response to androgen treatment, the AR helps the cells to adapt to ER stress by
upregulating the expression of the ER chaperone BiP. The upregulation of BiP by the
AR occurs independently of the ER stress pathway and results in a delayed onset of
autophagy and cell death (Bennett et al., 2010). To further characterise the role of
BiP in PCa, the effects of BiP inhibition upon the proliferation of PCa cells and upon
the activation of AR signalling were investigated.

Prostate cell lines (BPH-1, LNCaP, DU145 and PC3) were grown in medium
supplemented with 10% FBS and treated with a dose range of the BiP inhibitor HA15
(Cerezo et al., 2016) for 72 h. The effects upon proliferation were measured using
crystal violet assays (Figure 4.2.1A). It was observed that the proliferation of all of

lines was reduced by the inhibitor, with the LNCaP and benign prostate cells BPH-1
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Figure 4.2.1 The BiP inhibitor HA15 reduces PCa proliferation and the expression of the AR target gene

TMPRSS2.

A. Cells were grown in at 37°C in RPMI supplemented with 10% FBS and treated with a dose range of
HA15 for 72 h. Proliferation was assessed using crystal violet assays. B. LNCaP cells were incubated at
37°Cin RPMI 1640 containing 5% SFCS for 72h and treated with 1 nM mibolerone (MIB) + a dose range
of HA15 for 24 h. Graphs are representative of 3 individual repeats. Two-way ANOVA tests were

performed using GraphPAD Prism 7 software. *p<0.05, **p<0.005, ***p<0.0005
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being the most sensitive and DU145 and PC3 the most resistant.

To investigate the effect of BiP inhibition upon AR activity, LNCaP cells were
grown in hormone-depleted medium for 72 h and treated with a dose range of HA15
for 24 h in the presence and absence of mibolerone. The effects of BiP inhibition
upon AR signalling were assessed by gPCR (Figure 4.2.1B). As expected, androgen
treatment significantly increased the expression of the AR target gene TMPRSS2.
HAL15 inhibited the androgen-induced expression of TMPRSS2 in a dose dependent

manner suggesting that the activity of the AR is dependent on BiP.

4.2.2 Targeting IRE1a, PERK, and ATF6

To see if inhibition of the UPR pathways has an effect upon androgen
signalling, AR positive cell lines (LNCaP, C42, C42B, 22RV1) were grown in hormone
depleted medium for 72 h and then with mibolerone and the UPR inhibitors for 24 h.
The inhibitors blocked the activation of IRE1a (4u8C, Toyocamycin), PERK (GSK-
2656157) and ATF6 (AEBSF) and were used in the presence or absence of androgen
to investigate any changes in UPR and AR target gene expression, measured by
gPCR (Figures 4.2.2.1-5).

TMPRSS2 was upregulated in response to androgen in LNCaP, C42 and
C42B cells. TMPRSS2 inducibility in response to androgen was weaker in 22RV1; a
possible effect of the constitutively active AR splice variants present in this line
(Figure 4.2.2.1). Interestingly, AR activation was inhibited by toyocamycin (in all four
cell lines) and by GSK-2656157 in C42B cells. Androgen treatment also increased
XBP1s (downstream of IRE1a) in LNCaP and C42B, but this was not found to be
significant (Figure 4.2.2.2). Treatment with the IRE1a inhibitor 4u8C reversed this
androgen induction and toyocamycin reduced XBP1s below basal levels in all of the

lines tested. Interestingly, GSK-2656157 treatment led to an increase in XBP1s in
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Figure 4.2.2.1 Androgen Receptor activity in response to androgen and UPR inhibitors.

Cells were kept at 37°Cin RPMI 1640 containing 5% SFCS for 72h, treated with Mibolerone 1 nM + UPR
inhibitors 10 uM for 24 hours. The activation of the UPR was assessed using q-PCR. Graphs are
representative of 3 individual repeats. Two-way ANOVA tests were performed using GraphPAD Prism
7 software. *p<0.05, **p<0.005, ***p<0.0005.
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Figure 4.2.2.2 IREla activation in response to androgen and UPR inhibitors.

Cells were kept at 37°C in RPMI 1640 containing 5% SFCS for 72h, treated with Mibolerone 1 nM + UPR
inhibitors 10 uM for 24 hours. The activation of the UPR was assessed using q-PCR. Graphs are
representative of 3 individual repeats. Two-way ANOVA tests were performed using GraphPAD Prism
7 software. *p<0.05, **p<0.005, ***p<0.0005.
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Figure 4.2.2.3 PERK activation in response to androgen and UPR inhibitors.

Cells were kept at 37°C in RPMI 1640 containing 5% SFCS for 72h, treated with Mibolerone 1 nM + UPR
inhibitors 10 uM for 24 hours. The activation of the UPR was assessed using q-PCR. Graphs are
representative of 3 individual repeats. Two-way ANOVA tests were performed using GraphPAD Prism
7 software. *p<0.05, **p<0.005, ***p<0.0005.
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Figure 4.2.2.4 ATF6 activation in response to androgen and UPR inhibitors.

Cells were kept at 37°C in RPMI 1640 containing 5% SFCS for 72h, treated with Mibolerone 1 nM + UPR
inhibitors 10 uM for 24 hours. The activation of the UPR was assessed using q-PCR. Graphs are
representative of 3 individual repeats. Two-way ANOVA tests were performed using GraphPAD Prism
7 software. *p<0.05, **p<0.005, ***p<0.0005.
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Figure 4.2.2.5 PERK/ATF6 activation in response to androgen and UPR inhibitors.

Cells were kept at 37°Cin RPMI 1640 containing 5% SFCS for 72h, treated with Mibolerone 1 nM + UPR
inhibitors 10 uM for 24 hours. The activation of the UPR was assessed using q-PCR. Graphs are
representative of 3 individual repeats. Two-way ANOVA tests were performed using GraphPAD Prism
7 software. *p<0.05, **p<0.005, ***p<0.0005.
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LNCaP, C42 and C42B.

To investigate if androgen regulates PERK signalling, ATF4 expression was
analysed. Unexpectedly, the PERK inhibitor GSK-2656157 did not decrease ATF4
expression in any of the cell lines and surprisingly increased ATF4 in LNCaP and
C42B. Androgen and the other UPR inhibitors had no significant effect upon PERK
activation in any of the cell lines (Figure 4.2.2.3).

To investigate if androgen regulates ATF6 signalling, the mRNA levels of
HERPUD1 was assessed. Androgen increased the expression of HERPUDL1 in
LNCaP cells and inhibition of IRE1a decreased the expression of HERPUDL1 in
22Rv1. Inhibition of PERK also decreased HERPUD1 in 22Rv1 cells, but induced
expression in LNCaP, C42 and C42B cells (Figure 4.2.2.4). Additionally, the mRNA
levels of CHOP were increased by PERK inhibition in all cell lines tested (Figure
4.2.5).

In summary, AR signalling was reduced in response to the inhibition of PERK
signalling in C42B. Furthermore, targeting of IRE1a reduced the expression of the
ATF6 target gene (22Rv1), whilst inhibition of PERK increased the expression of
HERPUD1, XBP1s and CHOP genes. Inhibition of ATF6 had no significant effect
upon AR signalling and upon the other UPR pathways.

4.3 Discussion

In this chapter, the effect of androgen and anti-androgens upon UPR signalling
in androgen dependent PCa was explored. For these experiments, four AR positive
cells were used: LNCaP, C42, C42B, 22Rv1. The C42 and C42B lines were derived
from LNCaP cells; both express the AR and PSA at the mRNA and protein levels and
have been used in PCa research as a representative of PCa progression from

androgen dependence to androgen independence (Cunningham and You, 2015,
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Thalmann et al., 1994). 22Rv1 cells express the AR at both the mRNA and protein
level and the mRNA of PSA. The cells also endogenously express two AR splice
variants that are activated in a ligand-independent manner and so they represent a
model of hormone refractory tumour progression (Cunningham and You, 2015). The
effects of androgen and anti-androgen treatments upon the expression of UPR
components were assessed by gPCR and western blotting.

It has been observed that IRE1a was upregulated in response to androgen
treatment at the RNA and protein level. There was also an increase in the splicing
of XBP1, correlating with the findings of (Erzurumlu and Ballar, 2017, Sheng et al.,
2015). Moreover, androgen treatment also increased the expression of HERPUD1,
a component of the ERAD protein complex (Américo-Da-Silva et al., 2018), in LNCaP
cells (Figure 4.1.2). XBP1s induces the expression of various genes that promote ER
homeostasis, including those which encode for the ERAD components (He et al.,
2010). Similar to my findings, a previous study showed that androgens upregulate
the IRE1a branch of the UPR in order to increase the activity of ERAD, one of the
most effective ways of degrading misfolded proteins and restoring proteostasis, to
promote tumour growth (Erzurumlu and Ballar, 2017). Therefore, my findings suggest
that one of the mechanisms through which the AR promotes survival and adaptation
of PCa cells to the adverse environmental conditions is through crosstalk with the
UPR pathways. Interestingly, it was also observed that the upregulation of IRE1a at
the protein level was most evident in LNCaP cells and that this upregulation
decreased in the models representing more advanced disease. Moreover, inhibition
of IRE1a with 4p8c in 22Rv1 lead to an increase in ATF6 signalling, which was
demonstrated by the upregulation of HERPUD1 mRNA (Figure 4.2.2.4).

PERK had high levels of expression across LNCaP - C42B cells and lower
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levels in 22Rv1. This correlates with my previous results where | found that PERK
was highly expressed in androgen positive (LNCaP, C42, C42B) and non-cancerous
prostate cells (BPH1) whilst the lowest expression was recorded in 22Rv1 cells
(Figure 3.1). Androgen was able to significantly increase the mRNA levels of PERK
only in C42 cells and its protein levels in the C42B line. On the other hand, androgen
treatment had no significant effect upon the expression of its target gene ATFA4.
Sheng et. al. (2015) also showed that the mRNA levels of ATF4 were not affected by
androgen treatment; they also demonstrated that androgen decreases the levels of
phosphorylated elF2a in LNCaP and VCaP cells and so they proposed that
androgens selectively inhibit the PERK signalling arm in these androgen responsive
cells (Sheng et al., 2015). On the other hand, high levels of phosphorylated elF2a
were found in a PDX model of advanced PCa which was derived from a patient with
metastatic CRPC; the activation of PERK was found to promote metastatic growth
(Nguyen et al., 2018).

Although these studies investigated the importance of PERK in primary and
castrate resistant PCa, there is currently no data available to document the role of
PERK during the progression of PCa from hormone naive to the castrate resistant
stage. In this section, | addressed this limitation and found that PERK is upregulated
by androgens in C42 and C42B cells — mibolerone increased the expression levels
of PERK mRNA in C42 and its protein levels in C42B cells. Furthermore, in C42B
cells, inhibition of PERK signalling in the presence of androgen significantly reduced
the expression levels of the AR target gene TMPRSS2 (Figure 4.2.2.1). These results
suggest that as the disease progresses to an androgen independent stage, PERK is
needed to sustain the adaptive activity of the AR and that targeting this arm of the

UPR could be a viable option to reduce therapy resistance. However, inhibition of
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PERK in the presence of androgen increased the expression of the pro-survival
genes XBP1s and HERPUD1 in LNCaP, C42 and C42B cells. The mRNA levels of
the pro-apoptotic CHOP were also elevated in response to PERK inhibition in all
lines, and so it could not be determined whether PERK supports progression of PCa
from androgen dependence to androgen independence. Further investigations are
needed in order to fully characterise the role of PERK during this stage of the disease.

The effect of the anti-androgens bicalutamide and enzalutamide upon the
expression of AR and UPR target genes was also investigated. In LNCaP cells, both
anti-androgens were able to inhibit the activation of the AR. As previously mentioned,
XBP1ls expression was increased in response to androgen treatment and
bicalutamide was able to reverse this effect. Treatment with enzalutamide increased
the mRNA expression of the pro-apoptotic gene CHOP. C42 cells represent a more
advanced stage of PCa and only enzalutamide was able to inhibit AR activation.
Furthermore, neither bicalutamide nor enzalutamide had any significant effect upon
the expression of UPR target genes.

It has been observed that androgen upregulated the mRNA (LNCaP) and
protein expression of the cochaperone BiP in LNCaP and C42B cells. Similar to the
findings presented here, another study showed that dihydrotestosterone (DHT)
treatment increased the expression of BiP in LNCaP cells (Tan et al., 2011). Using
tissue microarrays, the study also showed that the cytoplasmic and membranous
expression of BiP was higher in castrate resistant PCa when compared to hormone
naive PCa. Similar to their findings, the protein expression levels of BiP in 22Rv1,
which represent a more advanced stage of PCa, were higher than its expression in
LNCaP and the activation of BiP by the AR was found to promote cell survival and

resulted in a delayed onset of autophagy and cell death (Bennett et al., 2010).
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Inhibition of BiP reduced the proliferation of benign prostate cells, LNCaP cells and
of the castrate resistant models. The proliferation of LNCaP was the most affected
by this treatment confirming the pro-survival activity of BiP and AR. Moreover,
inhibition of BiP also reduced the activation of the AR in a dose dependent manner.
This data therefore supports the mechanism proposed by (Bennett et al., 2010)
through which the AR promotes the adaptation of PCa cells to their adverse
environmental conditions by upregulating BiP. These findings also supplement their
conclusions by showing that AR signalling is also dependent on the activity of the ER
chaperone BiP.
Conclusions

This chapter has further characterised the pro-survival role of the crosstalk
between IRE1a and AR in hormone naive PCa. It also showed that depending on the
stage of the disease, PERK plays different roles in PCa. Finally, it showed that AR
signalling is dependent upon the proper functioning of the ER chaperone BIP,

strengthening once again the link between the UPR and androgen signalling in PCa.
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Chapter 5: Investigation of the ATF6 interactome using a modified

mammalian expression system

The endoplasmic reticulum (ER) is involved in many cellular processes, such
as the regulation of calcium homeostasis, lipogenesis, gluconeogenesis, and
organelle biogenesis; however, the main roles of the ER include the regulation of
protein synthesis, folding and secretion (Hetz, 2012). As protein folding can only be
performed under specific conditions, the ER provides an internal environment that
allows the formation of disulphide bonds — such as oxidizing conditions and high
calcium concentrations. The ER also contains protein chaperones and protein folding
enzymes necessary in this process, in order to prevent the aggregation of the newly
synthesized proteins during structural maturation (Hetz and Papa, 2018, Morreall et
al., 2019). When misfolded proteins accumulate above a critical threshold, BiP, an
ER chaperone, dissociates from the three sensor proteins - IRE1a, PERK and ATF6
and binds to the unfolded proteins in the ER instead. This allows the sensor proteins

to initiate the Unfolded Protein Response (Hetz, 2012).

Dysfunction of UPR signalling has been linked with the development and
progression of many disorders including Type | and Il diabetes mellitus, various
neurodegenerative diseases, atherosclerosis and cancer (Ni et al., 2018, Bell et al.,
2016, Tufanli et al., 2017, Lee et al.,, 2020). For example, increased levels of
phosphorylated IRE1a and overexpression of XBP1 were found to accelerate the
progression of Huntington disease by supporting the aggregation of the mutated
huntingtin protein and inducing neural death (Ni et al., 2018), whilst targeting IRE1a
in Alzheimer’s Disease improved the cognitive and synaptic functions and reduced
the formation of amyloid deposits and the activation of astrocytes (Duran-Aniotz et

al., 2017). Additional studies demonstrated that targeting IRE1a signalling was able
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to prevent the development of Type | diabetes (Lee et al.,, 2020) and slow the
progression of atherosclerosis (Tufanli et al., 2017). PERK signalling has also been
associated with the development of chronic diseases and the progression of cancer,
Alzheimer’s disease and diabetes (Bell et al., 2016).

Recent studies have demonstrated the medical relevance of ATF6. For
instance, its activation was found to be crucial to the outcome of brain and myocardial
ischemia (Blackwood et al., 2019, Yu et al., 2017). Using an ATF6-KI mouse model,
Yu et al. showed that the forced activation of ATF6 is able to reduce the infarct volume
and improve the functional outcome after an ischaemic stroke. Further,
pharmacological activation of ATF6 was also found to preserve the heart function after
an acute myocardial infarction and ameliorate damage during reperfusion (Blackwood
et al., 2019). Moreover, ATF6 was able to protect against retinal degeneration in a
retinitis pigmentosa mouse model by clearing the P23H rhodopsin from the rod
photoreceptors and ultimately retaining retinal homeostasis (Lee et al., 2021). Due to
the role of ATF6 in protein homeostasis and cell survival in unfavourable conditions,
the protein also plays various roles in cancer, particularly in tumour dormancy and
resistance to treatments. For example, ATF6 was found to be constitutively active in
dormant cells and overexpressed in metastatic and recurrent tumours (Urra et al.,
2016). Its overexpression correlated with poor prognosis of colon tumours and
increased chemotherapy resistance in chronic myeloid leukaemia and quiescent
squamous carcinoma cells (Lin et al., 2007, Higa et al., 2014, Schewe and Aguirre-
Ghiso, 2008). It therefore represents a potential therapeutic target for multiple cancer
types.

The crystal structure of IRE1a and PERK have already been solved (Ali et al.,

2011, Carrara et al.,, 2015a, Zhou et al., 2006), allowing the development of
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therapeutic agents that target these UPR sensor proteins in several diseases. In
contrast, the expression and purification of ATF6 has proved problematic. To further
our understanding of ATF6 function, and to aid in the development of novel therapies,
solving the structure of ATF6 remains a priority. Solving the structure of a membrane
protein is a challenging process because membrane proteins have a partial
hydrophobic surface, are flexible and lack stability. Therefore, many difficulties can be
encountered during protein expression, solubilisation, purification, crystallisation, data
collection and structure determination (Carpenter et al., 2008). Although membrane
proteins can be expressed in bacteria or yeast, eukaryotic proteins, such as ATF6,
require mammalian cell lines that provide the necessary machinery for post-
translational modifications (Carpenter et al., 2008). However, this process results in
the attachment of large, heterogeneous, and conformationally flexible glycans to the
protein, which can become a significant issue during the process of protein structure
determination (Chaudhary et al., 2012).

To address the technical issues associated with the production of membrane-
bound proteins, | used a modified cell line to express ATF6. HEK293S GnTI(-) (Reeves
et al, 2002) are human embryonic kidney cells that lack N-acetyl-
glucosaminyltransferase | (GnTl) — an enzyme involved in the process of N-linked
glycosylation. Without this enzyme, N-linked glycans cannot be synthesised and so, a
homogenous Mans-GlcNac: structure is formed instead. This structure can be easily
removed by endo- and exoglycosidases (Chaudhary et al., 2012, Reeves et al., 2002).
It is hoped that the use of this modified expression system will provide an advantage
in the process of expression, solubilisation, and structure determination of membrane

proteins. In this chapter, | demonstrate that using this system ATF6 is expressed as a
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functional protein that can be used in further experiments to advance our
understanding of its function in normal and diseased cells.
5.1 Generation of stable HEK293S GnTI(-) cell lines for the tetracycline-induced
ATF6 gene expression

In order to avoid toxicity problems that are often encountered during the
development of stable cell lines (Reeves et al.,, 2002), the 1D4-tagged ATF6 was
cloned into the tetracycline-inducible vector pACMV-tetO. The construct was stably
transfected into HEK293S GnTI(-) cells and multiple colonies were picked and
expanded into 24-well plates. Once the cells were confluent, they were induced with
tetracycline (1 pg/ml) and sodium butyrate (5 mM) for 72h. A dot blot was used to
screen for the expression of the 1D4 tagged protein across the panel of stably
transfected clones (Figure 5.1). It was observed that most of the clones successfully
expressed the tagged protein when induced with tetracycline and sodium butyrate.
Colonies pl1.5 and p2.1 were selected for future experiments.
5.2 Optimisation of the induction conditions and confirmation of ATF6
expression

In order to reduce the levels of stress that the cells undergo during induction,
optimisation of the induction conditions is necessary. | aimed to determine whether
sodium butyrate would enhance expression, as well as the lowest dose of tetracycline
that is able to induce gene expression (Figure 5.2.1A). Once the optimal
concentrations had been identified, a time course experiment was performed to
establish the optimum length of induction (Figure 5.2.1B). The protein expression
levels were assessed using western blotting. For these experiments, the blots were

probed for the 1D4 epitope. In both clones, induction with tetracycline at a
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Figure 5.1 Expression of the 1D4-tagged protein across a panel of stably transfected colonies.

HEK293S GnTI(-) were stably transfected with pACMV-tetO 1D4-ATF6 and clones generated. Clones were
induced with tetracycline (1 pg/ml) and sodium butyrate (5 mM) for 72h. Cells were harvested and crude cell
lysates were loaded on the first row and serially diluted in the rows immediately below. The dot blot
membrane was probed for the 1D4 epitope and protein expression visualised using ECL. NaB, sodium

butyrate; TET, tetracycline.
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Figure 5.2.1 Expression of the 1D4-tagged protein under different conditions.

A. Clones (p1.5 and p2.1) were induced for 72 h using a dose range of tetracycline in the presence or absence
of sodium butyrate (5 mM). B. Cells were induced with tetracycline (100 ng/ml) with or without sodium
butyrate for 24, 48 and 72h. Samples were separated by SDS page and visualised using immunoblotting. 30
ug of protein were loaded into each lane and B-tubulin was used as a loading control.
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concentration of 100 ng/ml and 1 pg/ml resulted in the expression of a ~110 kDa
protein. Furthermore, the addition of sodium butyrate considerably increased the
expression of this protein. Following this experiment, it was concluded that a
tetracycline dose of 100 ng/ml together with sodium butyrate (5 mM) was optimal for
ATF6 induction. Furthermore, as expression was maximal at 48 h, the length of
induction was shortened from 72 h to 48 h.

The literature suggests that the full-length ATF6 is a 90 kDa protein and that
the cleaved version of ATF6 is a 50 kDa protein (Haze et al., 1999a). Induction of our
cells however, resulted in the expression of a 110 kDa protein. Western blot samples
are usually heated before gel electrophoresis, to denature the proteins, however
membrane proteins tend to aggregate during this process. In order to investigate
whether heating of the samples prior to loading was affecting the size of the protein,
another experiment was performed. The clones were induced for 48h, lysed with 1%
DDM-PBS (w/v) instead of RIPA buffer, and not heated before loading (Figure 5.2.2).
The heating step did not affect the migration of the protein on the gel, as the 110 kDa
protein could still be observed in the induced samples.

5.3 Protein purification

5.3.1 Affinity purification

Next, protein purification was performed in order to validate the expression of ATF6.
The cells were induced for 48h and lysed with 1% DDM-PBS. Immunoprecipitation
was then performed in three steps. First, the tagged proteins were separated from the
lysate using Rho-1D4 beads. Then, during the washing step, any unwanted proteins
were removed from the column. Finally, the tagged proteins were competitively eluted
through the addition of the Rho-1DR peptide. The washes and eluates were

subsequently visualised using Coomassie blue staining and immunoblotting
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Figure 5.2.2 The effect of not boiling the samples upon protein migration.

The clones (p1.5 and p2.1) were induced with tetracycline (100 ng/ml) and 5 mM sodium butyrate for 48h,
and then lysed with 1% DDM-PBS (w/v). Samples were separated by SDS page and visualised using
immunoblotting. 30 pg of protein were loaded into each lane and B-tubulin was used as a loading control.

NaB, sodium butyrate; TET, tetracycline.
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(Figure 5.3.1.1A). Using the Rho-1D4 antibody, three different sized bands were
detected in the eluates: the 110 kDa protein as well as a 70 and 50 kDa protein. On
the other hand, only a protein of 70 kDa was detected by Coomassie blue staining. To
better visualise how pure the elution was, eluates 2, 3 and 4 were concentrated into
one sample and then visualised using Coomassie Blue staining (Figure 5.3.1.1B). A
faint band of 110 kDa as well as another two ~70 kDa bands were detected in the
concentrated eluates. The 110 kDa, and the upper of the ~70 kDa bands, were excised
and mass spectrometry performed. The 110 kDa protein was identified as ATF6
(Figure 5.3.1.2, 43% coverage) and the top 70 kDa band was identified as BiP (Figure
5.3.1.3, 56% coverage).
5.3.2 Cleavage of ATF6 in response to Endoplasmic Reticulum stress

To investigate whether the expressed ATF6 is a functional protein, UPR stress
was induced to investigate if the protein is cleaved. To do this, the cells were treated
with a dose range of Tunicamycin for 24 h or induced for 24 h and then treated with
Tunicamycin for a further 24 h. ATF6 cleavage was subsequently assessed using
western blotting (Figure 5.3.2.1). Full-length ATF6 was detected in all of the induced
samples. Fragments of 50 kDa were present at the low concentrations of Tunicamycin
and in the control sample. On the other hand, a shift in size was observed under
conditions of elevated ER stress, where smaller fragments of 40 kDa were identified;
these fragments correspond to the published sizes of the cleaved ATF6 (Haze et al.,

1999a).
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Figure 5.3.1.1 Visualisation of the purified proteins by western blotting and Coomassie blue staining.

Clone p1.5 was induced for 48 h and lysed with 1% DDM-PBS (w/v). Purification of the tagged protein was
performed using the Rho-1D4 peptide. A. The samples were separated by SDS-PAGE and visualised using
western blotting and Coomassie blue staining. B. Elutions 2, 3 and 4 were concentrated using a Amicon’
Ultra — 0.5 Centrifugal Filter Devices kit. 10 pl of the concentrated sample was loaded and protein levels
visualised using Coomasie blue staining.
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cAMP-dependent transcription factor ATF6 alpha (P18850), 75.4 kDA
32 Unique Peptides, 73 PSMs, 43% coverage

MGEPAGVAGTMESPFSPGLFHRLDEDWDSALFAELGYFTDTDELOQLEAANETYENNFDNLDFDLDLMPWESDIWDINNQICT

VKDIKAEPQPLSPASSSYSVSSPRSVDSYSSTQHVPERLDLSSSSQMS PLELYGENSNSLESAEPLKL DK PV TGFRNKTENS
LXK IQVNSKESTOPRBEEEBARBK 01N S SV AN I IONVSIEMPEAROOBTISEQBRBIKGOT VLLSQPTVVOLOAR
GVLPSAQPVLAVAGGVTQLPNHVVNVVPAPSANS PVNGKLSVIKPVLOSTURNVGSDIAVLERQORMIKNRESACQSRKKKE
EYMLGLEARTLRAALSENEQLRRENGT LKROLDEVVSENQR LKVPS PKRRVVCVMIVLAFI ILNYGPMSMLEQDS REMNPSVS
PANQRRHLLGFSAREAQDTSDEITQRNS YRYDHSVSNDKALMVLTEEPLLY IPPPPCQPLINTTES LRLNHELRGWVHRHEV
LRTKSREMINNGCK T RILQGALEQGSNSQLMAVQY TETTSS TSRNSGSELQVY YASPRSYQDFFEATRRRGDTFYVVSFRRD

HLLLPATTHNKT TRPKMSIVLPAININENVINGQDYEVMMQIDCQVMDTRI LHIKSSSVPPYLRDQQRNQTNT FFGSPPAAT

EATHVVSTIPESLQ
B.
Al Protein score # Unique
Protein UniProtkB (SEQUEST HT) Peptides # PSMs Coverage
ATF6 P18850 227.28 32 73 43%
Xcorr
B. Sequence # PSMs (SEQUEST HT)

Peptide ILOQGALEQGSNSQLMAVQYTETTSSISR 5 6.94
DIKAEPQPLSPASSSYSVSSPR 2 5.65

NSGSELQVYYASPR 3 4.5
LKAALSENEQLKK 4 4.39
RQLDEVVSENQR 2 4.29
RGDTFYVVSFR 5 3.71
QQPISLQPAPTK 3 3.67
AEPQPLSPASSSYSVSSPR 2 3.58
TIMQTVPTLMPLAK 3 3.49
SVDSYSSTOQHVPEELDLSSSSOMSPLSLYGENSNSLSSPEPLK 1 3.39
RDHLLLPATTHNK 1 3.33
THIQTVPTLMPLAK 3 3.19
IQVNSKPSIQPKPLLLPAAPK 2 3.13
DHLLLPATTHNK 1 3.07
QLDEVVSENQR 3 3.03
KEYMLGLEAR 1 2.99
LSVTKPVLQSTMR 1 2.96

HLLGFSAK 2 2.96
KEYMLGLEAR 1 2.94
AALSENEQLK 1 2.85
MNPSVSPANQR 2 2.84
RMNPSVSPANQR 1 2.77
SYQDFFEAIRR 1 2.68
EAQDTSDGIIOK 2 2.65
GDTFYVVSFR 1 2.58
NVGSDIAVLR 2 2.55
KKEYMLGLEAR 2 2.52
LSVTKPVLQSTMR 2 2.51
AALSENEQLKK 1 2.48
KKEYMLGLEAR 1 2.35
MNPSVSPANQR 2 2.35

SSSVPPYLR 3 2.28
SYQDFFEAIR 1 2.19
EYMLGLEAR 4 2.06

Figure 5.3.1.2 Mass Spectrometry data for ATF6.

The cells were induced for 48 h and the protein was purified by immunoprecipitation. The eluates were
separated by SDS-PAGE and the 110 kDa band was excised and sent for mass spectroscopy analysis. A.
Sequence coverage. B. Details for each of the identified peptide. PSM, peptide spectrum match.
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Endoplasmic Reticulum chaperone BIP_Human (P11021), 72.3 kDa
40 Unique Peptides, 122 PSMs, 56% coverage

MKLSLVAAMLLLLSAARAEEEDKKEDVGTVVGIDLGTTYSCVGVFKNGEVETTANDOCNRITPSYVAFTPEGER . T GDARK
NOETSNPENTVEDARE . 1 - SNNDPSVEPDIR - 1.rr kv VE

07K DAGEEAGENVME NS BT AARTAYGEDKRE GEKN 1LY FDLGGGT FDVSLLT IDNGVFE

VVATNGDTHLGGEDFDQRVMEHFIRL. YKKKTGKDVRKDNRAVOKLRREVEKAKRALS SQHQARTEIESFYECEDE SBTHTER

STMKPVQKVLEDSDLKESDIDEIVEVEESTH [ PKIQQLVKEFFNGREPSHG INPDEAVAY GAAVQAGVL
SGDODTGDLVLLDVCPLTLGIETVGGVMTKLI PRNIVVPTRK SO IS TASDNO BTV T IR ¥ ECERPLTRDNHELCTEDLTE
EPPEPRCVPQIEVTFEIDVNGILRVTAEDKGTGNKNKITITNDONRL. T PEE I ERMVNDAERFAEEDKK LKERT DTRNELES
-NQI GDKEKLsGK LSSEDKETMERAY £ t.K ITEWLESHQDADIEDFKAKKKELEE IVQP T ISKLYGSAGPPPTGEEDT

Al Protein score
Protein UniProtkB (SEQUEST HT) # Unique Peptides # PSMs Coverage
BiP P11021 320.19 40 122 56%
Xcorr
B. Sequence # PSMs (SEQUEST HT)
Peptide LYGSAGPPPTGEEDTAEKDEL 3 5.02
SQIFSTASDNQPTVTIK 2 4.4
KVTHAVVTVPAYFNDAQR 3 4.35
KSDIDEIVLVGGSTR 7 4.16
ITPSYVAFTPEGER 6 3.77
KSQIFSTASDNQPTVTIK 2 3.76
NQLTSNPENTVFDAK 10 3.76
DNHLLGTFDLTGIPPAPR 5 3.74
NGRVEIIANDQGNR 6 3.72
KTKPYIQVDIGGGQTK 3 3.61
VTHAVVTVPAYFNDAQR 1 3.39
IINEPTAAAIAYGLDKR 6 3.37
NQLTSNPENTVFDAK 3 3.36
VTHAVVTVPAYFNDAQR 4 3.27
KKELEEIVQPIISK 2 3.23
MKETAEAYLGK 4 3.13
NQLTSNPENTVFDAKR 3 3.1
ELEEIVQPIISK 3 3.04
MVNDAEKFAEEDKK 1 2.98
SDIDEIVLVGGSTR 2 2.97
MKETAEAYLGKK 2 2.94
AKFEELNMDLFR 2 2.91
KVTHAVVTVPAYFNDAQR 1 2.81
TWNDPSVQQDIK 6 2.81
IEWLESHQDADIEDFK 1 278
NQLTSNPENTVFDAKR 1 274
LSSEDKETMEK 1 2.67
AKFEELNMDLFR 3 2.63
TFAPEEISAMVLTK 3 2.63
MVNDAEKFAEEDKK 1 2.53
NGRVEIIANDQGNR 1 2.51
VEIIANDQGNR 8 2.49
IEIESFYEGEDFSETLTR 1 2.49
TKPYIQVDIGGGQOTK 1 2.45
MKETAEAYLGK 1 2.45
ITITNDQONR 1 2.42
EFFNGKEPSR 1 2.35
MVNDAEKFAEEDK 1 231
VMEHFIK 2 2.29
IINEPTAAAIAYGIDK 5 2.28
EFFNGKEPSR 1 2.18
LYGSAGPPPTGEEDTAEK 1 2.12
ETAEAYLGK 1 2.12
DAGTIAGLNVMR 1 2.09
NELESYAYSLK 3 2.08
DAGTIAGLNVIMR 2 2.06
VYEGERPLTK 1 1.98
NTVVPTKK 1 1.92
ITPEEIER 3 1.91
ETAEAYLGKK 1 1.9

Figure 5.3.1.3 Mass Spectrometry data for BiP.

The cells were induced for 48 h and the protein was purified by immunoprecipitation. The eluates were
separated by SDS-PAGE and the ~70 kDa band was excised and sent for mass spectroscopy analysis. A.

Sequence coverage. B. Details for each of the identified peptide. PSM, peptide spectrum match.
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Figure 5.3.2.1 Cleavage of ATF6 in response to ER stress.

The cells (p1.5 clone) were induced for 24h and then treated with a dose range of Tunicamycin for a further
24h. The samples were separated by SDS-PAGE and proteins visualised using immunoblotting. 30 ug of
protein were loaded into each lane and B-tubulin was used as a loading control. Images representative of 3

individual repeats.
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5.4 Characterisation of the ATF6 interactome

Little is known about proteins that interact with ATF6 in the absence or
presence of UPR stress. To investigate the interactome of ATF6, a pull-down assay
was performed to identify the interaction partners of ATF6 under different conditions
(control/no treatment; induced; induced and ER stress). The experiment was
performed in triplicate, analyzed by mass spectroscopy and the proteins were
visualized by western blotting and Coomassie blue staining. First, the presence of the
full-length and cleaved ATF6, as well as of the ER chaperone BiP, was investigated
and were confirmed to be present in the induced samples (Figure 5.4.1). To
characterise the ATF6 interactome, the immunoprecipitated samples were subjected
to quantitative mass spectroscopy analysis (performed by the Functional Genomics
and Proteomics Laboratories, University of Birmingham). The interaction partners of
ATF6 were identified by analyzing the mass spectrometric data sets using the
Maxquant software. The spectral count values were used as a measure of protein
abundance and G-tests were performed to assess the significance of the results. The
statistically significant results are summarized in Figure 5.4.2 and Table 5.4.1.

The presence of ATF6 in the induced and stressed samples was confirmed by
the mass spectroscopy analysis and although ATF6 appeared to be less abundant in
the stressed samples, this difference was not found to be statistically significant
(p>0.6). Sixty proteins have been identified as potential interaction partners of ATF6
and most of them were associated with the cytoskeleton — such as the spectrin beta
chain non-erythrocytic 1 (Spectrin B-11), Ras GTPase-activating-like protein (p195), as
well as several unconventional myosins and actin-like proteins. Other proteins include
the Transitional Endoplasmic Reticulum ATPase (VCP/p97) - which was identified in

the induced samples and plays multiple roles in the maintenance of ER homeostasis
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(Kadowaki et al., 2015), and the DNA-dependent protein kinase catalytic subunit —
which was identified both in the induced samples and in the presence of ER stress
and has a role in the detection of DNA damage, especially during the G1 phase of the
cell cycle (Hudson et al., 2005). Surprisingly, BiP has not been identified as an
interaction partner in any of the samples.

In order to validate the results of the mass spectrometry data, two proteins were
chosen to be analyzed by western blotting — the Ras GTPase-activating-like protein
(p195), identified only in the presence of ER stress, and Spectrin B-Il which was
present in both treatments but was significantly more abundant in the stressed cells
(Figure 5.4.2-3). As expected, Spectrin B-1l was detected in the samples that were
induced and treated with tunicamycin, but the protein not detectable by western blot
in the induced and the control samples. The presence of the pl95 protein was
observed in all treatments, with lower levels of expression in the control and induced
samples and highest level in the stressed cells. To assess whether the western blot
results matched the mass spectrometric data, the spectral counts for Spectrin 3-11 and
p195 from each sample were normalized to the spectral counts of ATF6 and then the
average of the normalized spectral counts for each condition was calculated and
plotted in a graph. The western blot results for Spectrin B-Il matched the mass
spectrometric analysis however a different trend was seen for p195. In the mass
spectrometry data, p195 was found to be highest in the stressed cells and was not

detected in the control or in the induced cells.
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Figure 5.4.1 ATF6 pull-down.
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The cells were treated as indicated and lysed with 1% DDM-PBS (w/v). Purification of the tagged protein was
performed using the Rho-1D4 peptide. The samples were separated by SDS-PAGE and visualised using
western blotting and Coomassie blue staining. A. Visualization of the purified proteins by western blotting.
B. Visualization of the purified proteins by Coomassie blue staining.
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Figure 5.4.2 Mass Spectrometry analysis of the pull-down samples.

The data set was analysed using the Maxquant software and G-tests were performed to identify the
significant results. A. Graph showing the total spectral counts of ATF6 identified in each condition. B. Venn
diagram showing the number of interacting partners of ATF6 in the induced and stressed samples. C. Proteins
identified in the uninduced, induced and stressed samples. Graphs show the first 20 significant proteins
identified in the induced and stressed samples.
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Figure 5.4.3 Validation of mass spectrometry data via western blot.

Graphs show the spectral counts for Spectrin -1l and p195 that were normalised to the spectral counts of
ATF6. Values are the mean spectral counts for each condition + SD. Pull-down samples were separated by
SDS page and the proteins were visualised using immunoblotting. A. Validation of Spectrin B-Il. B. Validation
of p195.
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Table 5.4.1 Table summarising all the interaction partners of ATF6 that were identified in the induced samples and in the

presence of ER stress.

PROTEIN ID TOTAL SPECTRAL COUNTS P-VALUE

PROTEIN NAME

(UniProtKB) in:unc-ed Induced ER stress Induced ER stress
&/_Ic_:llzic(s)AM P-dependent transcription factor ATF-6 alpha P18850 0 124 89 2 13E-33 7 8E-32
Unconventional myosin-VI (MYOG6) Q9UMbS4 4 69 31 5.73E-15 2.9E-08
Ellzlg;jependent protein kinase catalytic subunit (DNA- P78527 5 53 20 3.32E-10 0.00022
ngFzégg?mily AAA domain-containing protein 3A QONVI7 3 46 27 3.89E-10 9 8E-08
Unconventional myosin-Ic (MYO1C) 000159 0 29 4 8.32E-08 0.09893
Gelsolin P06396 0 23 22 3.14E-06 6.8E-08
Spectrin beta chain, non-erythrocytic 1 (SPTBN1) Q01082 2 24 171 1.51E-05 4.38E-60
60 kDa heat shock protein, mitochondrial (HSP-60) P10809 3 27 11 1.62E-05 0.00815
Myosin-14 Q72406 0 16 6 0.00021 0.02169
Vesicular integral-membrane protein (VIP36) Q12907 0 16 2 0.00021 0.42968

ATP synthase subunit alpha, mitochondrial (ATP5A1) P25705 2 19 21 0.00025 1.4E-06




Beta-actin-like protein 2 (ACTBL2) Q562R1 14 0 0.00068 0.86518
X?Szgiec;nal endoplasmic reticulum ATPase (TER P55072 13 4 0.00124 0.09893
Apoptosis-inducing factor 1, mitochondrial (AIFM1) 095831 13 3 0.00124 0.20792
Cytoplasmic dynein 1 heavy chain 1 (DYNC1H1) Q14204 13 2 0.00124 0.42968
ATP synthase subunit beta, mitochondrial (ATP5F1B) P06576 23 17 0.00162 0.00144
ATP-citrate synthase (ACL) P53396 12 1 0.00223 0.86518
Y\?lljti%eé;jependent anion-selective channel protein 2 P45880 29 9 0.00255 012711
Nucleolar protein 56 (NOP56) 000567 11 3 0.00401 0.20792
Unconventional myosin-ld (MYO1D) 094832 11 1 0.00401 0.86518
Filamin-B 075369 10 53 0.0072 7E-19

Unconventional myosin-XVllla (MYO18A) Q92614 10 13 0.0072 9.1E-05
Tropomodulin-3 (TMOD3) QONYL9 9 11 0.0129 0.00044
Heat shock 70 kDa protein 4L (HSPA4L) 095757 9 1 0.0129 0.86518
ATPase family AAA domain-containing protein 3B Q5T9A4 8 4 0.02301 0.09893

(ATAD3B)
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P67936;

Tropomyosin alpha-4 chain; Tropomyosin beta chain P0O7951 8 0.0409 0.00462
e s oows  oozies
;}/iggg%gé;:hain (3R)-3-hydroxyacyl-CoA dehydratase Q9P035 5 0.0409 0.42968
Unconventional myosin-lb (MYO1B) 043795 0 0.0409 0.86518
DnaJ homolog subfamily B member 11 (DNAJB11) QoUBS4 0 0.0409 0.86518
Nucleolar protein 58 (NOP58) Q9Y2X3 0 0.0409 0.86518
Alpha-actinin-1 (ACTN1) P12814 50 0.38344 8.30E-18
Ras GTPase-activating-like protein IQGAP1 (p195) P46940 45 0.91234 5.03E-16
?g:;trzir:\) beta chain, non-erythrocytic 2 (Beta-lll 015020 32 0.91234 2 06E-11
Dedicator of cytokinesis protein 7 (DOK7) Q96N67 28 0.22199 5.29E-10
PDZ and LIM domain protein 1 (PDLIM1) 000151 12 0.91234 0.0002
Coronin; Coronin-1C QouLV4 11 0.91234 0.00044
Band 4.1-like protein 2 (EPB41L2) 043491 8 0.91234 0.00462
Actin, alpha cardiac muscle 1 (ACTC1) P68032 16 0.78729 0.0063
Q02978 6 0.07235 0.02169
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Mitochondrial 2-oxoglutarate/malate carrier protein
(OGCP)

60S ribosomal protein L38 (RPL38) P62899 6 6 0.07235 0.02169
Cofilin-1; Cofilin-2 P23528 4 7 0.52463 0.03857
Myosin light polypeptide 6 (MYL6) P60660 11 11 0.22511 0.04579
60S ribosomal protein L30 (RPL30) P62888 3 5 0.38344 0.04652
Glutamine--tRNA ligase (GInRS) P47897 3 5 0.38344 0.04652
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5.5 Discussion

Here, | aimed to overcome some of the difficulties that are encountered during
the process of expression and purification of membrane proteins, which has been a
significant issue for groups that have tried to determine the crystal structure of ATF6.
Stable HEK293S GnTI(-) cells were generated for the tetracycline-induced ATF6 gene
expression. The induction of gene expression in these cells resulted in the expression
of a 110 kDa protein which, upon mass spectrometry analysis, was confirmed to be
ATF6. Further experiments demonstrated that the protein is cleaved in response to
ER stress and aimed to further our understanding of ATF6 by determining its
interaction partners.

Because there was a discrepancy between the published size of ATF6 and the
size of the induced protein, there was uncertainty over whether the protein expressed
was indeed ATF6. ATF6 is encoded by a gene located on chromosome 1 (locus
1923.2) and consists of 670 amino acids. Its molecular weight has been reported as
74.6 kDa and 90 kDa (Haze et al., 1999a, Breuza et al., 2016). Several factors, such
as post-translational modifications can affect the migration of a protein on a gel and
this might explain the higher molecular weight that | observed for this protein. Similar
to my findings, another study identified a 110 kDa protein as being the full length ER-
localised ATF6 (Schindler and Schekman, 2009), indicating that we are
overexpressing the correct protein. As heating of the western blot samples did not
affect the migration of the protein on the gel (Figure 5.2.2), it can be concluded that
the process of cell induction resulted in the expression of a 110 kDa protein and that
it was not an artefact of the sample preparation. Mass spectrometry analysis confirmed

successful expression of ATF6, with a coverage of 43% (Figure 5.3.1.2).



The next important step was to demonstrate that the protein is cleaved in
response to tunicamycin-induced ER stress (Figure 5). ATF6 is embedded in the ER
membrane and is held in an inactive state by BiP. Upon the dissociation of BiP from
the luminal domain of ATF6, the Golgi localisation sequence is exposed allowing the
protein to be translocated to the Golgi apparatus, where it is cleaved by Site-1 and
Site-2 proteases (Taouji et al., 2013). Cleavage of ATF6 in response to ER stress
results in the formation of two fragments — the cytoplasmic N-terminus domain of 50
kDa and the luminal C-terminus domain (40 kDa) (Haze et al.,, 1999a). The 1D4
epitope was cloned into the C-terminus of ATF6 and so, the expected size of the
cleaved fragment was 40 kDa. Bands of 50 kDa were found at the lower doses of
Tunicamycin as well as in the absence of the ER stress inducer. In conditions of
elevated ER stress, at the highest concentrations of Tunicamycin, fragments of 40 kDa
were identified, suggesting that ATF6 is correctly cleaved in response to ER stress.
Similarly to tunicamycin, our modified expression system impairs the process of N-
linked glycosylation (Reeves et al., 2002) and therefore the cells are already
experiencing ER stress before the addition of tunicamycin. This could explain the
presence of the 50 kDa fragments that were detected in the control samples and in
the absence of the ER stress inducer.

To advance our understanding of ATF6, we aimed to identify novel interaction
partners of the protein. One of the known interaction partners of ATF6 is XBP1, the
downstream transcription factor of IRE1a pathway. Yamamoto et al. (2007)
demonstrated that ATF6a heterodimerizes with XBP1 by performing sequential
immunoprecipitation of ATF6a and XBP1 from Hela cells that were metabolically
labelled with 3°S-methionine and 3°S-cysteine and continued to show that their

heterodimerization is important for the induction of ER-associated degradation
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(ERAD) components (Yamamoto et al., 2007). Another interaction partner of ATF6 is
THBS4, a member of the Ca?* -binding glycoproteins called thrombospondins (Lynch
et al., 2012). These proteins have various biological roles, and their expression is
dramatically increased in response to stress and tissue damage or remodelling
(Kazerounian et al., 2008). THBS4 resides within the ER and, through its interaction
with the luminal domain of ATF6q, it induces an adaptive stress response that protects
the myocyte cells from ER-associated cell death (Lynch et al., 2012).

BiP also binds the luminal domain of ATF6, and through this interaction ATF6
is held in an inactive conformation. Investigations performed by Shen et al., (2005)
showed that BiP binds ATF6 in a stable manner and that dissociation of BiP from ATF6
is performed by actively restarting the BiP ATPase cycle. Their findings showed that
the ATF6-BiP complex was not affected during the immunoprecipitation of ATF6 and
moreover, that the amount of coprecipitated BiP was 5 to 10 times more than the
amount of ATF6 (Shen et al., 2005). Our findings correlate to the ones of the previous
study as we have also co-precipitated BiP during the purification of ATF6, and the
abundance of this protein was higher than ATF6 (Figures 5.3.1.1, 5.3.1.3 and 5.4.1).
However, mass spectrometric analysis of the pull-down assay could not identify BiP
as a binding partner of ATF6, possibly as a result of the poor quality of the spectra.
This mass spectrometry limitation can be caused by a number of reasons such as the
presence of contaminants in the sample, or incomplete digestion or fragmentation
(McHugh and Arthur, 2008).

Sixty novel interaction partners of ATF6 were identified by the mass
spectrometric analysis of the pull-down samples (Figure 5.4.2 and Table 5.4.1), the
majority of which were proteins associated with the cytoskeleton, such as Spectrin -

Il and p195 which were validated by a western blot analysis (Figure 5.4.3). The roles
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that Spectrin -1l plays in the cells have been reviewed by (Yang et al., 2021) - itis an
important cytoskeletal protein involved in the maintenance of cell structure and has
additional roles in regulating the processes of cell adhesion, cell spreading, as well as
cell proliferation, cell cycle and apoptosis. Spectrin B-1l is also important during the
developmental stage of various organs and dysfunction of this protein has been
associated with developmental disabilities and several diseases, including cancer
(Yang et al., 2021). The p195 protein is involved in various cellular process including
cell migration, regulation of actin, B-catenin-mediated transcription, Ca?*/calmodulin
signalling and microtubule function, with the main role of this protein being the
regulation of cytoskeletal function (Li et al., 2005). p195 was also found to have a
possible role in cell cycle regulation — the protein translocates into the nucleus during
the G1/S phase of the cell cycle, associates with the DNA replication complex factors
RPA32 and PCNA and stimulates cell cycle progression (Johnson et al., 2011). Among
the other interacting partners identified by the analysis are several mitochondrial
proteins and others such as DNAJB11, a co-chaperone of BiP that assists in protein
folding, trafficking and degradation (Cornec-Le Gall et al., 2018).

Therefore, the stable tetracycline-inducible HEK293S GnTI(-) cell line has
allowed me to express functional ATF6 that can be used in further experiments (e.g.
structural studies). This expression system will provide an advantage in the process
of expression, solubilisation and structure determination of ATF6 and of other
membrane proteins. Furthermore, the characterisation of the interacting proteins will
advance our understanding of how ATF6 regulates the cellular response to ER stress

in normal and diseased cells.
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Chapter 6: General Discussion and Concluding Remarks
6.1 Characterising the UPR in Prostate Cancer

Prostate cancer is the most common malignancy in men and the second most
common form of cancer in the UK (Attard et al., 2016). It starts in the prostate, which
is a secretory gland in the male reproductive system that helps in the production of
semen (Moore et al., 2011). Its development and function is regulated by androgens,
which act through the androgen receptor (AR) in order to maintain the functional state
of the gland (Heinlein and Chang, 2004). The AR activates genes that promote cell
growth and survival and so it also plays a crucial role in the development and
progression of PCa (Chen et al., 2009). Tumours that have spread from the prostate,
or have relapsed from prostatectomy, are mainly treated with androgen deprivation
therapy (ADT) that blocks this signalling pathway in order to stop cancer growth
(Rebello et al., 2021). Despite the initial success of these therapies, the disease often
progresses to an incurable, castrate resistant stage (Brooke and Bevan, 2009, Huang
et al., 2018) for which few therapeutic options exist (Leung et al., 2021). Metastatic,
castrate-resistant prostate cancer is an important cause of cancer mortality (Amoroso
et al., 2021) and modulation of the unfolded protein response, which was found to be
involved in the pathology of many diseases, including cancer (Hetz et al., 2020, Oakes
and Papa, 2015), may be a promising approach for the management of PCa and
CRPC.

The prostate is a secretory gland and so it is reliant upon the proper functioning
of the endoplasmic reticulum (Hetz, 2012), through which proteins fold and flow.
Moreover, prostate cancer tumours represent a stressful environment which is
characterized by a lack of oxygen and nutrients that impair the redox potential and the

formation of disulphide bonds; these stressful conditions affect the process of protein
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folding and lead to an accumulation of misfolded proteins in the ER (also termed ER
stress) (Storm et al., 2016, Morreall et al., 2019). In response to stress, three sensor
proteins — IRE1a, PERK and ATFG, initiate several signal transduction pathways,
collectively called the unfolded protein response (UPR) in order to restore
homeostasis (Corazzari et al., 2017). The UPR pathways work together to maintain
the function of the ER and the accuracy of protein folding by reducing the rate of global
translation, increasing the folding capacity of the ER and by degrading the misfolded
proteins via the ER-associated degradation (ERAD) and autophagy pathways.
However, under conditions of chronic ER stress, the UPR switches to a pro-apoptotic
response that initiates programmed cell death (Hetz et al., 2020). In PCa, the
activation of the UPR has been shown to enable the cells to survive and adapt to their
adverse environmental conditions (Storm et al., 2016). For example, the IRE1a/XBP1
branch has been shown to support the proliferation of both hormone responsive PCa
and CRPC (Sheng et al., 2015, Sheng et al., 2019), whilst PERK is highly active in
advanced PCa where it promotes tumour progression (Nguyen et al., 2018). However,
despite the medical relevance of this pathway, our understanding of the UPR in PCa
is still limited.

Therefore, this study aimed to characterize the activity of UPR during all the
stages of the disease - starting from benign prostate cells and up to castrate-resistant
models of PCa.

6.1.1 Benign prostate cells (BPH-1)

It has been shown that non-cancerous prostate cells (BPH-1) were the most
resistant to ER stress and they relied upon the activity of all three UPR arms in order
to survive. The cells retained their ability to resolve stress mainly through the

IRE1a/XBP1s axis and through the upregulation of ERAD pathways by ATF6 and
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XBP1s. However, in conditions of prolonged ER stress, BPH-1 cells that have been
irreparably damaged were found to undergo apoptosis. These results suggest that
there was no dysregulation of the UPR signalling in the benign prostate cells.

6.1.2 Hormone responsive Prostate Cancer (LNCaP)

In hormone responsive PCa, the AR has been shown to directly activate the
IRE1a/XBP1s pathway - which restored homeostasis and promoted cell survival
(Sheng et al., 2015, Sheng et al., 2019) by increasing the activity of ERAD (Erzurumlu
and Ballar, 2017). My results correlated with these studies and provided additional
data to support the adaptive role of the crosstalk between IRE1a and AR in hormone
naive PCa. | have also showed that, even in the absence of androgens, IRE1a/XBP1s
signalling is highly active in response to ER stress and its activation sustains LNCaP
cell survival and proliferation.

This study has also furthered our understanding of the role of PERK in hormone
responsive PCa. Sheng et. al. proposed that androgens selectively inhibit the PERK
signalling arm during this stage of the diseases (Sheng et al.,, 2015). Here, |
demonstrated that although androgen treatment does not affect the mRNA or protein
levels of PERK, the activation of this protein in response to ER stress causes LNCaP
cells to enter into G1 arrest, allowing the cells to initiate repair mechanisms (Murad et
al., 2016), resolve the stress and delay apoptosis. These effects were confirmed by
proliferation and flow cytometric assays. ATF6 has also been shown to be expressed
at high levels during the hormone responsive stage of the disease, and it was activated
in response to both ER stress and androgen treatment. Taken together, the results
show that hormone responsive PCa utilizes all three UPR arms in order to promote

ER homeostasis and cell survival.
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In addition to the regulation of the three sensor proteins, it has been
demonstrated that androgens, through the AR, are also able to upregulate the
expression of BiP (Bennett et al., 2010, Tan et al., 2011). The upregulation of BiP by
the AR was performed independently of the ER stress pathway and was shown to
delay the onset of autophagy and cell death (Bennett et al., 2010). These findings led
the authors to propose a novel mechanism through which the AR supports PCa
survival, that is by promoting ER homeostasis (Bennett et al., 2010). My data supports
the aforementioned mechanism and continues to show that AR signalling is also
dependent on the activity of BiP. These results suggest that there might be a functional
synergy between the two proteins, and this requires further investigation.

6.1.3 Progression of Prostate Cancer from androgen dependence to androgen
independence (C42, C42B, 22Rv1)

The present study showed that during the progression of PCa from hormone
responsive to a castrate resistant stage, androgen treatment increased the mRNA and
protein levels of PERK in C42 and C42B cells. Moreover, inhibition of PERK
significantly reduced the mRNA levels of the AR target gene TMPRSS2, suggesting a
crosstalk between PERK and AR during this stage of the disease. As previously
mentioned, androgens upregulate the expression of BiP, but as the disease
progresses to a castrate resistant stage, it has been observed that androgen treatment
no longer affects the expression of BiP. Furthermore, the endogenous expression of
BiP was also higher in 22Rv1 cells compared to LNCaP cells. A previous study has
shown that the expression of BiP is higher in CRPC compared to hormone responsive
PCa (Tan et al., 2011). Our findings correlate with this study and supplements our

knowledge by showing that the upregulation of BiP remains constant during the
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progression of PCa from androgen dependence to independence, and that it occurs
independently of the androgen signalling pathway.
6.1.4 Castrate resistant Prostate Cancer (DU145, PC3)

The castrate resistant cell culture models of PCa were found to be the most
sensitive to ER stress — their proliferation was greatly reduced in the presence of ER
stress and the cells underwent high levels of apoptosis. It has also been observed that
the activation of the UPR in response to stress was delayed in these metastatic models
of PCa and that both DU145 and PC3 cells were dependent on the ERAD pathway in
order to resolve the stress and survive. Although it has been shown that one
mechanism through which androgens promote survival of androgen sensitive LNCaP
cells is through the upregulation of ERAD activity (Erzurumlu and Ballar, 2017), little
is known about the ERAD pathway in castrate resistant PCa. This study has found
that this pathway is also active during the advanced stages of the disease, and further
studies should determine the role of ERAD and UPR signalling in therapy resistant
prostate cancer.

6.2 Investigation of the ATF6 interactome using a modified mammalian
expression system

ATF6 is one the three sensor proteins that initiates the UPR in response to
accumulation of unfolded proteins in the endoplasmic reticulum (Hetz, 2012). In
response to ER stress, ATF6 translocates to the Golgi apparatus where it is cleaved
by S1P and S2P proteases. The cytoplasmic domain of ATF6 is then released from
the Golgi apparatus and translocates to the nucleus where it acts as a transcription
factor (Haze et al., 1999b). ATF6 restores homeostasis by activating the expression

of genes that encode for ERAD components, increasing the folding capacity of the ER
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(upregulation of ER chaperones) and inducing autophagy (Bommiasamy and Popko,
2011, Yu et al., 2017).

ATF6 plays a major role in regulating protein homeostasis and so it has been
associated with various diseases, including retinitis pigmentosa (Lee et al., 2021), and
brain and cardiac ischemia (Blackwood et al.,, 2019, Yu et al.,, 2017) where its
activation protects the affected tissues. However, activation of ATF6 in multiple cancer
types was found to promote tumour dormancy and resistance to treatments (Urra et
al., 2016). Moreover, ATF6 has been recently associated with the progression of PCa
and its activation was correlated with AR signalling and disease stage (Pachikov et
al., 2021).

In order to allow the development of novel therapeutic agents that target ATF6
in cancer, solving the structure of ATF6 remains a priority. Several groups have tried
to determine the crystal structure of ATF6, however the expression and purification of
ATF6 has proved problematic (personal communication).

As ATF6 is a membrane protein (Hetz, 2012), it needs to be expressed in a
mammalian system that allows post-translational processes including N-linked
glycosylation to take place, which facilitates its folding into a functional state (Andréll
and Tate, 2013). However, in most mammalian expression systems this process
results in the attachment of large, heterogenous and conformationally flexible N-
glycans to the protein which can become a hurdle during the process of crystallization
(Chaudhary et al., 2012). In this study, | addressed this limitation by using a modified
human embryonic kidney cell line (HEK293S GnTl-) that does not allow the synthesis
of complex N-glycans but supports the formation of a homogenous Mans-GlcNacz

structure instead (Reeves et al., 2002). This homogenous structure is more structurally
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silent and can be easily removed by endo- and exoglycosidases (Chaudhary et al.,
2012, Reeves et al., 2002).

A stable tetracycline-inducible HEK293S GnTI- cell line that allows the
expression of a functional ATF6 protein was generated and this was used in additional
experiments in order to characterize the ATF6 interactome under different conditions
(induced, induced and ER stress). Mass spectrometric analysis of the pull-down
samples identified 60 novel interaction partners of ATF6 — 31 of which were identified
in the induced samples, and 29 in the presence of ER stress. Most of the interaction
partners of ATF6 were found to be associated with the cytoskeleton — such as the
Spectrin B-1l and the Ras GTPas-activating-like protein (p195). Spectrin B-Il is an
important cytoskeletal protein, and its dysfunction was associated with the
pathogenesis of several diseases, including cancer (Yang et al., 2021), whilst p195 is
involved in the regulation of cell cycle during the G1/S phase (Johnson et al., 2011).
Other interaction partners include the Transitional Endoplasmic Reticulum ATPase
(VCP) which maintains the ER homeostasis (Kadowaki et al.,, 2015), the DNA-
dependent protein kinase catalytic subunit which detects DNA damage during G1
phase arrest (Hudson et al., 2005), DNAJB11 — a co-chaperone of BiP that is involved
in protein folding and degradation (Cornec-Le Gall et al., 2018) as well as several
mitochondrial proteins. Therefore, this study has identified novel interaction partners
of ATF6, and their characterization will further our understanding of how ATF6
coordinates cellular responses in response to ER stress.

6.3 Concluding remarks

In conclusion, this study has determined that UPR signalling is different

depending on the stage of the disease. For example, it has been observed that the

benign prostate cells (BPH-1) retained their ability to deal with ER stress and as a
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result, their proliferation was not greatly reduced. However, the cells that could not
resolve the stress were found to undergo apoptosis. Starting from the androgen
responsive cells (LNCaP) that represented the incipient, hormone responsive stage of
prostate cancer, a dysregulation of UPR signalling could be observed — as the cells
attempted to evade ER stress-induced cell death by entering into a G1-phase arrest.
The findings of this study have strengthened the link between the UPR and the survival
of PCa during this stage of the disease and showed that the cells utilize all three UPR
arms in order to resolve the stress; the results also suggested that there could be a
functional synergy between the activity of BiP and the pro-survival signalling of the
AR.

Interestingly, PERK might play an important role during the progression of PCa,
as its mRNA and protein levels have been increased following androgen treatment,
and its inhibition decreased the expression of the AR target gene TMPRSS2.
However, future experiments should aim to investigate the activation of PERK during
this stage of the disease by determining the expression levels of phosphorylated elF2a
— a downstream effector of PERK (Liu et al., 2015). Furthermore, a delayed and
deficient UPR signalling has been observed in castrate-resistant models of prostate
cancer (DU145, PC3) and the cells were dependent on the ERAD pathway in order to
resolve the stress. Taken together, these findings have helped us obtain a broader
view of the UPR signalling in prostate cancer and furthered our understanding of how
this cancer utilizes the UPR in order to survive.

A limitation of this study was the fact that it utilized RT-gPCR to assess
differences in the expression of a limited number of UPR target genes in response to
various treatments. A better approach would be the use of transcriptomic technologies

that would allow the identification of gene expression changes across the whole
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transcriptome (Lowe et al.,, 2017) — that would provide an in-depth look at UPR
signalling across the different stages of the disease.

Finally, a stable tetracycline-inducible HEK293S GnTI(-) cell line has been
generated and used for the expression of the UPR sensor protein ATF6 and the
characterization of its interactome. Novel interaction partners have been identified and
the characterization of these proteins will further our understanding of how ATF6
regulates cellular responses in response to ER stress. Further the line, the use of this
modified expression system could also facilitate future studies to investigate the
structure of this protein.

6.4 Future work

Further investigations should aim to identify a suitable target that can be
modulated in order to block PCa tumour growth. For example, the role of PERK during
the progression of PCa from hormone dependent to castrate resistant stage should
be further characterized. It would also be useful to determine the importance of ERAD
and UPR signalling during the castrate resistant stages of PCa and look into the role
of ATF6 signalling in the progression of the disease; this could be done by performing
an RNA-sequencing analysis. It would also be helpful to investigate the expression
levels of phosphorylated PERK and those of the other UPR components in clinical
samples by performing immunohistochemistry or tissue microarray on patient
tumours. This may identify therapeutic vulnerabilities that can be exploited to prevent
tumour progression.

Further investigations should also aim to verify the localisation of ATF6 in the
recombinant HEK293S GnTI- cells and to determine whether the protein translocates
to the Golgi apparatus and the nucleus whilst the cells are under ER stress. A pathway

enrichment analysis and gene ontology enrichment analysis should also be performed
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to validate the list of proteins that were identified as interaction partners of ATF6 and
to gain insight into the roles of these interactions. As a next step, it would also be
useful to verify whether ATF6 co-localises with its interaction partners and if they do,
to identify the location of their co-localisation. Further studies should utilise the
modified expression system used in this study and focus on determining the structure
of ATF6 by x-ray crystallography or cryogenic-electron microscopy. With that data,
drug discovery projects can be initiated to identify small molecule inhibitors with

specificity for ATF6.
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