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Abstract

Prostate cancer (PCa) is the second leading cause of male cancer deaths in the UK and the
fifth worldwide. PCa has a 5-year survival rate of approximately 30% and preferentially spreads
to the bone. Inflammation majorly contributes to the development and progression of PCa and
also plays an important role in bone remodelling. TRAF6, a key component of the pro-
inflammatory NFkB pathway, has been implicated in prostate cancer and bone cell activity;
however, its role in prostate cancer bone metastasis has not been investigated. Here, in silico
studies confirmed the involvement of TRAFG6 in prostate cancer progression, and specifically
TRAF6-DNA amplifications were observed in PCa patients with bone metastasis. Consistently,
TRAF6 expression was higher in the osteolytic PC3 cell line when compared to the hormone-
sensitive LNCaP cell line. Stable shRNA knockdown and pharmacological inhibition of TRAF6
using the verified 6877002 reduced human PC3 and DU145 cell viability, migration and
invasion and their ability to support osteoclast formation and bone nodule formation in vitro. In
vivo, however, intratibial injection of the TRAF6 knockdown in human PC3 cells failed to
prevent osteolysis and, similarly, administration of 6877002 (20mg/kg/daily) failed to reduce
PC3-induced bone loss in nude mice. Moreover, the novel FSAS3, congener of 6877002,
exerted a significant reduction in the viability of a panel of prostate cancer cells and produced
greater sensitivity in PC3 compared to PC3-TRAF6 knockdown cells. Mechanistically, FSAS3
decreased RANKL- and TNF-a-induced phosphorylation of IkB-a. in prostate cancer cells and
inhibited the pro-tumorigenic effects of M2 macrophages on the viability, migration and
invasion of PC3 cells. The novel FSAS3 skewed macrophages to an anti-tumorigenic M1
phenotype and decreased the ability of a panel of PCa cells to promote osteoclast formation.
Collectively, these findings suggest that targeting the TRAF/NFkB pathway is a promising

treatment for skeletal-related events in advanced prostate cancer.
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Figure 0.1. Schematic representation of the effects of knockdown and pharmacological inhibition of TRAF6
on prostate cancer cell — macrophage - osteoclast — osteoblast interactions. Knockdown and
pharmacological inhibition of TRAF6 using the verified 6877002 and the novel FSAS3 on highly metastatic human
prostate cancer cells decreased prostate cancer cell viability, migration, invasion and ability to influence osteoclast
formation and osteoblast nodule formation. In addition, the novel FSAS3 altered macrophage commitment and
decreased the pro-tumorigenic effects of M2 macrophages on prostate cancer cells in vitro.
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11. Bone microenvironment

The bone is a dynamic environment that provides support and protection to soft tissues and
organs in the body. There are two types of bone: cortical and trabecular bone (Shupp et al.,
2018). Cortical bone supports weight load and forms the outer layer of the skeleton, whereas
trabecular bone encloses the bone marrow and undergoes bone remodelling at a higher rate
(Shupp et al., 2018; Zhang, 2019). Bone remodelling is the process by which mature or
fractured bone is replaced by new bone and it is regulated by the balanced activity of bone-
forming osteoblasts and bone-resorptive osteoclasts (Morrissey and Vessella, 2007; Ziaee et
al., 2015; Chen et al., 2018). Osteoblasts derive from mesenchymal stem cells (Ziaee et al.,
2015) and account for 4-6% of total bone cells (Shupp et al., 2018). The main function of
osteoblasts is synthesizing and mineralising new bone matrix and supporting the formation of
osteoclasts (Rucci, 2008). Osteoblasts are the precursors of another bone cell population
called osteocytes, which account for 90-95% of cells in bone and support communication
between bone-remodelling cells (Shupp et al., 2018). Bone-resorptive osteoclasts are
multinucleated cells derived from monocyte-macrophage hematopoietic lineage. Osteoclasts
account for 1-4% of bone cells and their main function is to resorb bone organic matrix by
secreting various enzymes including tartrate-resistant acid phosphatase (Shupp et al., 2018;

Zhang, 2019).

Communication between osteoblasts and osteoclasts during the bone remodelling cycle
occurs via indirect or direct cell-cell contact (Chen et al., 2018). The bone remodelling process
begins with the recruitment of mature osteoclasts and their precursors to the bone surface, as
a result of mechanical loading or via local factors and systemic hormones (Rucci, 2008).
Subsequently, osteoclasts resorb bone and pre-osteoblasts proliferate, differentiate and
mature to secrete soluble factors such as macrophage colony-stimulating factor (M-CSF) and
express member-bound receptor activator for NFKB (RANK) ligand (RANKL) (Ziaee et al.,

2015). The activation of osteoblasts also plays an important role in modulating the osteoclastic
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resorption phase of bone remodelling, as it leads to the production of the decoy receptor for
RANKL, osteoprotegerin (OPG) (Rucci, 2008). The resorptive activity of osteoclasts leads to
the release of various matrix-bound factors, peptides and enzymes including phosphatases
and matrix metalloproteinases (MMPs), and growth factors like transforming growth factor
Betha (TGF-B) and bone-morphogenetic proteins (BMPs). These factors in turn support
osteoblast maturation and activity, which promotes bone formation (Rucci, 2008; Shupp et al.,
2018) (Figure 1.1). Numerous studies have implicated various signalling proteins and
transcription factors in the regulation of osteoblast and osteoclast activity during bone
remodelling. For example, Runx2, a transcriptional regulator of osteoblast differentiation from
mesenchymal stem cells, has been shown to stimulate bone resorption by inducing RANKL
expression and inhibiting OPG in osteoblasts. Conversely, enhanced expression of Runx2 by
parathyroid hormone (PTH) has been shown to promote bone formation (Chen et al., 2005;

Rutkovskiy et al., 2016).

Normal bone remodelling is the main determinant of bone mass and health, thus imbalanced
bone remodelling is implicated in various skeletal disorders including osteoporosis, rheumatoid
arthritis and Paget’s disease (Feng and Mcdonald, 2011; Shupp et al., 2018). In primary bone
cancer and bone metastasis, systemic and local growth factors and cytokines produced by
tumour cells disrupt the fine balance between bone resorption and bone formation (Jeong, Cho

and Park, 2016; Zhang, 2019).
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1.2. Prostate cancer

Prostate cancer (PCa) is a slow-growing adenocarcinoma that develops in the prostate gland
and is predominantly initiated by mutations in the glandular epithelial cells (Madan et al., 2009;
Leslei, Soon-Sutton and Siref, 2018). PCa is the second most commonly diagnosed cancer in
men and the fifth leading cause of cancer death in men worldwide (Figure 1.2) (Torre et al.,
2015), and second in the United Kingdom (Yip et al., 2015). Benign and localised prostate
cancer has a 5-year survival rate of around 100%; however, if prostate cancer becomes
metastatic, the 5-year survival rate reduces to approximately 30% (Kirby and Patel, 2009;

American Cancer Society, 2018).
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Figure 1.2. Distribution of cancer incidence and mortality worldwide (2018). Pie charts presenting the
worldwide distribution of diagnosed cancer cases for (A) both sexes and (B) males and (C) cancer deaths in men
(Bray et al., 2018).
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1.2.1. Diagnosis and risk factors

Prostate cancer is diagnosed by digital rectal examination in combination with the detection of
high levels of the prostate-specific antigen (PSA) in the blood. The PSA test is also used for
evaluating PCa at advanced stages and for monitoring treatments (Kirby and Patel, 2009).
Even though the PSA test is the most commonly used method for early detection of PCa, it
has many limitations (Stephan et al., 2014). For example, 75% of positive tests are deemed to
be false positives (Slatkoff et al., 2011). Thus, histological examination of biopsies is used to
assess the severity and progression of the disease in patients. The Gleason score is routinely
used to categorize the aggressiveness and staging of the disease based on the sum of two

prominent grades from 1 to 5, as shown in Figure 1.3 (Kirby and Patel, 2009).

The D’Amico classification system for prostate cancer patients is based on PSA levels,
Gleason score and clinical stage based on the tumour size or T stage (Cotter, Konety and
Ordonez, 2016), allowing patients to be categorised as low-, moderate- or high-risk (Table

1.1).

The major risk factors of prostate cancer are age (over 65) (Center et al., 2012) and ethnicity,
with the highest rates of PCa observed amongst African Americans (Zeigler-Johnson et al.,
2008; Attard et al., 2016). Lifestyle factors such as western diet, smoking, non-physical activity,
obesity and family history are also considered to play a role in the development and
progression of the disease (Kirby and Patel, 2009). In addition, genetic studies have shown
that approximately 9% of cases have a genetic basis (Kirby and Patel, 2009). Genome-wide
association studies (GWAS) showed that there are 76 single-nucleotide polymorphisms
associated with prostate cancer risk (Eeles et al., 2014). Among these genetic variations,
alterations in the tumour suppressor genes TP53, PTEN and RB1 are commonly detected at
initial stages of the disease and in castration-resistant patient tumours (Hamid et al., 2019).

Furthermore, mutations in the tumour suppressor genes BRCA1 and BRCA2, commonly
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related with ovarian and breast cancer (Petrucelli, Daly and Feldman, 2010), have also been
identified in prostate cancer patients that have higher Gleason score and worse prognosis than

non-carriers of the mutation (Mitra et al., 2008; Nyberg et al., 2020).

Gleason grade

PP*PP2PY

Figure 1.3. Gleason grading system. Progressive deterioration on glands from well-differentiated and healthy
glands (grade 1) to larger, separated (grade 2) and disorganised (grade 3), until irregular gland anatomy (grade 4)
becomes undifferentiated (grade 5) (Kirby and Patel, 2009).
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Table 1.1. Description of D'Amico classification based on PSA levels, Gleason score and tumour size (Jang,
Bianco and Scardino, 2007; Kirby and Patel, 2009; Chang et al., 2014).

Gleason score 8-10

capsule

Risk Description Primary tumour stage
TO
No evidence of primary tumour.
T T1a
Tumgur not palpable or visible by | T1b
Low PSA <10 ng/ml maging. T1c
Gleason score <6 T2 T2a
Intermediate | PSA 10-20 ng/ml Tumour confined within the prostate. | T2b
Gleason score 7
High PSA >20 ng/mi T2c
Gleason score >8 T3 T3a
Very high | PSA =20 ng/ml Tumour extends to the prostatic | T3b

T4

Tumour invades adjacent organs.

10
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1.2.2. Pathophysiology

Prostate cancer is a heterogeneous malignancy with phenotypes ranging from non-aggressive
to highly aggressive (Peisch et al., 2017). Tumour growth begins in the prostate gland and is
supported by several local and systemic factors such as growth factors, cytokines and
chemokines, produced by both tumour and host cells in the tumour microenvironment (Jian
Zhang, Patel and Pienta, 2010). PCa metastasis begins when a subset of tumour cells
migrates to and proliferates at the lymph nodes, subsequently migrating to distant tissues
(Wang et al., 2018). Prostate cancer initiation, progression and metastasis is also enhanced

by the reduction of anti-tumour immunity (Colotta et al., 2009; Pecorino, 2016).

1.2.2.1. Immune surveillance

At early stages, diverse immune cell populations, including antigen presenting cells (APCs)
and lymphocytes, infiltrate the tumour microenvironment (Pitt et al., 2016). During tumour
progression, cancer cells acquire the ability to evade immune surveillance (Allen, 2014) or limit
immune responses. This is achieved by immunosuppressive factors such as TGF-B and
interleukin 10 (IL-10) (Hanahan and Weinberg, 2011; Pecorino, 2016), which are secreted by
immunosuppressive cells such as myeloid-derived suppressor cells (MDSCs) and regulatory
T cells (Hanahan and Weinberg, 2011; Pitt et al., 2016). Thus, these cells act as tumour-
promoters and support cancer cell proliferation, angiogenesis, survival and metastasis

(Hanahan and Weinberg, 2011; Weagel et al., 2015; Pecorino, 2016).

Among the APCs, macrophages are one of the most abundant immune cell populations in solid
tumours such as prostate cancer (Nielsen and Schmid, 2017; Lo and Lynch, 2018). These
cells are derived from myeloid lineage (Weagel et al., 2015), are known to contribute to
inflammatory responses by production of cytokines (Pecorino, 2016) and promote the
intravasation of cancer cells into the bloodstream (Nielsen and Schmid, 2017). In the tumour

microenvironment, there are heterogeneous populations of macrophages that include tumour-

11
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associated macrophages (TAMs), monocytic-like cells or myeloid-derived suppressor cells and

tissue-resident macrophages, all of which are implicated in PCa (Dehne et al., 2017).

In response to tumour- or host cell-derived signals, macrophages present in the tumour
microenvironment change their phenotypical state from pro-inflammatory M1 to anti-
inflammatory M2. The M1 phenotype is known as the classically activated state for
macrophages, which exhibits anti-tumour properties that involve recognition and elimination of
cancer cells through several mechanisms involving phagocytosis and cytotoxicity (Galli,
Borregaard and Wynn, 2011; Weagel et al., 2015). In contrast, M2 macrophages are classically
anti-inflammatory, inefficient in antigen presentation and promoters of angiogenesis and tissue
repair (Weagel et al., 2015; Dehne et al., 2017). Even though TAMs have markers of both
phenotypes, they closely resemble M2 and thus promote tumorigenesis and cancer

progression (Dehne et al., 2017; Nielsen and Schmid, 2017).

TAMs recruitment and infiltration into the tumour site is used as a predictor for prostate cancer
progression in patients after hormonal therapy (Nonomura et al., 2011). Additionally, TAMs
contribute to disease recurrence and resistance to treatments such as androgen deprivation
therapy (Escamilla et al., 2015). Lindholm and colleagues (2010) have demonstrated that co-
culturing aggressive prostate cancer cell lines with monocyte-lineage cells increases the
invasive ability of cancer cells (Lindholm et al., 2010), thus implicating TAMs in the motility and

metastatic behaviour of PCa cells (Lo and Lynch, 2018).

1.2.2.2. Chronic inflammation

Inflammation is an innate immune response against bacterial and viral infection, commonly
found in the adult prostate (Sfanos and Marzo, 2014). Chronic inflammation is characterised
by a continuous inflammatory response based on the production and accumulation of pro-
inflammatory cytokines (Lawrence, 2009). A number of pro-inflammatory factors including IL-

1B and tumour necrosis factor (TNF, particularly TNF-a) have been implicated in the initiation

12
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and progression of prostate cancer (Zabaleta et al., 2008). These pro-inflammatory mediators
and host cells influence all aspects of prostate cancer cell behaviour as well as antitumor
immunity. Pro-inflammatory cytokines are known to activate several signalling pathways
involved in carcinogenesis (Pecorino, 2016) and induce epithelial-mesenchymal transition
(EMT), consequently, enhancing tumour initiation and progression (Allen, 2014). Furthermore,
pro-inflammatory factors have also been found to contribute to cellular stress and DNA
damage, thereby affecting genetic instability and mutation rates (Xia, L., Shen, S., 2014;
Pecorino, 2016). Cancer cells influence the immune system to their advantage by generating
a pro-inflammatory tumour microenvironment that triggers tumour-promoting processes such
as angiogenesis and infiltration of TAMs (Colotta et al., 2009; Hanahan and Weinberg, 2011;

Allen, 2014).

One of the key signalling transduction pathways found to play a role in the promotion of
inflammation in the tumour microenvironment is Nuclear factor k-light-chain-enhancer of
activated B cells (NFkB) (Colotta et al., 2009). Increased activation and expression of key
components of both the canonical and non-canonical NFkB signalling in tumours have been
linked to prostate cancer progression and bone metastasis (Renjie Jin et al., 2013; Xia, L.,
Shen, S., 2014). Furthermore, NFkB-activating cytokines and chemokines have been reported
to produce a pro-inflammatory response that promotes angiogenesis and, subsequently,
metastasis (Pecorino, 2016). Furthermore, Mizutani and colleagues (2009) have reported that
skeletal CC chemokine ligand 2 (CCL2) recruits monocytes, precursors of TAMs and
osteoclasts, to the tumour site, thereby increasing cell growth and leading to bone metastasis
in prostate cancer cells (Mizutani et al., 2009). Additionally, TNF-a is another NFkB-activating
cytokine that is produced by TAMs and tumour cells and has been found to influence prostate
cancer cell motility and metastasis (Chen, 2013; Pecorino, 2016; Maolake et al., 2018). In the
skeleton, RANKL is a cytokine known to stimulate NFkB activation and, as a result, promotes

osteoclast formation and bone resorption — two key processes implicated in prostate cancer-

13
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associated bone disease (Chen et al., 2006; Lamothe et al., 2007). Cytokines involved in
prostate cancer-induced osteoclastogenesis, include RANKL, IL-1p and TNF-a, which activate
downstream signalling NFkB (Roato et al., 2008). This is predominantly regulated by adaptor
proteins called Tumour necrosis factor receptor-associated factors (TRAFs). TRAFs are a
seven member family of intracellular molecules that contain a TRAF domain, except TRAF7,
which mediates protein ubiquitination and allows interaction with several receptors and
downstream proteins (Shi and Sun, 2018). TRAFs are required for several pathological
processes linked to prostate cancer such as the immune response and inflammation (Wu and

Arron, 2003).

1.2.2.3. Prostate cancer-related bone disease

Prostate cancer commonly metastasises to nearby and distant tissues. PCa metastasis is a
multistep process that involves the escape of tumour cells through the lymphatic system or the
bloodstream. This initiates prostate cancer cell growth and invasion to the lymph nodes initially
and subsequently to distant organs such as the skeleton, where metastatic cells may remain
dormant or proliferate into a solid tumour (Morrissey and Vessella, 2007; Mounier, Bouraoui
and Rassart, 2014; Ziaee et al., 2015), as shown in Figure 1.4. In order to migrate, prostate
cancer cells undergo EMT, a process that plays an important role in both prostate cancer
progression and treatment resistance. At metastatic sites such as bone, prostate cancer cells
regain epithelial characteristics to anchor in surrounding tissues (Heerboth et al.,, 2015;
Montanari et al., 2017), which promotes their growth and survival by influencing host cells in
the tumour microenvironment. TAMs are among the heterogeneous population of inflammatory
cells involved in the tumour microenvironment. The differentiation of TAMs, from a common
myeloid precursor as bone-resorptive osteoclasts (Reinstein et al., 2017), is triggered by
tumour- and host-derived chemokines (Gollapudi et al., 2013; Ziaee et al., 2015; Buenrostro
et al., 2016). The pro-tumorigenic M2 phenotype has been implicated in advanced stages of

prostate cancer (Erlandsson et al., 2019), including bone metastasis (Mizutani et al., 2009).
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Figure 1.4. Prostate cancer progression and metastasis. Prostate cancer progression initiates with the escape
of cancer cells to the bloodstream, travelling to distant sites to proliferate. Refer to text for details.

The most common metastatic sites for prostate cancer are the lymph nodes, liver, lung and
bone (Morrissey and Vessella, 2007). Bone metastasis has the least favourable prognosis and
an estimated 90% of patients with advanced prostate cancer die due to complications caused
by this condition (Buenrostro et al., 2016). Prostate cancer skeletal-related events (SRE) such
as hypercalcemia and pathological fractures are known to negatively impact all aspects of

patient life (Reinstein et al., 2017).

The skeleton is considered an ideal environment for metastatic cancer cells due to its large
surface area, heterogenous cellular compartment and richness in growth factors, cytokines,
neovascularization factors, among other elements that support survival (Reinstein et al., 2017;
Shupp et al., 2018). Prostate cancer cells in bone (osteotropic) disrupt the balance of bone
remodelling process by interacting with a heterogeneous population of cells, particularly
osteoclasts and osteoblasts (Morrissey and Vessella, 2007; Buenrostro et al., 2016). In

addition, prostate cancer cells secrete and express receptors for various bone and systemic
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mediators including pro-inflammatory cytokines such as TNF-a, systemic hormones such as
PTH-related protein (PTHrP) and bone-derived factors such as TGF-p (Jones et al., 2006;
Ziaee et al., 2015; Buenrostro et al., 2016). This deregulation of normal bone remodelling by
cancer cells results in what is known as the “vicious cycle” (Figure 1.5), a process with
excessive osteolytic bone resorption, enhanced osteoblastic differentiation and
osteoclastogenesis, or both (Futakuchi, Fukamachi and Suzui, 2016). In addition to acting
directly in osteoclasts and osteoblasts, tumour-derived pro-inflammatory mediators and growth
factors have also been shown to stimulate the production of osteolytic factors such as RANKL,
IL-1B and TNF-a by immune cells (Vela et al., 2007; Zabaleta et al., 2008; Walsh and Choi,
2014). Factors such as RANKL have shown to directly influence prostate cancer cell growth
and EMT by modulating the expression of mesenchymal markers such as N-cadherin and

vimentin (Odero-Marah et al., 2008).

Prostate cancer cells
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Figure 1.5. Vicious cycle of prostate cancer — bone-cell interactions. Cancer cells produce factors that induce
osteoblasts to generate RANKL, which binds to the receptor RANK expressed in pre-osteoclasts, stimulating
osteoclast formation and resorption. Additionally, osteoclasts release factors that maintain tumour activity. Refer to
text for details.
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Prostate cancer cells induce heterogenous bone lesions with a mixed osteoblastic and
osteolytic nature; however, osteoblastic bone lesions are predominantly observed in prostate
cancer patients with metastatic disease (Rafiei and S. V. Komarova, 2013; Zhang, 2019).
Prostate cancer-related bone disease promotes bone resorption by expressing a higher ratio
of OPG and RANKL compared to primary prostate cancer tumours or soft-tissue metastasis in
prostate cancer patients (Brown et al., 2001). This was confirmed by Chen et al. (2006),
showing a significantly higher expression of RANKL, RANK and OPG in patients with
metastatic prostate cancer and reported the highest OPG/RANKL ratio in bone from metastatic
carcinoma tissue (Chen et al., 2006). Furthermore, Jones and colleagues (2006) have shown
that high levels of RANKL in the tumour microenvironment increase the migratory behaviour
of an aggressive population of prostate cancer cells over-expressing RANK (Jones et al.,
2006). Thus, therapeutic agents that attenuate the action of pro-inflammatory mediators such
as RANKL and TNF-a could be of value in the treatment of prostate cancer-associated bone

disease.

1.2.3. Prostate cancer treatments

Treatments for prostate cancer are guided by risk assessments based on age, Gleason score,
PSA levels and clinical stage of the patient (Attard et al., 2016; Nevedomskaya, Baumgart and
Haendler, 2018), as summarised in Table 1.2. For groups with small volume or low-to-
moderate grade prostate cancer, the first therapeutic approach is active surveillance (Kirby
and Patel, 2009). Active surveillance relies on monitoring PSA levels (<15 ng/ml), digital rectal
examination, Magnetic Resonance Imaging (MRI) and prostate biopsies 6 to 12 months post-
diagnosis (Attard et al., 2016). For men of advanced age or with shorter life expectancy, the
process of “watchful waiting”, involving fewer tests rather than active surveillance, is

recommended until signs of prostate cancer progression are observed (Kirby and Patel, 2009).
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Table 1.2. Summarised description of prostate cancer treatments according to the stage (Kirby and Patel,
2009; Kantoff et al., 2010; Fizazi et al., 2011a; Kraft ef al., 2011; Parker et al., 2013; James et al., 2016; Chong, Oh
and Liaw, 2018; Comiskey, Dallos and Drake, 2018; Vitkin et al., 2019).

surveillance/watchful
waiting (depending

disease with PSA
levels, examinations

monitoring.

Avoid overtreatment.

Treatment Description Benefits Disadvantages
Standard approaches for localised tumours
Active Assessing progress of Requires frequent Risk of undetected

prostate cancer
progression.

e LHRH agonists
and antagonists

o Apalutamide

e Enzalutamide

androgen agents.

Lower PSA levels.

Improvement in
survival when
combined with
radiotherapy.

on age) and biopsies.
Radical Removal of prostate, Curative therapy for Erectile dysfunction,
prostatectomy vesicles and adjacent confined tumours. urinary incontinence or
tissue. recurrent disease.
Radiotherapy DNA damage by high- Alternative for patients | Erectile dysfunction.
energy radiation. with comorbidities or
elderly. Healthy cells are
affected.
Treatments for advanced prostate cancer
Androgen Surgical or chemical Lowers testosterone Hormonal changes.
deprivation castration using anti- levels.

Potential development of
osteoporosis,
cardiovascular disease,
among others.

Development of
androgen-independence.

Therapies for metastatic prostate cancer

Chemotherapy

¢ Mitoxantrone

Drugs that induce
apoptosis to cancer
cells.

Efficient anti-tumour
activities.

Causes side effects like
gastrointestinal
problems, skin reactions,

signalling inhibitors

signalling pathways
involved in cancer
progression.

antiproliferative effects

in prostate cancer cells.

e Taxanes Generally well- among others.
Approach taken when tolerated.
Hormone therapy hormone therapy is not
working.
e Abiraterone
Receptor- Targeting dysregulated | Efficient Further exploration

required.

Immunotherapies

e Sipuleucel-T
e Prostvac-VF
e Ipilimumab

Activation of antigen-
presenting cells for T
cell recognition and
elimination of cancer
cells.

Personalised therapies.

Prolonged survival.

Increased efficiency in
combination with other
therapies.

Patient-specific.

Costly and labour-
intensive production.

Reduced attraction of
immune cells to tumour
site.

18




Chapter 1. Introduction

bone to emit high-
energy alpha particles,
cytotoxic to bone
cancer cells.

Treatment Description Benefits Disadvantages
Treatments for prostate cancer bone metastasis
Radium-223 Radioactive isotope Improvement in overall | Required validation and
dichloride binding to newly formed | survival and pain relief. | quantification of

administered radiation.

Bisphosphonates

e Zoledronic acid

Hydroxyapatite-binding
pyrophosphate
analogues that inhibit
osteoclast
differentiation and
recruitment.

Prevention of skeletal-
related events.

Phase |l trials have
shown more marked
prevention of skeletal-
related events with
monoclonal antibody
Denosumab.

Denosumab

Monoclonal antibody
that binds to RANKL
and disrupts osteoclast

Better prevention of
skeletal-related events
compared to zoledronic

FDA approved only for
an specific cohort of
patients (nonmetastatic

activity. acid. and undergoing ADT

therapy).

1.2.3.1. Therapies for localised prostate cancer

The recommended procedure for localised tumours is radical prostatectomy, which involves
the removal of the prostate with associated vesicles and adjacent tissues (Kirby and Patel,
2009). The procedure has a significant benefit in the overall survival of high-risk patients
(Cotter, Konety and Ordonez, 2016). D’Amico classification states that high-risk patients
present PSA levels equal or beyond 20 ng/ml, Gleason score of =8 or clinical stage >T2c
(Nazim and Abbas, 2015). Surgery leads to adverse effects such as erectile dysfunction or
urinary incontinence (Kirby and Patel, 2009). Data suggests that 10 years after surgery, around

33% of patients develop recurrent disease (Cotter, Konety and Ordonez, 2016).

An alternative for patients unsuitable for surgery at a locally advanced stage is radiation (Attard
et al., 2016; Cotter, Konety and Ordonez, 2016). External beam radiotherapy is delivered by
aiming high-energy rays to a targeted area as determined by MRI. Although high-energy
radiation causes DNA damage in both tumour and healthy tissues, healthy cells can repair

DNA damage more efficiently than cancer cells (Baskar et al., 2012). External beam
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radiotherapy alone or in combination with brachytherapy (administration of iodine-133 or
palladium-103 transperineally emitting radiation) are offered depending on the patient (Attard
et al., 2016; Cotter, Konety and Ordonez, 2016). In addition, external beam radiotherapy has
shown beneficial effects in sensitising cancer cells and promoting apoptosis when combined
with antiandrogen therapy in high-risk prostate cancer patients (Kirby and Patel, 2009; Cotter,

Konety and Ordonez, 2016).

Another alternative approach for localised prostate cancer is high-intensity focused ultrasound.
This novel approach is based on focused tissue destruction and has shown promising results
up to 10 years, with a biochemical survival rate of 61% in patients (Cotter, Konety and Ordonez,

2016).

Patients with limited life expectancy are prescribed hormonal treatment (Cotter, Konety and
Ordonez, 2016). Given the maijor role that androgen receptor (AR) plays in normal prostate
function and in the support of supporting prostate cancer progression (Jin et al., 2008),
androgen deprivation therapy (ADT) represents an effective approach to decrease androgen
levels and, as a result, reduce prostate cancer cell growth. ADT is the standard treatment for
locally advanced or metastatic prostate cancer (Sundararajan and Vogelzang, 2014), and is
managed with surgical or chemical castration (Kirby and Patel, 2009). Surgical ADT consists
of performing surgery to remove one or both testicles (orchidectomy), whereas chemical
castration reduces androgen levels by blocking AR function using luteinizing hormone-
releasing hormone (LHRH) agonists or antagonists. The mechanism of action of LHRH
agonists relies on increasing testosterone levels followed by a desensitization of LHRH
receptors. Hence, LHRH antagonists are used with the aim of reducing testosterone secretion
(Kirby and Patel, 2009). Side effects of ADT include hot flashes, mood changes, osteoporosis,
among others (Kirby and Patel, 2009). Unfortunately, most advanced prostate cancer patients

treated with ADT eventually develop a castrate-resistant disease that arises from clonal
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selection of androgen-independent surviving cells or ligand-independent activation of AR

(Kirby and Patel, 2009; Sundararajan and Vogelzang, 2014).

Treatments approved by the US Food and Drug Administration (FDA) for non-metastatic
castration-resistant prostate cancer patients involve the use of the non-steroidal antiandrogen
apalutamide (ARN-509). ARN-509 binds with high affinity to the ligand-binding domain of AR
and thus prevents its transcriptional activity, reducing PSA levels and improving metastasis-
free survival according to the phase Il clinical trial SPARTAN (Chong, Oh and Liaw, 2018).
Additionally, oral administration of the AR antagonist darolutamide (ODM-201) has shown to
increase in metastasis-free survival in phase Il clinical trials (Moilanen et al., 2015; Fizazi et

al., 2019).

1.2.3.2. Therapies for prostate cancer metastasis

Currently, there is no clinically effective therapy that halts prostate cancer progression to a
metastatic stage (Kirby and Patel, 2009). Metastatic castration-resistant prostate cancer
(mCRPC) develops during or after ADT (Hotte and Saad, 2010). Treatment with the inhibitor
of DNA replication 5-fluorouracil and cyclophosphamide, the alkylating agent that inhibits
protein synthesis, have produced palliative benefits in some mCRPC patients. Moreover,
mitoxantrone was the first FDA-approved chemotherapeutic agent for the treatment of
mCRPC. It was found to be an efficient palliative in combination with glucocorticoid prednisone;
however, due to novel drugs with better efficacy, mitoxantrone is currently used as a third- or

fourth-line drug (Sundararajan and Vogelzang, 2014).

Currently, the first-line treatment for mCRPC stage is abiraterone acetate (Zytiga®) (Dai,
Heemers and Sharifi, 2017; Nevedomskaya, Baumgart and Haendler, 2018). Abiraterone
acetate reduces androgen by inhibiting cytochrome P450 Family 17 Subfamily A Member 1
(CYP17A1), a critical enzyme for testosterone synthesis (De Bono et al., 2011). Abiraterone

acetate exerts anti-tumour activities alone and in combination with low-doses of glucocorticoids
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such as prednisone, in castration-resistant prostate cancer patients previously treated with

chemotherapy (Nevedomskaya, Baumgart and Haendler, 2018).

Taxane-based drugs inhibit prostate cancer cell division and transcriptional activation of AR by
stabilising cellular microtubules and promoting apoptosis (Kroon et al., 2016). Paclitaxel
(Taxol) and its analogues docetaxel and cabazitaxel were approved by the FDA for mCRPC
treatment in 2004 and 2010, respectively (Nevedomskaya, Baumgart and Haendler, 2018).
Paclitaxel has been clinically used; however, its semisynthetic analogues are more commonly
used for the treatment of prostate cancer (Kroon et al., 2016). Treatment with docetaxel has
shown promising results in providing a modest improvement in survival (James et al., 2016).
Although approximately half of the patients in treatment initially respond to docetaxel, they
eventually develop resistance to these agents (Kroon et al., 2016). In addition, cabazitaxel has
been used as a second-line treatment for docetaxel-resistant patients, showing an
improvement in survival (Sebastian de Bono et al., 2010). Further chemotherapy after
docetaxel treatment involves prescribing enzalutamide (MDV3100), a selective AR inhibitor
that has shown to improve overall survival of prostate cancer patients (Kirby and Patel, 2009;

Cotter, Konety and Ordonez, 2016).

Due to the intratumour heterogeneity and acquired resistance to standard treatments, other
approaches, alone or in combination, are required to block multiple downstream proteins
related to prostate cancer progression (James et al., 2016). This synergistic approach may
lead to the development of more effective treatments. As alterations in the DNA-damage
response have been linked to prostate cancer progression, targeting DNA repair represents
another approach for treating prostate cancer. Inhibition of Poly (ADP-ribose) polymerase
(PARP), a family of proteins involved in DNA repair, with Olaparib in phase Il clinical trials in

MCRPC patients reduced PSA levels in patients (Mateo et al., 2015; Zhang et al., 2020).
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Aberrant histone modifications are also implicated in the development of prostate cancer (Lu
et al., 2015). Enhancer of zeste homolog 2 (EZH2) is a catalytic subunit that silences
transcription via histone methylation and is a co-activator of androgen receptor (Xu et al., 2012;
Nevedomskaya, Baumgart and Haendler, 2018). As overexpression of EZH2 has been
correlated with castration-resistant prostate cancer, EZH2 inhibitors have been used as a
treatment, and have produced efficient antiproliferative effects in prostate cancer cells

(Nevedomskaya, Baumgart and Haendler, 2018).

Deregulation of various signal transduction pathways have also been detected in prostate
cancer cells (Narayan Biswal et al., 2017). Negative prostate cancer patient outcomes are
associated with hyperactive Phosphoinositide 3-kinase (PI3K) signalling, which is regulated by
the tumour suppressor PTEN (Rubin and Demichelis, 2018). Loss of PTEN is commonly found
in prostate cancer and leads to aberrant Akt activation (Hamidi et al., 2017), thus Akt blockade
is a promising PCa treatment (Yap et al., 2016; Nevedomskaya, Baumgart and Haendler,
2018). The small-molecule inhibitor Ipatasertib (GDC-0068) is a selective ATP-competitive
compound of the three isoforms of Akt. GDC-0068 in combination with abiraterone is in phase
Il trials and has shown synergistic effects, increasing anti-tumour activity compared to

treatment with abiraterone alone in mMCRPC patients (De Bono et al., 2019).

Furthermore, compounds targeting the pro-inflammatory NFkB pathway have shown promise
in the treatment of prostate cancer. Among these, Bortezomib (Velcade®), an inhibitor of the
26S proteasome and of IkB-o. degradation that reduces cell proliferation and induces apoptosis
in prostate cancer cells (Zheng, Wang and Wei, 2015). Bortezomib was initially approved by
the FDA for the treatment of multiple myeloma (Zheng, Wang and Wei, 2015), and has been
tested in prostate cancer patients. As determined by phase Il trials performed in early stage

prostate cancer patients, weekly doses of Bortezomib for 3 months significantly decreased the
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rise of PSA levels (Kraft et al., 2011). However, in patients with mCRPC in phase Il trials,

bortezomib had no significant anti-tumour effect (Morris et al., 2007).

The anti-malaria drug Quinacrine causes prostate cancer cell apoptosis by inhibiting NFkB
activation and inducing p53 function (Gurova et al., 2005). Quinacrine has enhanced the anti-
tumour effects of paclitaxel in xenograft models; however, it has not been tested in human
clinical trials (Oien et al., 2019). Another agent that inhibits NFkB activation in prostate cancer
cells is the statin Simvastatin. Simvastatin inhibits phosphorylation and translocation of p65 by
blocking degradation of IkB-o (Tu et al., 2017). Kang and colleagues (2017) showed that
Simvastatin decreased castration-resistant prostate cancer cell viability alone and in
combination with caffeic acid phenethyl ester (CAPE), a bioactive component that also inhibits
NFkB. This combinational therapy reduces the metastatic abilities of prostate cancer and

synergistically decreases prostate cancer cell growth (Kang et al., 2017).

From the protein kinase C (PKC) family of kinases, PKCzs is overexpressed in prostate cancer
and genetic inactivation of PKCzg inhibits the development of prostate cancer tumours in
transgenic adenocarcinoma mice (Garg et al., 2012; Staal and Beyaert, 2018). However, PKC
as a target has not been explored for the clinical treatment of prostate cancer (Jantti et al.,

2018).

1.2.3.3. Immunotherapies for prostate cancer metastasis

As a slow growing disease, prostate cancer is a suitable candidate for a targeted immune
response and, as a low-volume tumour, is ideal for vaccine treatments (Madan et al., 2009).
Sipuleucel-T (Provenge®) is a therapeutic vaccine that was developed for stimulating a T cell
anti-tumour immune response (Cheever and Higano, 2011). As a personalised treatment,
APCs are extracted from mononuclear cells taken from the peripheral blood of patients. These
mononuclear APCs are activated ex vivo with the recombinant protein PA2024, composed of

the antigen prostatic acid phosphatase (PAP) fused with the immune cell activator granulocyte-
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macrophage colony-stimulating factor (GM-CSF). This generates PAP-specific T cells for the
recognition and elimination of PAP-positive prostate cancer cells (Kantoff et al., 2010). The
efficacy of Sipuleucel-T varies from dose to dose and each dose progressively increases APC
activation and PAP-specificity of T cells (Cheever and Higano, 2011). Sipuleucel-T was the
first antigen-specific immunotherapy approved as a cancer treatment by the FDA in 2010, as
it prolonged the survival of MCRPC patients in three phase lll trials (Small et al., 2006; Higano

et al., 2009; Drake, 2010; Kantoff et al., 2010).

The success of Sipuleucel-T led to the development of other novel immunotherapies for
prostate cancer treatment (Kittai, Meshikhes and Aragon-Ching, 2014). Prostvac-VF is a
vaccine that uses two recombinant viral vectors encoding PSA and 3 molecules named
TRICOM (ICAM-1, B7.1, LFA3) to stimulate T cell immune response (Yap et al., 2016;
Comiskey, Dallos and Drake, 2018). Prostvac-VF infects and increases the interaction of
antigen-presenting cells with T cells, which in turn triggers tumour cell destruction. Phase I
clinical trials have shown Prostvac-VF increased overall survival among mCRPC patients and
its efficacy can be improved when given in combination with radiation or hormonal

manipulation (Madan et al., 2009).

Recently, the inhibitor of cytotoxic T lymphocyte-associated protein 4 (CTLA-4) Ipilimumab has
been used for the treatment of MCRPC. Ipilimumab is an immune checkpoint inhibitor that
enhances a T cell anti-tumour response and was approved by the FDA for treating metastatic
melanoma. In mCRPC patients, Ipilimumab exerts anti-tumour activity and improves
progression-free survival; however, it has failed to improve overall survival (Beer et al., 2017;

Comiskey, Dallos and Drake, 2018).

1.2.3.1. Treatments for prostate cancer bone metastasis

Current treatments for prostate cancer bone metastasis are purely palliative (Kirby and Patel,

2009). Radium-223 dichloride is a radioactive isotope that mimics calcium and binds to newly
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formed bone. Radium-223 emits high-energy alpha particles of short range that induce DNA
damage and cell death (Parker et al., 2013; Nevedomskaya, Baumgart and Haendler, 2018).
Phase lllI clinical trials have shown that Radium-223 improves overall survival and reduces
bone pain in patients with mCRPC bone metastases (Parker et al., 2013). However, further
studies are required to determine the safety of radiation in these patients (Vapiwala and

Glatstein, 2013).

Bisphosphonates are hydroxyapatite-binding pyrophosphates that inhibit osteoclast formation
and activity (Polascik and Mouraviev, 2008; Reinstein et al., 2017). Nitrogen- and non-
nitrogen-containing bisphosphonates bind to bone surfaces with different degrees of efficacy,
and are internalised by osteoclasts during bone resorption. Bisphosphonates induce apoptosis
and directly inhibit their ability to resorb bone (Polascik and Mouraviev, 2008). Currently, the
nitrogen-containing bisphosphonate zoledronic acid (Zometa®) is the only bisphosphonate
that efficiently reduces skeletal-related events associated with mCRPC bone metastases in

patients (Polascik and Mouraviev, 2008; Cotter, Konety and Ordonez, 2016).

Denosumab is a monoclonal antibody that binds and blocks RANKL expressed on the surface
of osteoblasts and prostate cancer cells, thereby inhibiting osteoclast formation (Reinstein et
al., 2017). Denosumab is currently being tested in advanced prostate cancer patients (Fizazi
et al., 2011b). In a phase Il trial, denosumab showed a modest improvement in metastasis-
free survival in patients with non-metastatic CRPC (Smith et al., 2012). Interestingly, another
phase lll study in non-metastatic castration-resistant prostate cancer patients demonstrated
that denosumab was more effective in reducing skeletal-related events compared to zoledronic
acid (Fizazi et al., 2011b; Cotter, Konety and Ordonez, 2016). However, the FDA stated that
treatment with denosumab did not show a significant benefit to be approved for this cohort of

patients (Paller, Carducci and Philips, 2012).
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1.3. The TRAF6/NFkB signalling pathway

The pro-inflammatory NFkB pathway has been implicated in prostate cancer (Zhang et al.,
2009). The constitutive activation and the expression of a number of key components of the
canonical and non-canonical NFkB pathway have been correlated with increased AR
expression and support its function even in androgen-independent cells (Jin et al., 2008; L.
Zhang et al., 2009). Jin and colleagues (2015) have determined the association between NFkB
activation and AR by studying the effects of IKKB knockdown cells and the use of the NFkB
inhibitor Bortezomib in prostate cancer models. These studies revealed a decrease in AR
expression, tumour growth and restoration of responsiveness to anti-androgen treatments in
castration-resistant prostate cancer xenografts (Jin et al., 2015), in agreement with other work
reported by Nadiminty and colleagues (Nadiminty et al., 2013). Elevated nuclear accumulation
of NFKB p65 has been observed in various prostate cancer metastasis including bone
metastasis (R. Jin et al., 2013). Thus, treatment with NFkB inhibitors such as Parthenolide has
reduced the growth and progression of castration-resistant tumours, lowered PSA levels and

significantly inhibited AR expression in a prostate cancer xenograft model (Jin et al., 2015).

Moreover, elevated expression of TRAFs, key components of NFkB signalling, have also been
detected in prostate cancer tissues (S. Huang et al., 2017). TRAFs are adaptor proteins
(TRAF1-7) implicated in many physiological and pathophysiological activities, including
inflammation, immunity, cancer and bone remodelling (Xie, 2013; Zotti, Scudiero and Vito,
2016). TRAFs function downstream of multiple receptors for pro-inflammatory factors including
RANKL, IL-1B and TNF-a (Oeckinghaus, Hayden and Ghosh, 2011) and, particularly TRAF2,
TRAF5 and TRAF6 are essential for the regulation of bone remodelling (Darnay et al., 2013).
TRAF6/NF-kB signalling is initiated by the interaction of ligands, such as cluster of
differentiation 40 (CD40) ligand (CD40L) or RANKL, with their respective receptors. This
initiates the recruitment of TRAF6 to the membrane, followed by the binding of various adaptor

proteins, such as TAK1 protein from the IKK family, to form a complex. This in turn leads to
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the phosphorylation and subsequent ubiquitination and degradation of IkB-a, liberating
p50/p65 to translocate to the nucleus where it binds to DNA, and activates the release of
various pro-inflammatory mediators (Figure 1.6). Unlike other TRAFs, TRAF6 has a unique
binding site for RANK and CD40 receptor (Lomaga et al., 1999; Darnay et al., 2013; Jansen
et al., 2016) and like TRAFZ2, it has a E3 ubiquitin ligase activity in immune and non-immune

cells (Walsh, Lee and Choi, 2015).
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Figure 1.6. The TRAF6/ NF-xB pathway. The TRAF6/NF-xB pathway is initiated by interaction of ligands causing
the recruitment of TRAF6 the membrane, followed by the formation of complexes and subsequent release of
p50/p65 to bind DNA. Refer to text for details.
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1.3.1. Role of TRAF6 in prostate cancer progression

Current evidence shows that increased expression of several TRAFs leads to the initiation and
progression of various cancers (Xie, 2013; Zotti, Scudiero and Vito, 2016). Among the seven
known TRAF proteins, TRAF2, TRAF4 and TRAF6 have been linked to prostate cancer (Wei,
Ruan, et al., 2017; Singh et al., 2018; Aripaka et al., 2019). Upregulation of TRAF2 is observed
in prostate cancer bone metastasis and is associated with a high Gleason scores in patients
(Wei, Liang, et al., 2017; Wei, Ruan, et al., 2017). TRAF4 is also highly expressed in prostate
cancer and its knockdown in highly metastatic prostate cancer cells reduced cell migration and

invasion, and diminished the development of bone metastasis in mice (Singh et al., 2018).

TRAF6 plays a key role in all aspects of prostate cancer. Sundar and colleagues (2015)
identified that TGF-B-induced activation of TRAF6 promoted the invasion of a highly metastatic
clone in an androgen-insensitive human PC3 (PC3U) cell line and androgen-sensitive LNCaP
cells (Gudey et al., 2014; Sundar et al., 2015). Consistent with this, Yang and collaborators
(2009) showed that TRAF6 knockdown in human PC3 prostate cancer cells decreased their
tumorigenic potential in immunocompromised mice compared to control (Yang et al., 2009).
Furthermore, a recent study by Aripaka and colleagues (2019) showed that TRAFG6 is a key
regulator of Wnt3a signalling in the promotion of prostate cancer progression (Aripaka et al.,
2019). Overall, these studies indicate that TRAF6 is an attractive therapeutic target for the

treatment of prostate cancer.

1.3.2. Role of TRAF6 in immunity

The NFkB signal transduction pathway is a key orchestrator of innate immunity (Aggarwal,
2004; Staal and Beyaert, 2018). NFkB-activating cytokines such as TNF-a and TNFR
receptors such as CD40 are expressed by a variety of immune cells (Jansen et al., 2016), and
are known to play crucial roles in regulating immune-cell activation and the inflammatory

response (Van Den Berg et al.,, 2015). Compared to other TRAFs, TRAF6 has a specific
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binding site to interact directly with the receptors CD40 and RANK (Antonios Chatzigeorgiou
et al., 2014). These receptors are key for regulating bone cell activity, and other cells of the
hematopoietic lineage including macrophages, dendritic cells and B cells (Pearson, Castle and
Kehry, 2001; Kobayashi et al., 2003; Zhuang et al., 2017). TRAF6-deficiency in T cells reduces
their immune and anti-tumour capabilities (Ni et al., 2019). In fact, the novel, small-molecule
TRAF6 inhibitor 6877002 and its analogue 6860766 blocked CD40-TRAF6 binding and

decreased inflammation and immune cell infiltration in mice (Van Den Berg et al., 2015).

1.3.3. Role of TRAFG6 in bone remodelling

Prostate cancer in bone causes both osteolytic and osteoblastic lesions. Bone-seeking
prostate cancer cells produce various cytokines and growth factors that, together with bone-
derived factors, successfully colonize the bone, enhance their ability to grow and cause
osteolysis (Garraway, 2013). Several studies indicate that the NFkB pathway plays a direct
and indirect role in the regulation of this process (R. Jin et al., 2015; Ren et al., 2017; S. Huang

etal., 2017).

Among the TRAF protein family, TRAF®6 has a specific binding site for RANK (Garraway, 2013),
the most important regulator of osteoclast formation and survival (Gohda et al., 2005; Chang
et al., 2009). TRAF6-knockout mice present a severe phenotype, with lethality within two
weeks of birth. These mice exhibit high osteopetrosis due to the absence of osteoclasts, and
having a significantly reduced response to pro-inflammatory cytokines including CD40L, IL-1p,
RANKL and LPS (Lomaga et al., 1999). Additionally, Naito and colleagues (1999) found that
TRAF6-knockout mice had defective lymph node organogenesis, reduced number of immature
B cells and restricted osteoclast differentiation, confirming the crucial roles of TRAF6 in both

immunity and bone remodelling (Naito et al., 1999).
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1.4. TRAF6 as a potential therapeutic target in prostate
cancer-associated bone disease

The involvement of several TRAFs in prostate cancer has been well-studied (Wei, Ruan, et
al., 2017; Singh et al., 2018; Aripaka et al., 2019). Despite the important role of TRAF6 in
regulating bone remodelling in prostate cancer, very few selective TRAF6 inhibitors have been
developed (Jian Zhang, Patel and Pienta, 2010; Zarzycka et al., 2015). Surprisingly, the effects
of cancer- and host-specific inhibition of TRAF6 have not been investigated. Previous studies
have shown that 6877002 reduced macrophage activation (Seijkens et al., 2018) by a
mechanism dependent at least in part via inhibition of TRAF6-mediated increase of CCL2.
CCL2 is known to be produced by different cell types in the bone marrow including
macrophages, osteoclasts and osteoblasts (Mizutani et al., 2009; J. Zhang, Patel and Pienta,
2010). Working with our collaborators at the Universities of Munich and Amsterdam, we first
tested the efficacy of the selective small molecule inhibitor of TRAF6 (6877002) in models of
inflammation- and cancer-associated bone disease. 6877002 reduced CD40 signalling via
TRAF6 inhibition (A. Chatzigeorgiou et al., 2014) and work performed in our laboratories
showed that it inhibited RANKL-induced NFkB activation and osteoclast formation in vitro
(Bishop et al., 2020). Furthermore, 6877002 reduced the arthritic score and swelling in a

mouse model of collagen-induced arthritis (Marino, Bishop and Idris, unpublished work).

Recently, we showed that 6877002 reduced soft tissue and bone metastases in
immunocompetent mice following intracardiac injection of mouse 4T1-Luc2 cells. Interestingly,
administration of 6877002 in combination with the chemotherapeutic agent Docetaxel, but
neither compound alone, reduced osteolytic bone damage in mice bearing 4T1-Luc2 cells
(Bishop et al., 2020). Collectively, these data suggest that TRAF6 inhibitors such as 6877002,
alone or in combination with conventional chemotherapy, show promise for the treatment of
osteolytic bone metastasis. Further studies are required to investigate the effects of

pharmacological inhibition and genetic inactivation of TRAF6 during osteoblastic bone

31



Chapter 1. Introduction

metastasis, such as in prostate cancer. TRAF6, NFkB and overexpression of CCL2 in the
highly metastatic human prostate cancer cell line PC3, is known to promote prostate cancer
progression (Mizutani et al., 2009; Yazlovitskaya et al., 2015). Despite these findings, the role
of TRAFG6 in prostate cancer bone metastasis, osteolysis, osteoblastic and osteoclastic

changes remains unknown.
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1.5. Aims of the study
In this project, we hypothesized that TRAFG6 inhibition using molecular biology and

pharmacological approaches disrupts prostate cancer-macrophage interactions and reduces
prostate cancer-associated bone cell activity and osteolysis. To explore this hypothesis, |

investigated the following aims:

1. Assess the expression and biological activity of TRAF1 to 7 in the normal prostate, primary

tumour and metastatic prostate cancer and correlate this data with clinical outcomes.

2. Test the effects of genetic knockdown and pharmacological inhibition of TRAF6 using the

verified CD40-TRAFG6 inhibitor 6877002 on:

e The activation of NFkB signalling in prostate cancer cells and macrophages.
e The viability of a panel of human and mouse prostate cancer cells in vitro.
e The motility, namely migration and invasion, of the highly metastatic human PC3 and
DU145 prostate cancer cells in vitro.
e The ability of the human PC3 prostate cancer cells to influence:
o Osteoclast formation in vitro and osteolysis in vivo.

o Osteoblast differentiation in vitro.

3. Test the effects of pharmacological inhibition at the TRAF level using FSAS3, the novel

structural congener of 6877002, on:

e The activation of NFkB signalling in prostate cancer cells and macrophages.

e The viability of a panel of human and mouse prostate cancer cells in vitro.

e The motility, namely migration and invasion, of the highly metastatic human PC3 and
mouse RM1-BM prostate cancer cells in vitro.

e The ability of the human PC3 prostate cancer cells to influence

o Macrophage viability in vitro.
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o Osteoclast formation in vitro.
The ability of M@, M1 and M2 macrophage subtypes to influence the proliferation,

migration and invasion of the highly metastatic human PC3 and mouse RM1-BM.
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2.1. Preparation of compounds tested
The verified small-molecule inhibitor of CD40-TRAF6 6877002 was purchased from Abcam

(No. ab146829). The novel congeners of 6877002, namely FSAS1-6, were synthesized by the
team of Professor Anna Sparatore (University of Milan, Italy). The compounds were dissolved
in dimethyl sulfoxide (DMSO; Honeywell, No. D5879) at a concentration of 100 mM, according

to the manufacturer’s instructions, and stored at 4 °C.

2.2. General tissue culture conditions

Cell culture was carried out in a Class Il laminar flow cabinet. The cabinet and all items were
sterilised with 70% (v/v) Industrial Methylated Spirits before use. All solutions used on cells

were warmed at 37°C prior to use.

Cells were kept in an atmosphere supplied with 5% CO, and 95% humidity at 37°C and cell

confluency was assessed by phase-contrast microscopy.

2.24. Cell maintenance
Murine macrophage-like cell line RAW 264.7 were kindly provided by Professor Endre Kiss-

Toth (University of Sheffield, UK). RAW 264.7 cells (passage number<15) were cultured in 15-
20 ml standard media using Dulbecco’s Modified Eagle Medium (DMEM) with GlutaMAX™
(Thermo Fisher Scientific, No. 61965026) supplemented with 10% Fetal Bovine Serum (FBS;
Thermo Fisher Scientific, No. 10270106) and 100 U/ml penicillin with 100 ug/ml streptomycin
(Thermo Fisher Scientific, No. 15140-122) in 75 cm? flasks (Thermo Fisher Scientific, No.
156499) and passaged every 2-3 days by removing 15 ml of media, scrapping cells from the
flask and adding 2-4 ml of the cell suspension to a new 75 cm? flask with fresh standard DMEM

media.

Human THP-1 monocytic cells were kindly provided by Yvonne Stephenson (University of
Sheffield, UK). THP-1 cells (passage number<20) were cultured in 75 cm? flasks in an upright

position with 15-20 ml standard Roswell Park Memorial Institute (RPMI) 1640 medium (Thermo
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Fisher Scientific, No. 11875093) supplemented with 10% FBS, 50 pyM p-mercaptoethanol
(Gibco, No. 31350-010) and 100 U/ml penicillin with 100 pg/ml streptomycin. Cultures were

maintained by replacement or addition of fresh standard RPMI media (Tedesco et al., 2018).

Human osteoblast-like Saos-2 cells, DU145, PC3, LNCaP and its derivative C42-B4 prostate
cancer cell lines were kindly provided by Dr. Ning Wang, Dr. Colby Eaton, Dr. Allison Gartland
and Anne Fowles (University of Sheffield, UK). The murine Ras+Myc transformed cells-Bone
metastatic (RM1-BM) cell line, derived from RM1 to generate a metastatic model of prostate
cancer (Power et al., 2009), were a kind gift from the laboratory of Dr. Martina Rauner
and Professor Lorenz Hofbauer (University of Dresden, Germany). All cells (passage
number<30) were cultured in complete DMEM media. Cells were maintained in 75 cm? flasks
and passaged every 2-3 days with a confluency of 60-80%, by removing the culture medium,
washing cells with PBS 1X (Thermo Fisher Scientific, No. 10010023) and treating with 1X
Trypsin-ethylenediaminetetracetic acid (EDTA) (Sigma-Aldrich, No. T4174). After a 5-minute
incubation at 37°C in a tissue culture cabinet (supplied with 5% CO, and 95% humidity), trypsin
was neutralized with twice the volume added by using standard media. The cell suspension
was centrifuged at 300g for 5 minutes, the supernatant was discarded and the cell pellet was
suspended in 1 ml of complete media. A small volume of cell suspension was added to an
equal volume of trypan blue (50% v/v; Sigma-Aldrich, No. T8154) and counted using a
Neubauer Haemocytometer (Fisher Scientific, No. 15153675). The desired volume of the cell
suspension was then added to a new 75 cm? flask in 10 ml of standard media. To freeze cells,
the cell pellet obtained from harvesting was stored in a 1:10 solution of DMSO and FBS in a

cryogenic vial and kept in -80 °C.

Frozen cells were harvested by thawing the cryogenic vial in a water bath at 37°C and the
thawed cell suspension was mixed with four times the volume of standard media. Cell

suspension was centrifuged at 300g for 5 minutes and the supernatant was discarded. The
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cell pellet was suspended in 1 ml of complete media and the desired volume of cell suspension
was transferred to a new 25 or 75 cm? flask in standard media (5 or 10 ml, respectively). Media

was refreshed after 24 hours and then every 48 hours, if necessary.

2.2.5. Preparation of conditioned media

Murine RM1-BM and human prostate cancer cells DU145 and PC3 transfected with mock or
TRAF6 knockdown, LNCaP and C42-B4 (50x10* cells/well) were grown in a 6-well plate
(Corning, No. 3516) in 2 ml of standard media. After reaching ~70% confluency, the media
was replaced with FBS-free media. After 16 hours, conditioned media was collected and
filtered with Acrodisc® Syringe filter pore size of 0.45 um (Pall, No. 4614). Conditioned media
from cultures of different macrophage phenotypes derived from human THP-1 monocytic like-

cells, namely Mg, M1 and M2, was collected in a similar manner and stored in -20°C.

2.3. Macrophage studies

2.3.1. Macrophage differentiation and stimulation

Human THP-1 monocytic-like cells were used as a model for human macrophages and were
polarised to generate M1- and M2-macrophage phenotypes (Genin et al., 2015; Yuan et al.,
2015; Ye et al., 2018). Briefly, THP-1 cells (250x10* cells) were cultured in 25 cm? flasks
(Thermo Fisher Scientific, No. 156367) in standard RPMI media supplemented with 5 ng/ml of
phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich, No. P8139) for 48 hours, as previously
described (Park et al., 2007). Once adhered, media was replaced with 1% FBS-RPMI media
for 24 hours, to remove PMA remnant, and the adhered THP-1 cells were incubated in 1%
FBS-RPMI media to maintain uncommitted M@ macrophage lineage. Alternatively, adhered
THP-1 cells were stimulated with lipopolysaccharides (LPS; 10 pg/ml; Sigma-Aldrich, No.
L4524) and recombinant human interferon-y (IFN-y; 20 ng/ml; R&D Systems, No. 285-IF) to
generate M1-polarised macrophages, or with recombinant human interleukin 4 (IL-4; 20 ng/ml;

R&D Systems, No. 204-IL) and recombinant human interleukin 13 (IL-13; 20 ng/ml; R&D
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Systems, No. 213-ILB) to generate M2-macrophages. After 72 hours, all macrophage cultures

were washed and incubated in fresh media for 24 hours.

2.3.2. Macrophage phenotype identification by flow
cytometry

To identify the different subsets of macrophages generated, the expression of standard
macrophage markers were analysed by flow cytometry (Genin et al., 2015; Forrester et al.,
2018). Briefly, monocytic THP-1 cells were differentiated and polarised as described in section
2.3.1, and were seeded in duplicates in 25 cm? flasks to increase cell number. The adhered
and polarised cells were then detached by incubation in 5 ml of ice-cold FACS buffer (1X PBS,
5% FBS and 2 mM EDTA; Sigma-Aldrich, No. E7889) for 5 minutes and gentle scraping. The
cell suspension was centrifuged at 300g for 5 minutes and the cell pellet was suspended in 1
ml of FACS buffer, diluted in trypan blue (1:2 v/v) and counted using a Neubauer
Haemocytometer. Cells were then resuspended in FACS buffer (100x10* cells per ml), and
centrifuged at 300g for 5 minutes. The cell pellet was resuspended in Human TruStain FcX™
(BioLegend, No. 422301) diluted 20X in PBS to block non-specific staining of Fc receptors
(Genin et al., 2015; Forrester et al., 2018), and incubated at room temperature for 10 minutes.
Cells were centrifuged at 300g for 5 minutes and resuspended in 0.75 ml of FACS buffer to be
separated between a panel of antibodies, as shown in Table 2.1. For CD68 intracellular
staining (Ramprasad et al., 1996; Yang et al., 2016), THP-1 cells were fixed with 0.5 ml of 10%
neutral-buffered formalin for 10 minutes at room temperature (Kunisch et al., 2004). Cells were
centrifuged at 300g for 5 minutes and permeabilised with 100 ul of FACS buffer with Triton X-
100 (0.5% v/v; Sigma-Aldrich, No. T8787). Cells were then incubated with 5 pl/ml of FITC
mouse anti-human CD68 antibody (R&D Systems, No. 562117) for 30 minutes at 4°C
protected from light. For LIVE/DEAD™ fixable near-IR dead viability marker (1 yl/ml; Thermo
Fisher Scientific, No. L34975) and cell surface markers PE mouse anti-human CD80 (20 ul/mi;

BD Biosciences, No. 557227) and BV421 mouse anti-human CD163 (5 pl/ml; BD Biosciences,

39



Chapter 2. Materials and methods

No. 566277), 100 pl of the cell suspension was aliquoted as described in Table 2.2 and
incubated for 30 minutes at 4°C protected from light. After incubation, 900 ul of FACS buffer
was added to each sample and cells were centrifuged at 300g for 5 minutes. All pellets (except
for pre-fixed CD68-stained samples), were fixed in neutral buffered formalin (10% v/v in PBS)
for 20 minutes at 4°C as previously described (Genin et al., 2015; Forrester et al., 2018). All
cell samples were washed and resuspended in 0.5 ml of FACS buffer for flow cytometry
analysis. UltraComp eBeads™ compensation beads (2 drops; Thermo Fisher Scientific, No.
01-2222-41), used as compensation controls, were incubated with each antibody according to
the manufacturer’s instructions. All samples were analysed using a BD LSR Il flow cytometer
with 4 lasers and 13 detectors (BD Biosciences) and at least 10,000 events of viable cells were
measured per sample. Fluorescence minus one samples were used to assess panel design.
Cells of interest (all macrophage subtypes) were identified by gating on morphology by forward
scatter area (FSC-A) and side scatter area (SSC-A), on single cells by FSC-A and forward
scatter height (FSC-H) and on viability by Red 780/60 and SSC-A. Unstained cells were used
as controls in the gating. FlowJo software (BD Biosciences) was used to determine the
percentage of expression of the described cell markers. Antibody panel design was selected
based on predicted low spillover with the online BD Biosciences Fluorescence Spectrum

Viewer tool (BD Biosciences), as shown in Figure 2.1.
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Table 2.1. Panel of antibodies and settings used for identification of macrophage subtypes by flow
cytometry analysis.

Target Fluorochrome Laser Detection filter
LIVE/DEAD™ Near Infrared Red laser 633 nm Red 780/60
Fixable near-IR Dead
For viable cells
(Thermo Fisher Scientific, No.
L34975)
CD68 FITC Blue laser 488 nm Blue 530/30
(BD Biosciences, No. 562117)
CD80 PE Blue laser 488 nm Blue 575/26
(BD Biosciences, No. 557227)
CD163 BV421 Violet laser 405 Violet 450/50
(BD Biosciences, No. 566277) nm

Table 2.2. Master-mixes of antibodies and compensation controls used for identification of macrophage
subtypes by flow cytometry analysis.

Single stains

Live/Dead near-IR CD68 CD80 CD163

(1 pl/ml) (5 pl/ml) (20 pl/ml) (5 pl/ml)
1 YES NO NO NO
2 NO YES NO NO
3 NO NO YES NO
4 NO NO NO YES
5 NO NO NO NO

All stains
6 YES YES YES YES
Compensation beads

1 - NO NO NO
2 - YES NO NO
3 - NO YES NO
4 - NO NO YES
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2.3.3. Macrophage polarisation influenced by treatments

To identify the effects of TRAF6 inhibition in macrophage lineage commitment, cultures of Mg,
M1 and M2 macrophage subtypes were determined by flow cytometry. Briefly, THP-1 cells
(250x10* cells) were cultured in 25 cm? flasks with supplemented RPMI and 5 ng/ml of PMA
for 48 hours to halt proliferation and generate adherent cells (Park et al., 2007). Once adhered,
media was replaced with 1% FBS-RPMI media, to remove PMA remnant, for 24 hours and the
adhered THP-1 cells were incubated in 1% FBS-DMEM and treated with 1 uM of FSAS3 or
vehicle (DMSO) for 72 hours. Media was refreshed and after 24 hours, cells were processed

as described in 2.3.2. Macrophage phenotype identification by flow cytometry.

2.4. Biomedical studies

24.1. Retroviral gene delivery

TRAF6 knockdown in cultures of human DU145 and PC3 prostate cancer cells were obtained
by using lentiviral vectors expressing three human short hairpin RNA (shRNA) individual
clones (Table 2.3), and one non-targeting shRNA construct as control (mock). Use of lentiviral
vectors was approved by the University of Sheffield Biosafety Committee under project license
GMO2014_11. The described protocol was optimised by Silvia Marino, PhD and Ryan Bishop,
PhD at our laboratory (University of Sheffield, UK), from which viral particles were obtained as
follows. Briefly, HEK293ET cells (750x10* cells/ml) were seeded in a 75 cm? flask and when
reaching confluency, the media was replaced with a transfection mixture solution (5 ug shRNA
of pLKO.1, TRAF6XP', TRAF6"P? or TRAFG"P? plasmids, 5 ug PPAX2 packaging plasmid, 5 ug
pMD2.G envelope plasmid, 40 ul of Polyethylenimine (PEI) transfection reagent and 450 pl of
serum-free DMEM in 4.5 ml of standard DMEM media). After 24 hours, the media was

refreshed and the following day, media containing viral particles was transferred to Falcon™
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15 ml conical centrifuge tubes (Thermo Fisher Scientific, No. 352097), centrifuged and stored

at -80°C.

Table 2.3. Human TRAF6 shRNA constructs and target sequences.

NAME CONSTRUCT TARGET SEQUENCE
TRAF6X"" TRCNO000007348 GCCACGGGAAATATGTAATAT
TRAF6XP? TRCNO000007352 CCTGGATTCTACACTGGCAAA
TRAF6XP? TRCNO000007349 CGGAATTTCCAGGAAACTATT

2.4.1.1. Transduction of TRAF6 short hairpin RNA (shRNA)

The human DU 145 and PC3 were seeded (80x10* cells/ml) in 25 cm? flasks in standard media
and after 24 hours, the media was replaced with media filtered with Acrodisc® Syringe filter
pore size of 0.45 ym consisting of 1:10 viral supernatant in complete DMEM and 10 pl of
polybrene (5 pg/ml) (Sigma-Aldrich, No. TR-1003). The following day, media was replaced with
selection medium consisting of 1 ug/ml puromycin (Gibco, No. A1113803) in standard DMEM.
The concentration used was chosen based on the effects of puromycin on the viability of non-
transfected PC3 cells (data not shown). This allowed the selection of cells that stably express
TRAF6 shRNA. Each time cells were thawed, mock or TRAF6 shRNA DU145 and PC3 were
treated with selection medium for at least two passages. In addition, elimination of non-
transduced cells treated with selection medium was used as reference. The expression of

TRAFG6 in transfected cells was determined using Western Blot (see 2.4.5. Western Blot).
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242, Growth, motility and invasion assays

2.4.2.1. Assessment of cell viability

Cell viability was assessed by the Alamar Blue™ assay. Alamar Blue™ (Thermo Fisher
Scientific, No. DAL1100) is a non-toxic and cell-permeable reagent that measures the

metabolic activity of living cells (Rampersad, 2012).

Alamar Blue™ was used to evaluate the effects of TRAF6 manipulation on the viability of
murine RM1-BM (0.1x10* cells) and the human prostate cancer cells LNCaP, C42-B4, DU145
and PC3 (0.3x10* cells) cultured in standard media in a 96-well plate (Corning, No. 3595). To
assess the effects of 6877002 and FSAS 1-6 on cell viability, the media was replaced after 24
hours with a final volume of 100 pl of drug treatments in serum-free DMEM at a linear range
of concentrations from 0.1-100 yM of 6877002 and logarithmic range of concentrations of

FSAS 1-6 from 0.01-100 pM, using vehicle (DMSO) as a control.

To assess the effects of TRAF6 knockdown (as described in section 2.4.1.1) on viability of
prostate cancer cells, human DU145 and PC3 cells transduced with mock or TRAFG6
knockdown constructs (0.1x10* cells) were seeded in a 96-well plate in standard media. After
24 hours, an initial value was measured (used as a “Day 0” reading) and was assumed as
100% viability of each cell population under normal growth. To investigate the effects of
treatment with the novel FSAS3, PC3-TRAF6 knockdown cells were treated with logarithmic
range of concentrations of FSAS3 from 0.01-100 uM or vehicle (DMSO), as control, in 100 pl

serum-free DMEM after 24 hours from seeding.

To determine the effects of macrophage conditioned media and FSASS3 treatment on prostate
cancer cell viability, human PC3 prostate cancer cells (0.2x10* cells) were seeded in a 96-well
plate in standard media. After 24 hours, media was replaced with complete RPMI or 100%
conditioned media from Mg, M1 or M2 macrophage phenotypes derived from THP-1 cells and

treated with FSAS3 or vehicle (DMSO), as control.
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To assess the effects of prostate cancer cells on monocyte viability, human monocyte-like
THP-1 cells (2x10* cells per well) were seeded in 96-well plates. After 24 hours, THP-1 cells
were treated with the novel FSAS3 or vehicle (DMSO), as control, in the presence and absence

of 50% PC3- or RM1-BM-conditioned media.

To determine the effects of prostate cancer cells on macrophage viability, murine RAW 264.7
macrophage-like cells (0.2x10* cells per well) were seeded in 96-well plates. After 24 hours,
RAW 264.7 cells were treated with the novel FSAS3 or vehicle (DMSO), as control, in the

presence and absence of 50% PC3- or RM1-BM-conditioned media.

At 48, 72 and 96 hours after seeding, cell viability was measured after a 2-hour incubation with
Alamar Blue™ (10% v/v) at excitation of 530 nm and emission of 590 nm using a SpectraMax
M5® microplate reader (Molecular Devices), as shown in Figure 2.2. A blank absorbance
value (from wells containing media and Alamar Blue™ only) was subtracted from all values to
eliminate background fluorescence, and the percentage of viability was calculated by dividing
each reading over the initial absorbance value of cells. Media was replaced with 100 pl of 10%
neutral buffered formalin for cell fixation. Images for each group of cells were taken by Leica

DMI4000 B inverted microscope with 10X.
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Figure 2.2. Cell viability assessed by the Alamar Blue™ assay. Cells are plated in 96-well plates, according to
their respective seeding density. After 24 hours, cells are treated with compounds or vehicle or with fresh media.
After the incubation period, cells are exposed to Alamar Blue™ (10% v/v) for 2 hours. Fluorescence is measured
with excitation of 530 nm and emission of 590 nm using a SpectraMax M5® microplate reader. hrs.=hours.
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2.4.2.2. Cell migration assessed by the wound-healing assay

The wound-healing assay was used to assess the effects of TRAF6 manipulation on the
migration of prostate cancer cells (Moutasim, Nystrom and Thomas, 2011). Human prostate
cancer cells DU145 and PC3 transduced with mock or TRAF6 shRNA (20x10* cells/well) (as
described in section 2.4.1.1) were seeded in a 24-well plate (Corning, No. 3524) in standard
media for 24 hours. The confluent cell monolayer was scratched using a 10 pl pipette tip in the
middle region of the well to generate a wound. The cell monolayer was washed twice with
serum-free DMEM to remove detached cells and incubated in DMEM medium supplemented
with 1% serum DMEM for TRAF6 knockdown cells, or with serum-free DMEM and 6877002,
FSAS3 or vehicle (DMSO) (0.1% v/v). The plates were placed in a humified microscope
housed in a temperature controlled environment at 37°C supplied with 5% CO- for the desired
period. To evaluate the effects on motility of macrophage-derived conditioned media on
prostate cancer cells, human PC3 prostate cancer cells (20x10* cells/well) were seeded in a
24-well plate in standard media for 24 hours. The wound was created as described above, the
cell monolayer was washed twice with serum-free DMEM and cells were cultured in complete
RPMI medium or 100% conditioned media from Mg, M1 or M2 macrophage phenotypes
derived from THP-1 cells in the presence of vehicle or FSAS3 (1 uM). The plates were placed
in a humified microscope housed in a temperature controlled environment at 37°C supplied

with 5% CO; for the desired period.

Cell migration across the wound was monitored by recording four randomly selected positions
per well each 15 minutes for 14 hours using time-lapse video on a Leica AF6000LX inverted
microscope (10X magnification). Additionally, cell viability was assessed by the Alamar Blue™
assay as described in section 2.4.2.1. TScratch software (ETH, Zurich) was used to analyse

the time-lapse images and to obtain the percentage of wound closure (Figure 2.3A).
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24.2.3. Cell invasion assessed by Transwell® invasion
assay

The Transwell® assay was used to assess the effects of TRAF6 manipulation on the invasion
of prostate cancer cells (Moutasim, Nystrom and Thomas, 2011). Briefly, Corning® Costar®
Transwell® cell culture insert (6.5 mm with 8 um pore polycarbonate filter; Corning, No. 3422)
was coated with 20 pl of Phenol Red-Free Corning® Matrigel® Basement membrane matrix
(1.5 mg/ml; Corning, No. 356237) and incubated at 37°C supplied with 5% CO- for 2 hours. To
determine the effects of knockdown and pharmacological inhibition of TRAF6 on prostate
cancer cell invasion, PC3 (5x10* cells/well) and DU145 (2.5x10* cells/well) cells transduced
with mock or TRAF6 knockdown shRNA (as previously described) were cultured in serum-free
DMEM in the presence of 6877002, FSAS3 or vehicle (DMSO) (0.1% v/v) in the upper part of
the Transwell® insert. Supplemented DMEM medium (500 ul) was added to the bottom
chamber of the well to act as a chemoattractant. To assess the effects of macrophage-derived
conditioned media on prostate cancer cell invasion, RM1-BM and PC3 cells (5x10* cells/well)
were treated with vehicle (DMSO) (0.1% v/v) or FSAS3 (0.3 uM) in serum-free RPMI in the
upper part of the Transwell® insert. Supplemented RPMI or conditioned media from Mg, M1
or M2 macrophages (500 pl) was added to the bottom chamber of the well to act as a

chemoattractant.

After 72 hours, the media in the Transwell® was removed with a cotton tip applicator and the
inserts were incubated with 100% ethanol for 5 minutes, 1% eosin Y solution (Sigma-Aldrich,
No. HT110280) for 1 minute, washed with distilled water, dried and then, incubated in
hematoxylin solution modified according to Gill Il (Sigma-Aldrich, No. 105175) for 5 minutes.
After washing with distilled water, the membrane was removed from the Transwell® and placed
on a slide over one drop of Faramount aqueous mounting medium (Agilent, No. S3025) and
covered by rectangular cover glasses (VWR, No. 631-0137) to avoid the generation of air

bubbles (Figure 2.3B). Images of the insert were taken with Pannoramic 250 Flash Il Slide
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Scanner (3D Histech) (20X magnification) and the percentage of invading cells was quantified
using Image Processing and Analysis in Java software (ImagedJ; NIH, USA) as previously

described (Schindelin, J. et al., 2012).

Scratch
(14 hrs.)

—| - IV — —
%0 ®@®8 ; ® of
Transwell® invasion +72 hrs.
(Chemoattractive gradient)

Cell monolayer

Stained and slide-mounted
membrane

Figure 2.3. Cell migration assessed by the wound-healing assay and cell invasion assessed by Transwell®
invasion assay. (A) Cells were plated to generate a monolayer and a wound was produced by scratching the
middle part of the well. Migration was analysed using time-lapse video of the region of interest after 14 hours. (B)
Prostate cancer cells were seeded in FBS-free media and placed in a Transwell® with Matrigel® coat inside a well
containing complete media, to generate a chemoattractive gradient. After 72 hours, the Transwell® membrane was
stained with Hematoxilin/Eosin and mounted in a slide for analysis. hrs.=hours.
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2.4.3. Assessment of prostate cancer-induced
osteoclastogenesis

The effects of prostate cancer cells and their derived factors on osteoclast formation were
assessed using tartrate resistant acid phosphatase (TRACP) staining (Yuen et al., 2010). First,
murine RAW 264.7 macrophage-like cells were seeded (0.2x10* cells/well) in a 96-well plate
in supplemented media. After 24 hours, RANKL (100 ng/ml; batch No. 1044-101P donated by
Dr. Patrick Mollat) was added (Rafiei and S. V. Komarova, 2013). The following day, 50 ul of
media was removed and replaced with 150 pl differentiation media containing small-molecule
inhibitors 6877002, FSAS3 or vehicle (DMSO) (0.1% v/v) and RANKL (100 ng/ml) in the
presence and absence of RM1-BM cells (200 cells per well) or conditioned media from Mg,
M1 or M2 macrophage phenotypes, or from LNCaP, C42-B4, RM1-BM, PC3 and DU145 mock
or TRAF6 knockdown prostate cancer cells (10% v/v). Cells not exposed to conditioned media
or prostate cancer cells were used as a negative control. Cells were treated every 48 hours for
6 days by replacing 2/3 of standard media with differentiation media. On day 6, cell viability
was measured as described in section 2.4.2.1 and cells were fixed with 100 ul of neutral
buffered formalin (10% v/v). Cultures were stained with 100 yl of TRACP staining solution
(Scientific Appendix), washed with PBS and 200 pl 70% Ethanol was added to each well.
TRACcP-positive cells with three or more nuclei were counted as osteoclasts by using a phase-
contrast microscope. Representative images for each group of cells were taken by Leica

DMI4000 B inverted microscope with 10X.

2.4.4. Assessment of prostate cancer-induced osteoblast
growth, differentiation and bone nodule formation

The effects of prostate cancer cells and their derived factors on osteoblast differentiation and
bone nodule formation were assessed using alkaline phosphatase (ALP) and Alizarin Red S
(ARS) staining, respectively (Sabokbar et al., 1994; Yuen et al., 2010; Moh et al., 2011).

Human osteosarcoma-derived cells Saos-2 (3x10* cells/well) were seeded in standard media
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in 24-well plates. To induce bone nodule formation, cells were treated every second day for 10
days with osteogenic media consisting of DMEM with 1% FBS, L-ascorbic acid (50 uM; Sigma-
Aldrich, No. A4544) and after confluence, adding B-glycerophosphate (2 mM; Sigma-Aldrich,
No. G9422). Cells were also exposed to conditioned media from mock or TRAF6 shRNA
DU145 or PC3 (20% v/v) and treated with 6877002/FSAS3 small-molecule inhibitors or vehicle
(DMSO) (0.1% v/v). Cells not exposed to conditioned media were used as a negative control.
After 5, 7 and 10 days, Saos-2 cell viability was assessed using the AlamarBlue® assay. To
assess osteoblast maturation and differentiation, cells were lysed with 500 pl ALP lysis buffer
(Scientific Appendix) for 20 minutes and adherent cells were scrapped and centrifuged in
Heraeus™ Fresco™ 17 microcentrifuge (Thermo Fisher Scientific) at 13,300g for 10 minutes
at 4°C. The supernatant was collected and 50 pl of the sample was mixed with 5 pl of 4-
nitrophenyl phosphate disodium salt hexahydrate (4 mM, Sigma-Aldrich, No. N4645),
measuring absorbance (405 nm) with a SpectraMax M5® microplate reader (Molecular
Devices) at 37°C every 15 minutes for 1 hour. The ability of osteoblasts to form bone nodules
was assessed by fixing cells with 70% ethanol and after 24 hours, the plates were washed with
PBS, incubated with 500 pl of ARS solution (Scientific Appendix) to stain calcium deposits
and washed again with PBS. The plates were air-dried and scanned for representative images.
To quantify bone nodule formation, the cell monolayer was destained by exposure to 1 ml
destaining solution (10% (w/v) cetylpyridinium chloride monohydrate, Sigma-Aldrich, No.
C0732) in 10 mM sodium phosphate (pH 7.0; Sigma-Aldrich, No. 342483) for 15 minutes at
room temperature on a rocker. ARS was determined by absorbance measured at 562 nm on
a Bio-Tek Synergy HT microplate reader (BioTek® Instruments) and the percentage of ARS

was determined by ImageJ.

2.4.5. Western Blot

Protein expression and phosphorylation in cultures of prostate cancer cells, bone cells and

macrophages was assessed using Western Blot as previously described (ldris, 2012) (Figure
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2.4). Murine RM1-BM (25x10* cells) and RAW 264.7 (50x10* cells), human differentiated and
polarised THP-1 Mg, M1 and M2 (80x10* cells) (see section 2.3.), human LNCaP, C42-B4
(50x10* cells) and transduced with control or TRAF6 shRNA constructs PC3 and DU145
prostate cancer cells (40x10*cells/well) were seeded in a 6-well plate in standard media and

maintained for 48 hours before lysis.

2.4.5.1. Assessment of NFkB activation using RANKL, TNF-
a and M2-macrophage conditioned media

To assess the effects of TRAF6 manipulation on NFkB signalling pathway, RAW 264.7 and
PC3 cells transduced with mock or TRAF6 knockdown constructs (7.5x10* cells) were seeded
in a 12-well plates (Corning, No. 3513) in standard media. After 24 hours, media was replaced
with serum-free DMEM. After 16 hours, RAW 264.7 and PC3 cells (mock or TRAF6
knockdown) were treated with compounds 6877002, FSAS3 or DMSO as control for 1 hour.
After incubation, RANKL (100 ng/ml) was added to cultures of RAW 264.7 as stimulus, and
RANKL (100 ng/ml), TNF-a. (10 ng/ml; R&D Systems, No. 210-TA) or 20% M2-macrophage
conditioned medium were added to PC3 cells as stimuli. All cells were lysed (as described in
section 2.4.5.2) after 30 minutes of incubation with RANKL and after 6 hours for the other

stimuli.

2.4.5.2. Preparation of cell lysates
Cells were washed with 1 ml of ice-cold PBS and treated with 100 ul RIPA lysis buffer

(Scientific Appendix) supplemented with 2% (v/v) protease inhibitor (Sigma-Aldrich, No.
P8340) and 0.4% (v/v) phosphatase inhibitor (Sigma-Aldrich, No. P0044) for 5 minutes. After
incubation, cells were scraped, transferred into an Eppendorf tube and centrifuged in
Heraeus™ Fresco™ 17 microcentrifuge (Thermo Fisher Scientific) at 13,300g for 10 minutes

at 4°C. The supernatant was collected and stored in -20°C (Figure 2.4A).
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2.4.5.3. Protein quantification

Pierce™ Bicinchoninic acid (BCA) protein assay was used to quantify protein amount in cell
lysates, according to the manufacturer’s instructions. Protein concentrations were assessed
using the Pierce™ bovine serum albumin (BSA) standard prediluted set as reference (Thermo
Scientific, No. 23208), by adding 10 pl of each of the serial dilutions (0-2000 pg/ml) in
duplicates in a 96-well plate along with the cell lysate samples diluted 1:4 in distilled water.
BCA solution (200 pl) consisting of 1 in 50 copper sulphate (Sigma-Aldrich, No. C2284) diluted
in BCA (Sigma-Aldrich, No. B9643) was added to all wells. After 25 minutes of incubation at
37°C, the absorbance was measured at 562 nm on a SpectraMax M5® microplate reader
(Molecular Devices) (Figure 2.4B). From the known concentrations of BSA, a standard curve
was constructed to assess the total protein concentration of each lysate and determine the

volume of protein extract to obtain 70 pg.

2.4.5.4. Gel electrophoresis and electrophoretic transfer

Denatured proteins were separated by electrophoresis using 12% Criterion™ TGX™ Precast
Midi protein gels (Bio-Rad Laboratories, No. 5671043) placed inside a vertical electrophoresis
chamber filled with 1X TGS running buffer (obtained from 1 in 10 dilution of 10X TGS; Bio-Rad
Laboratories, No. 161-0772, with distilled water). Before loading the gel, the quantified samples
were mixed with 5X loading buffer (Scientific Appendix) and heated for 5 minutes at 95°C
(Figure 2.4C). As a reference for molecular weights, Magic Marker XP Western Protein
Standard (Thermo Fisher Scientific, No. LC5602) was used. After 1 hour with 180 V, the
proteins on the gel were transferred to a polyvinylidene (PVDF; Bio-Rad Laboratories, No.
1704273) membrane, previously activated in 100% methanol and equilibrated in transfer buffer
(Bio-Rad Laboratories, No. 1704273) for 5 minutes. The gel was placed over the PVDF
membrane, assembled together between filter papers (Bio-Rad Laboratories, No. 1704273)
(Figure 2.4D) pre-soaked in transfer buffer, and all was placed in the Transblot Turbo®

transfer system (Bio-Rad Laboratories) for 7 minutes at a constant current of 2.5 A and 21 V.
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2.4.5.5. Membrane blocking and antibody incubation

The PVDF membrane was blocked to avoid unspecific binding by incubation in 5% (w/v) milk
blocking solution (non-fat milk powder in Tris buffer saline solution (Scientific Appendix) with
0.1% TWEEN® 20 (Sigma-Aldrich, No. P9416), known as TBST) for 1 hour on a rocker with
low speed in room temperature. The membrane was washed three times with TBST for 10
minutes on a rocker with medium speed and incubated overnight at 4°C on a rocker in low
speed with each primary antibody. Subsequently, the membrane was washed three times with
TBST on a rocker with medium speed for 15 minutes and incubated with the secondary
antibody peroxidase AffiniPure donkey Anti-Rabbit IgG (H+L) (Jackson ImmunoResearch, No.
711-035-152) in a 7:50000 dilution using 5% milk blocking solution for 1 hour on a rocker with
low speed. Next, the membrane was washed three times with TBST for 10 minutes and it was
visualised using Clarity™ western ECL substrate (Bio-Rad Laboratories, No. 170-5061) with
the chemiluminescent detection system on ChemiDoc™ Imaging System (Bio-Rad
Laboratories) (Figure 2.4E). Band quantification was performed with the use of Image Lab 6.0
software (Bio-Rad Laboratories). The primary antibodies used were Anti-rabbit CD40 (C-20;
Santa Cruz Biotechnology, No. sc-975), Anti-rabbit RANK (H-300; Santa Cruz Biotechnology,
No. sc-9072), Anti-rabbit p-IkB-o. (Ser32; Cell Signalling Technology, No. 2859), Anti-rabbit
IkB-a. (Cell Signalling Technology, No. 9242), Anti-rabbit TRAF2 (Cell Signalling Technology,

No. C192), TRAFG6 rabbit mAb (Cell Signalling Technology, No. 8028), Anti-rabbit p65 (C-20,

Santa Cruz Biotechnology, No. sc-372) and B-Actin rabbit mAb (D3A8; Cell Signalling

Technology, No. 8457). All primary antibodies were prepared in a concentration of 1:1000 in

5% (w/v) BSA (Sigma-Aldrich, No. A7906) in TBST.
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Figure 2.4. Western Blot technique. (A) Protein is obtained from whole cell lysates with RIPA buffer. (B) Protein
concentrations are assessed by BCA, based on the standard curve of the Pierce™ bovine serum albumin (BSA)
standard prediluted kit. (C) Cell samples are prepared, heated and separated by electrophoresis for 1 hour with 180
V. (D) The gel is placed over the PVDF membrane, assembled together between filter papers (pre-soaked in
transfer buffer). The PVDF membrane is blocked in 5% (w/v) milk blocking solution, washed with TBST and (E)
incubated with each primary antibody. The membrane is washed with TBST and incubated with the secondary
antibody peroxidase AffiniPure donkey Anti-Rabbit IgG (H+L) and washed before visualization using Clarity™
western ECL substrate with the chemiluminescent detection system on ChemiDoc™ Imaging System. BSA=Bovine
Serum Albumin. R?=Square of the correlation.
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2.5. In vivo studies

The intratibial injection mouse model was used to study the effects of knockdown and
pharmacological inhibition of TRAF6 on osteolysis in mice bearing human PC3 prostate cancer
cells. All mice were placed in a 12-hour light-dark cycle with access to food and water ad

libitum.

2.51. Ethics

All experimental protocols were approved and performed in accordance with ltalian Legislative

Decree 116/9 and Gazzetta Ufficiale della Repubblica Italiana No. 40, February 18", 1992.

2.5.2. Intratibial injection of human PC3 prostate cancer
cells in immunodeficient mice

The effects of cancer-specific inhibition of TRAF6 on osteolysis were investigated by intratibial
injection of human PC3 cells, performed at the University of L'Aquila (Italy) by staff of the
biological service unit under the supervision of Mattia Capulli, PhD and Student Antonio
Maurizi, PhD. Animals were divided into treatment groups (n=7 per group) as follows (Table
2.4): (1) human mock PC3 cells and 10% DMSO in water, (2) human mock PC3 cells and
TRAF6 inhibitor 6877002, (3) and (4) human TRAF6 knockdown PC3 cells from two different
DNA constructs (KD1 and KD2, as described in section 2.4.1.1.) and 10% DMSO in water.
Group (2) was pre-treated with the TRAF6 inhibitor 6877002 (20 mg/kg) one day before
injecting cancer cells, based on previous findings obtained by our lab group (Bishop et al.,
2020). All male 4-week old BALB/c-nu/nu athymic mice were anesthetized with intraperitoneal
injections (IP) of pentobarbital (60 mg/kg) and received intratibial injection on the left limb of
the corresponding prostate cancer cells (20,000 cells/100 pl), based on the osteolytic nature
of the cells as suggested in (Dai et al., 2016). After 10 days, the formation of osteolytic lesions
was monitored weekly by anesthetizing the mice as previously described and subjecting them
to X-ray analysis (36 kVp for 10 seconds) using Cabinet X-ray system (Faxitron model No.

43855A Buffalo Grove). The experiment was terminated after observing osteolysis. Animals
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were sacrificed after 20 days by carbon dioxide inhalation and cervical dislocation. Treated
hind limbs were trimmed of excess of muscle and soft tissue and fixed in 10% buffered

formalin. Next, samples were washed with PBS, placed in 70% ethanol (v/v) and stored at 4°C.

Table 2.4. Treatment regimens for the intratibial injection mouse model.

Group Injected cells Treatment [100 pl]
Control/Vehicle Human mock PC3 cells 10% DMSO in water IP daily.

TRAF6 inhibitor Human mock PC3 cells 6877002 (20 mg/kg) IP daily.
6877002

TRAF6 knockdown1 | Human TRAF6 shRNA1 | 10% DMSO in water IP daily.
transduced PC3 cells

TRAF6 knockdown2 | Human TRAF6 shRNA2 | 10% DMSO in water IP daily.
transduced PC3 cells

2.5.3. Micro-computed tomography (micro-CT) analysis

Ex vivo micro-CT scanning was used to evaluate the effects of TRAF6 manipulation on bone
architecture in mice bearing the human prostate cancer cell line PC3. Tibias of the hind limbs
were scanned using X-ray radiation source to 50 kV and 800 pyA with ex vivo SkyScan 1174
system (Bruker). Briefly, hind limbs were wrapped in cellophane and placed in an upright
position in the scanner. The pixel size was set to 6.741 uM. To generate three-dimensional
images, X-ray scans were reconstructed using Skyscan NRecon software (Bruker) with a
beam hardening correction of 20%. The regions of interest were designated by 0.5 mm below
the growth plate (Campbell, Ominsky and Boyd, 2011) (200 frames total). Total, trabecular and
cortical bone formation were evaluated with Skyscan CTAn software (Bruker) (Campbell and

Sophocleous, 2014) and representative images were obtained using CTVol software (Bruker).
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2.6. In silico studies

Online tools with publicly available databases were used for the analysis of protein expression
and genetic alterations in prostate cancer patients. Protein interaction and function was
determined using curated interaction records from Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) from the Search tool for retrieval of interacting
genes/proteins (STRING) database (https://string-db.org/; Szklarczyk et al., 2018). To
compare gene expression between tumour and normal tissue, the University of California
Santa Cruz (UCSC) Xena platform for cancer genomics data visualization and interpretation
was used (https://xena.ucsc.edu/; Goldman et al., 2018). Heatmap of the expression pattern
of TRAF proteins in normal and cancer tissue was obtained using The Cancer Genome Atlas
(TCGA) analysis in UALCAN (http://ualcan.path.uab.edu/index.html; Chandrashekar et al.,
2017).

To study the association between the expression of TRAF proteins and androgen receptor at
different stages of prostate cancer, Spearman correlation was obtained using cBioPortal for
cancer genomics (https://www.cbioportal.org/; Cerami et al., 2012; Gao et al., 2014). The
dataset Prostate Adenocarcinoma (TCGA, PanCancer Atlas) was used for studying primary
tumour stage (488 patients total), and Metastatic Prostate Adenocarcinoma SU2C/PCF Dream
Team (PNAS, 2019) dataset to study metastatic prostate cancer (212 patients total).
Furthermore, to explore the link between immune infiltration in the prostate tumour
microenvironment and the expression of TRAF proteins, web-accessible data was analysed
with Tumour Immune Estimation Resource (TIMER) (cistrome.shinyapps.io/timer; Li et al.,
2017) using Spearman correlation. This software evaluates the association of mMRNA
expression with tumour-infiltrating immunologic data. Data obtained is adjusted based on the
negative correlation of mRNA expression with the percentage of cancer cells in a tumour
sample, allowing the measurement of expression in immune cells only. TIMER was also used

to generate Kaplan-Meier survival curves and obtain hazard ratios (HR) of all TRAF proteins
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using the prostate cancer adenocarcinoma TCGA database. Gene Expression Profiling
Interactive Analysis (GEPIA) (http://gepia.cancer-pku.cn/; Tang et al., 2017) was used to study
disease-free survival curves and obtain hazard ratios of all TRAF proteins with the prostate
cancer adenocarcinoma TCGA database.

To analyse genetic alterations in prostate cancer progression, cancer studies were accessed
using cBioPortal. Briefly, datasets were selected based on disease stage: Prostate
Adenocarcinoma (TCGA, PanCancer Atlas) study for primary tumour stage (494 patients total)
and Metastatic Prostate Adenocarcinoma SU2C/PCF Dream Team (PNAS, 2019) in
combination with Metastatic Prostate Cancer Project (Provisional, December 2018) datasets
to study advanced stages (463 patients total).

The expression of TRAF6 in osteoblast-like cell lines Saos-2 and MG-63 was determined using
the experiment “RNA-seq of 934 human cancer cell lines from the Cancer Cell Line

Encyclopedia” available in the Expression Atlas (https://www.ebi.ac.uk/gxa/home).

2.7. Statistical analysis

Results presented are mean + standard deviation (SD) from three independent experiments.
All calculations were performed using GraphPad Prism version 7.0 software (GraphPad
Software, Inc., La Jolla, CA, USA). Statistical analysis for two groups of data from a single
experiment were determined by unpaired T test and differences between more than two groups
and one independent variable were assessed by an ordinary one-way analysis of variance
(ANOVA) followed by Tukey post hoc test with multiple comparisons between groups. The
inhibitory concentration 50% (ICso) was assessed by log 10 transformation, followed by non-
linear regression analysis using variable slope fit equation for normalized dose-inhibitory
response and a two-way ANOVA followed by Dunnet post hoc test for multiple comparisons
between groups with two independent variables. In all cases, P values less than 0.05 were

considered statistically significant.
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3.1. Summary

TRAF proteins (TRAF1-7) are key regulators of many biological activities and alterations in
their expression are commonly found in different types of cancer. Previous studies have
reported the involvement of TRAF2, TRAF4 and TRAF6 in prostate cancer progression;
however, the role of TRAFG6 in the initiation and promotion of prostate cancer metastasis,
particularly to bone, remains unexplored. In the present chapter, retrospective analysis of
publicly-available resources and Western Blot analysis were used to study the expression of
TRAF proteins in prostate cancer patients and cell lines, respectively. First, the involvement of
TRAF proteins in various cancer-related biological activities was confirmed. The expression of
all TRAFs was significantly altered in prostate cancer patients compared to healthy individuals
and a positive correlation was found between expression of TRAF6 and androgen receptor,
and TRAF6 and the number of tumour-infiltrating immune cells in prostate cancer patients.
Additionally, DNA amplifications of TRAF6 were mainly observed in prostate cancer patients
with bone metastasis and Western Blot analysis showed that highly metastatic, androgen-
insensitive and osteotropic prostate cancer cell lines expressed higher levels of TRAF6 and
CD40 and RANK receptors when compared to androgen-sensitive LNCaP cells. In addition,
TRAF6 expression was significantly reduced in the anti-tumorigenic M1 phenotype, suggesting
a possible involvement in macrophage anti-tumour immunity in prostate cancer. Collectively,
these findings suggest that TRAF6, among other TRAFs, may be of value as a potential

therapeutic target for the treatment of prostate cancer metastasis, particularly to the skeleton.
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3.2. Introduction

Prostate cancer is a heterogenous adenocarcinoma triggered by a number of genetic
alterations that accumulate as the disease progresses (Hieronymus et al., 2014; Arora and
Barbieri, 2018). Based on its diverse molecular and genetic profiles, prostate cancer is
classified as: localised, aggressive metastatic’hormone sensitive and lethal/hormone
insensitive (Arora and Barbieri, 2018). A wide range of genomic alterations are detected at
different stages of the disease and several studies have identified multiple DNA copy number
alterations (CNAs) in a plethora of tumour-promoter and suppressor genes. These include
mutations and amplifications in genes for AR, overexpression of MYC, loss of PTEN, mutations
in TP53, among others (Robinson et al., 2017; Hamid et al., 2019; Sun et al., 2019). Hence,
dysregulations in a number of transduction signalling pathways have been linked to the

initiation and progression of prostate cancer.

A number of studies have reported that constitutive activation of canonical and non-canonical
NFkB signalling is linked to the initiation and progression of prostate cancer (Jin et al., 2008;
Naugler and Karin, 2008; L. Zhang et al., 2009; Garg et al., 2012; R. Jin et al., 2013). The
activation of canonical NFkB is predominantly initiated by TRAF proteins (TRAFs) (Hoesel and
Schmid, 2013; Xie, 2013). All TRAFs are implicated in cancer (Zapata et al., 2000; Jackson-
Bernitsas et al., 2007; Starczynowski et al., 2011; Yamamoto et al., 2017; Hyeon et al., 2018;
Zhu et al., 2018) and, in particular, TRAF2, TRAF4 and TRAF6 play an important role in
prostate cancer initiation and progression (Gudey et al., 2014; Sundar et al., 2015; Wei, Ruan,
et al., 2017; Singh et al., 2018). Prostate cancer commonly metastasises to bone and several
findings indicate that TRAF6/NFkB plays a substantial role in bone remodelling (Lomaga et al.,
1999) and in the differentiation of various immune cell types (Kobayashi et al., 2003; Konno et
al., 2009; Walsh, Lee and Choi, 2015; Seijkens et al., 2018). Thus, identifying the various
abnormalities in gene expression of the TRAF/NFkB axis would aid with the development of

novel treatments of advanced prostate cancer.
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3.3. Aims

The aim of this chapter was to investigate the genetic changes in TRAFs in prostate cancer.

Using publicly-available databases, this aim was achieved by examining:

e The genetic changes in TRAF1-7 in normal and tumour tissue from prostate cancer
patients.

e The correlation of the expression of TRAF1-7 with AR expression in prostate cancer
patients with primary adenocarcinoma and metastasis.

o The DNA copy number alterations (CNAs) in TRAF proteins in prostate cancer patients.

e The protein expression of TRAF6 in immune and prostate cancer cell lines.
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3.4. Results

3.4.1. Altered expression of TRAF proteins in prostate
cancer

To investigate the association of TRAF proteins with prostate cancer progression, a variety of
publicly-available resources containing The Cancer Genome Atlas (TCGA) prostate cancer
cohort were used. First, it was confirmed that all TRAFs, except TRAF7, are involved in
pathways related to cancer. In agreement with previous findings, this analysis confirmed that
TRAF2 and TRAF6 are involved in osteoclast differentiation (Lomaga et al., 1999;
Peramuhendige et al., 2018) (Figure 3.1A), and as shown in Figure 3.1B, TRAF2, TRAF3 and
TRAF6 contribute to immune activity and cytokine production. It was also found that TRAFs,
except TRAF3, are implicated in signalling pathways involved in prostate cancer progression
(Mukherjee et al., 2011; Jin et al., 2014) (Figure 3.1C). NFkB activation relies on TRAF1,
TRAF2, TRAF5 and TRAF6 and from this pathway, TRAF2 and TRAF6 are directly involved
in kinase activity (Oeckinghaus, Hayden and Ghosh, 2011). In particular, it is shown that MAPK
signalling pathway is activated by TRAF2, TRAF4, TRAF6 and TRAF7 and JNK pathway is

positively regulated by TRAF2, TRAF4 and TRAF6 (Figure 3.1C).
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Next, | studied the gene expression of the TRAFs in normal and prostate cancer patients using
the online databases UALCAN and UCSC Xena. Figure 3.2 shows the heatmap expression
pattern obtained from UALCAN that reveals a non-significant reduction in TRAF1 expression
and an evident amplification in the expression of TRAF2, TRAF4 and TRAF7 proteins in
prostate cancer patients as compared to healthy individuals. Furthermore, quantitative data
obtained from UCSC Xena shows a significant difference in the expression of all TRAFs,
comparing the expression of healthy and prostate cancer patients (Figure 3.3). Consistent
with previous findings (Wei, Ruan, et al., 2017; Singh et al., 2018; Zhu et al., 2018), the current
analysis confirmed that the expression of TRAF2, TRAF4 and TRAF7 is amplified in prostate
cancer tumours when compared to normal tissue. Additionally, the expression levels of TRAF1,
TRAF3, TRAF5 and TRAF6 are notably reduced in prostate cancer patients. Regarding this,
both databases show consistent results involving the altered expression of all TRAF proteins

in prostate cancer.
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Using the online tool TIMER, the prognostic effects of TRAF expression were examined in
prostate adenocarcinoma (PRAD) by generating overall survival curves split in high and low
groups via a median split (Figure 3.4). With the exception of TRAF1 and TRAFS5, high
expression of TRAFs, particularly TRAF2 (p=0.0824), was found to be associated with high-
risk prostate cancer. Additionally, disease-free survival was significantly improved with low
expression of TRAF1 (p<0.0005) and TRAF2 (p<0.001), as assessed with the online tool
GEPIA (Figure 3.5). Overall, these results confirm the involvement of TRAF proteins in

prostate cancer progression compared to healthy individuals.

70



Chapter 3. TRAF6 expression in prostate cancer

‘oljel pJezeH=yH '4v¥y1 Yyoes jo uoissaidxe aledwoo o0} 18} yuel-60| Woy |00} BUIUO BY} YIIM pauleiqo alem sanjea-d */-| 441 JO uoissaidxe
(sull pas) ybly pue (sull enig) Mo| UM (86H=U) Jeserep avydd VOOL 8y Jo sjusned ewouiniesouspe ajejsold Ul s1o|d [BAIAINS |[BIBAO JBIB|N-ueldey] (D
-y) 1003} ¥INIL Y3M paule}qo ‘s4yy 1 Jo uoissaldxa paiajje Yjim Jaoued aje)sold JO [BAIAINS [[RISAO JO SOAIND lojewl)sa JaioN-uejdey| p's ainbi4

(supuow) dn-mojod o} sy

oSt 00} 0S 0 oSt 001 0s 0 oSt 001 0S 0
| 1 f Lo ) 1 L Lo 1 L 1 L e
657°0=d ‘LZ'L=4H [ © €66'0=d ‘Z0'L=4H [ © 2€2'0=d L190=4H[ ©
Lo e e
o] ™o ™o
c c c
3 3 3
o E o € o €
Fs g s B Fs B
< < <
© @ @
| © 14 L © @ L © @
?2 ”2 ®2
_ o8 o & o &
- © =]
uojsseidxe szgi - uoissaidxe :m_xlllg; N uojssaidxe YbiH=— “u - -
! Mo — Fo ! Mo — o oy mo1— o
14vdl 94vdl S4vdlL
(syiuow) dn-mojjo4 0} Bwil] (syyuow) dn-mojjo4 0} ewi| (syyuow) dn-mojjo4 0} swil] (syyuow) dn-mojjo4 o} awiy
oSt 00} 0s 0 oSt 00l 0S 0 0st 00l 0s 0 0S4 00k 0S 0
| L S Lo | 1 S — L o | L S — L o " L L Lo
1¥§0=d ‘SZ'L=¥H[ & §50=d"1Z'1=4H [ & ¥280°0=d ‘€5Z=¥H [ o 68'0=d ‘¥6'0=4H [ &
L © L © L © LS
v o (el [SHe] Mo
c c c m
o M o m o M | © E
B v g Y E 58
H 3 H H
o w o w o w ]
Fo € Fo € Fo € > €
s. s. s. s.
(=} W (=} m [=] m L © M
F | o | o r | o 3
uoissaidxe ybiH uojssaidxa YbiH; uojssaidxa ybiH: uoissaidxe zm_InHlJ..I!
uoissaidxe Ro._% L2 uoisseidxe ;3% L2 uoisseidxe ;Sg?. L3 uojssedxe mo7— 3
vyl a €4vdl o) ¢dvdl g 1dvdHL v

(syyuow) dn-mojjod o} swil.

(syyuow) dn-mojjod o} suirL

71



Chapter 3. TRAF6 expression in prostate cancer

‘onel
plezeH=yH "4vdl Yyoee jo uoissaidxe aiedwod 0} }s8) Juel-B0| WoJj |00} BUIUO BY} YIIM paulejqo alem sanjea-d “/-| 441 Jo uoisseidxs (sul pas) ybiy
pue (aul| 8n|q) mo| Yim (86t=u) 18selep avyd YOIL 8uj Jo sjuanied ewouioiesouspe ajejsold ul sjo(d [eAIAINS 9a.j-asessip JaIsy-ueldey] (9-Y) -aseqejep
VIdIO YIM paulejqo ‘S{yyLl 40 uoissaidxa palaje ul Jasued djejsoid JO |[BAIAINS 991)-9SBISIP JO SOAIND Uojewljsa Jalo-ueldey ‘g'¢ ainbi4

SUYuow Syjuow Syjuon
ost 00t 05 0 ost 00t 05 0 o5t 0ot 05 0
I L I I I L L ! |
87°0=d T'l=4H - § 990=d716'0=4H |- 8 2G0=d7V'1=¥4H | &
L e L e L e
® N S
z 2 z
e g 28 2§
2 2 2
o 1] o
o § o § o 5
F& 2 Fa 2 Fo 2
§ 5 8
L e L o 2
® ® ®
uoissaidxe YbIH — uoissaidxa ybiH uojsseidxe YbiH —
uoisse.dxe Mo — L2 uojssaidxe Mo — L2 uojsseidxe MoT— | 2
L4VdlL 94Vl G4Vl
Syuow Suyuon Syluow Syuow
ost oot 0s 0 ost oot 05 0 ost oot 05 0 oSk 00t 0s 0
L I ! L L | I L L L L L
B o ° N o L e N o L e N o L e
L1°0=d ‘¥ L=4H[ 5 1Z0=d'eL=4H [ & 26000°0=d ‘ZZ=4H [ = 61000'0=d ‘€Z=4H [ &
L e 2 L o [
S © ® ®
g g g 3
[ o g L ogd Lo g Lo g
s 0 > O > 0 > 0
2 2 2 2
@ s @
Lo m Lo m Lo m Le S
> 2 > 2 > s $
5 5 5 H
L e L2 L o L e
® ® ® ®
uoissaidxe ybiH . uoissaidxe YbiH uoissesdxa ybiH uoissasdxa ybiH
uoissaidxe Mo — L 2 uojssaidxe MoT— 2 uojssaidxe MO — Lz uojssaidxe MoT— L2

y4vdl a €4Vl o) ¢dvdl g Ldvdl \"4

72



Chapter 3. TRAF6 expression in prostate cancer

3.4.2. Association of TRAFs with identified contributors of
prostate cancer

Inflammation plays a substantial role in the initiation and promotion of prostate cancer (Sfanos
and Marzo, 2014). Previous studies have reported that infiltration of pro-inflammatory immune
and bone-marrow cells in prostate tumours and distant organs, particularly bone, supports
prostate cancer progression and spread (Zhao et al., 2012; Fang et al., 2013; Martinez-Marin
et al., 2017). Androgen receptor (AR) is a well-known contributor to various aspects of prostate
cancer (Fang et al., 2013), and elevated activity of the pro-inflammatory NFkB pathway is
implicated in the regulation of expression and activity of AR (L. Zhang et al., 2009; Xia, L.,

Shen, S., 2014).

To assess the association of key components of the TRAF/NFkB pathway to AR expression,
the correlation between TRAFs and AR expression was examined in primary tumour and
metastatic prostate cancer datasets using cBioPortal online tool. In previous publications,
positive correlations with AR have been studied to identify potential promoters of prostate
cancer (L. Zhang et al., 2009; Nabbi et al., 2017). The strength of association was determined
by the correlation coefficient, namely R value (Mukaka, 2012), and data showed that TRAF3
and TRAF6 have a significantly positive correlation with AR at initial stages of prostate cancer
(Figure 3.6). In patients with metastatic prostate cancer, AR expression showed a positive
correlation with TRAF3 and TRAF7, being negligible or negative for all other TRAFs (Figure
3.7). The R values obtained from primary prostatic tumours and metastatic prostate cancer are

summarised in Table 3.1.
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Table 3.1. Spearman correlation R values of AR expression with TRAFs in primary tumour and metastatic
prostate cancer. PCa=Prostate cancer.

PCa patients PCa patients with
metastasis
(n=488) (n=212)
TRAF1 -0.20 -0.17
TRAF2 -0.50 0.08
TRAF3 0.43 -0.08
TRAF4 -0.23 0.32
TRAF5 -0.20 -0.24
TRAF6 0.55 0.05
TRAF7 0.11 0.27

Next, the online software TIMER was used to investigate the link between the infiltration of
immune cell populations and TRAF expression in prostate cancer (Figure 3.8 and
Supplementary Figure 1 for original graphs). Notably, the expression of TRAF2, TRAF4 and
TRAF7 showed a negative correlation with the presence of tumour-infiltrating immune cells.
Interestingly, TRAF2 had the most negative correlation with CD8+ T cells and also, a positive
correlation with CD4+ T cells. In contrast, a positive and uniform association of the infiltrating
immune cell populations is observed with the expression of TRAF3 and TRAF®6. In particular,
TRAFG6 exhibited the strongest positive correlation with CD8+ cytotoxic T cells (R=0.6,
p<0.0001). Similarly, TRAF1 and TRAFS5 shared a resembling infiltrating immune cell profile
that shows high association between TRAF1 and TRAF5 expression and CD4+ T cells and
neutrophils. A weak correlation of TRAF1 and TRAF5 expression with CD8+ T cells and a
moderate association with the other immune cells was also observed (Figure 3.8A and E,
respectively). Interestingly, no association between TRAF2 and AR or TRAF2 with immune

cell infiltration was found.
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Chapter 3. TRAF6 expression in prostate cancer

3.4.3. TRAF6 and related NFKB components are highly
amplified in metastatic prostate cancer

Genetic alterations in TRAF proteins are commonly found in different types of cancer (Zhu et
al., 2018) and upregulated expression of TRAF2 and TRAF4 has been previously reported in
prostate cancer (Yang et al., 2009; Wei, Ruan, et al., 2017; Singh et al., 2018). To gain a better
understanding of the complex interactions between the TRAFs involved in the progression of

prostate cancer, | first studied the interactions between different TRAF proteins using STRING.

As shown in Figure 3.9, most interactions between the TRAFs have been confirmed
experimentally and with curated databases. TRAF7 has no reported interaction with other
TRAFs. On the other hand, TRAF6 interacts with TRAF1 to 5 and TRAF2 and TRAF3 interact

with all TRAFs, except TRAF4 and TRAF7.

protein homology
TRAF4 TRAF7 Known Interactions
, P . abases
A S ﬁ from curated databases
S N Yz
\ i 4 \ < ! experimentally determined

Figure 3.9. Reported interactions of TRAF proteins found in STRING database. TRAFs 1-7 predicted and
experimentally confirmed interactions between each other. Purple line indicates protein homology, blue line
represents information from curated databases and pink is based on experimentally determined interactions.
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Next, CNAs in prostate cancer patients were investigated to determine acquired modifications
at DNA-level regarding the expression of TRAF proteins. Briefly, correct selection of databases
was confirmed by using commonly altered genes in prostate cancer as inputs (see
Supplementary Figure 2. ) (Taylor et al., 2010; Rubin and Demichelis, 2018). As shown in
Figure 3.10, the most common CNA of TRAF proteins found in primary prostate tumours is
amplification, particularly of TRAF7, followed by TRAF2 and TRAF5, and all TRAF proteins
mostly present amplified CNAs at a metastatic stage. Little or no modifications in the
percentage of deletions in TRAF1, TRAF3, TRAF4 and TRAF5 were found at the primary and
advanced stages. Deletions of TRAF2 and TRAF7 augmented in metastasis and, in contrast,
TRAF6 deletions reduced. Mutations at metastatic stages of prostate cancer were found to be
increased in TRAF1, TRAF3 and TRAF5, decreased in TRAF2 and TRAF7, and remained
unmodified in TRAF4 and TRAFG6. The effects of CNAs were confirmed by studying mRNA
expression of the TRAFs at primary and metastatic stages of prostate cancer (Supplementary

Figure 3).

Then, the chromosomal alterations of TRAF proteins were studied in patients with bone
metastasis. As observed in Figure 3.11, prostate cancer patients with bone metastasis present
deletions of TRAF3 and TRAF7 and gains or amplifications of TRAF1, TRAF2 and particularly,

TRAFG6, which in fact was found in approximately 30% of patients.
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As several NFkB components have been linked to dysregulation of the MAPK pathway in
prostate cancer (Gasparian et al., 2002; L. Zhang et al., 2009), amplifications in MAPK- and
NFkB-related receptors upstream of TRAF6 (Figure 3.12A) and downstream signalling
proteins (Figure 3.12B) were investigated. The ratio of metastatic and primary prostate cancer
CNAs showed elevated amplifications in the expression of several receptors, specifically
CD40, TNF-a Receptor (TNFRSF1A), Transforming Growth Factor  Receptor (TGFR-B) and
insulin growth-like factor 1 receptor (IGF-1R), and in various ligands, particularly CD40L and
TNF-a. In addition, various signalling proteins downstream of TRAFG6, including p38, JNK, p65

(RELA) and Akt, were found to be highly expressed in patients with metastatic disease.
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3.4.4. TRAF6 protein expression levels and of receptors
CD40 and RANK in a panel of human and mouse prostate
cancer cell lines and in different macrophage subtypes

RANK and CD40 receptors have a unique binding site for TRAF6 (Park, 2018). Thus, the
expression of TRAF6 and these receptors was assessed in a panel of mouse and human
prostate cancer cells with different growth and metastatic capabilities by using Western Blot
analysis. The human C42-B4 and the osteotropic and castration-resistant murine RM1-BM and
human DU145 and PC3 prostate cancer cells expressed higher levels of CD40, RANK (Figure
3.13) and TRAF®6 (Figure 3.14A and C) when compared to the parental androgen-sensitive

LNCaP.

Furthermore, given the involvement of macrophages in prostate cancer progression and the
important role of TRAF6 in macrophage differentiation and lineage commitment, | next
assessed TRAF6 expression in uncommitted macrophage-osteoclast precursors (M@) and in
anti-tumorigenic M1 and pro-tumorigenic M2 macrophage subtypes, derived from
differentiated monocyte-like THP-1 cells and by previously confirming their phenotypes using
flow cytometry (Supplementary Figure 4). As shown in Figure 3.14B and D, the anti-
tumorigenic M1 phenotype showed a significant decrease in TRAF6 expression compared to

uncommitted M@ and pro-tumorigenic M2 macrophage subtypes.
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Figure 3.13. Expression of TRAF6 receptors, CD40 and RANK, in a panel of human prostate cancer cell
lines. Relative fold of CD40/Actin (A) and RANK/Actin (B) expression from LNCaP and its derivative C42-B4 and
highly metastatic mouse RM1-BM and human DU145 and PC3 prostate cancer cells. Representative Western Blot
images of expression of CD40 (C) and RANK (D). The data are mean + standard deviation (n=3). p-values were
obtained from ordinary ANOVA test followed by Tukey post hoc test. ***p<0.0005, **p<0.005, *p<0.05 compared to
LNCaP, ##p<0.005, #p<0.05 compared to C42-B4, $p<0.05 compared to RM1-BM.
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Figure 3.14. TRAF6 expression in a panel of human prostate cancer cell lines and in different macrophage
subtypes. Relative fold of TRAF6/Actin expression in (A) LNCaP and its derivative C42-B4 and highly metastatic
mouse RM1-BM and human DU145 and PC3 and (B) uncommitted (M®), anti-tumorigenic (M1) and pro-tumorigenic
(M2) macrophage subtypes. Representative Western Blot images of expression of prostate cancer cells (C) and
macrophages (D). The data are mean + standard deviation (n=3). p-values were obtained from ordinary ANOVA
test followed by Tukey post hoc test. ****p<0.0001, **p<0.01, *p<0.05 compared to control (LNCaP or M@),
++p<0.01, +p<0.05 compared to PC3, $p<0.05 compared to M2.
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3.5. Discussion

TRAF proteins are key modulators of several biological processes and their genetic alterations
have been linked to cancer progression (Zhu et al., 2018). Previous findings have confirmed
the involvement of TRAF2, TRAF4 and TRAF6 in prostate cancer progression (Ahmed et al.,
2013; Sundar et al., 2015; Wei, Ruan, et al., 2017). In this chapter, a combination of publicly
available resources and Western Blot analysis were used to examine the association between
genetic modifications of TRAF proteins and prostate cancer initiation and metastasis. The
initial results confirmed the involvement of all TRAFs, except TRAF7, in cancer. This finding
can be attributed to the understudied signalling mechanisms of TRAF7 since it is generally not
considered as a classical member of the TRAF family due to lack of the highly conserved TRAF
domain and thereby, lack of interaction with members of the TNFR superfamily (Zhu et al.,
2018). The analysis in datasets from prostate cancer patients showed that all TRAFs exhibited
modified expression compared to healthy tissue and a marked amplification was only observed
in TRAF2 and TRAF4 (as described in the literature) and TRAF7. The analyses of overall
survival confirmed these findings and showed that high expression of TRAF2, TRAF4 and
TRAF7 was associated to high-risk prostate cancer; however, this was found not to be
statistically significant. Moreover, disease-free survival was significantly affected by high
expression of TRAF1 and TRAF2. Of all key factors that contribute to enhanced prostate
cancer progression, AR expression was found to be positively correlated with TRAF3 and
TRAF6 at initial stages of the disease and to TRAF4 and TRAF7 at a metastatic stage. The
expression of TRAF3 and TRAF6 was also found to be highly associated with the number of
tumour-infiltrating immune cells. Interestingly, these data suggest that even though TRAF2 is
overexpressed in prostate cancer tissue, it plays a minor role in influencing the tumour
microenvironment. The analysis of protein-protein interactions confirmed that TRAF®6 interacts
with all other TRAFs (except TRAF7, possibly due to lack of exploration) and studies on genetic

modifications suggested that TRAF6 represents a potential therapeutic target for prostate
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cancer metastasis since it exhibited the highest gain/amplification in prostate cancer patients
with bone metastasis, along with elevated amplifications found in downstream components of
oncogene Akt and JNK MAPK. Amplifications in AR were also found in the same cohort of
patients (Supplementary Figure 5) and it is well-known that alterations in AR play a critical
role throughout the development of prostate cancer and at a metastatic stage (Barfeld et al.,
2012; Culig and Santer, 2014). Importantly, selecting TRAF6 as a target for the study of the
prostate cancer bone metastatic microenvironment was supported by previous reports
implicating TRAF®6 in prostate cancer progression (Sundar et al., 2015; Aripaka et al., 2019),
the specific receptor-interaction of TRAF6 compared to other TRAFs and the requirement of
TRAF6 in immune cell function and bone homeostasis, particularly in osteoclastogenesis
(Kobayashi et al., 2001; Kobayashi, Walsh and Choi, 2004; Lamothe et al., 2007; Zhuang et

al., 2017; Seijkens et al., 2018).

These results showed for the first time that TRAF6 and its related receptors CD40 and RANK
are highly expressed in AR-insensitive, highly metastatic and osteotropic prostate cancer cells.
Interestingly, a significant reduction of TRAF6 was also detected in anti-tumorigenic M1
macrophages, thereby implicating TRAF6 in macrophage anti-tumour immunity. Although
some studies have failed to show that TRAF6 inhibition affects macrophage lineage
commitment (Bosch et al., 2019), genetic inactivation of TRAF6 is known to abolish
macrophage differentiation into osteoclasts induced by the pro-inflammatory CD40L, IL-1 and
LPS (Lomaga et al., 1999). Thus, further analyses of the effects of TRAF6 inhibition on

macrophage lineage commitment were addressed in this study.

Table 3.2 summarises the main findings of this chapter that, altogether, suggest that TRAF6
is involved in bone metastasis and anti-tumour macrophage immunity in prostate cancer. Thus,
TRAF6 inhibition may be of value in the treatment of prostate cancer metastasis, particularly

to the skeleton.
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osteolysis in mice
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41. Summary

TRAF6, a key member of the TRAF family, plays a critical role in osteoclastogenesis and
studies in the literature and in Chapter 3 suggest that TRAF®6 inhibition could be of value in
the treatment of prostate cancer bone metastasis. However, the effects of manipulation of
cancer-specific TRAF6 on prostate cancer-induced bone disease have not been investigated.
In this chapter, the role of cancer-specific TRAF6 on prostate cancer cell growth, motility and
ability to influence bone cell activity and to cause osteolysis was investigated. To achieve this,
| successfully knocked down TRAFG6 in the highly metastatic human DU145 and PC3 prostate
cancer cells by lentiviral transduction using three shRNA constructs. The DU145 and PC3 cell
colonies with the lowest expression of TRAF6 were chosen for following experiments. Further
mechanistic Western Blot analysis of NFkB signalling showed that TRAF6 knockdown caused
a significant reduction in the expression of transcriptional factor p65 when compared to control
cells. Furthermore, TRAF6 knockdown in DU145 and PC3 cells showed a significant reduction
in cell growth, migration and invasion and a modest decrease in their ability to influence
osteoclast formation and osteoblast maturation in vitro. In vivo, no differences were found in
either cortical or trabecular bone volume in nude mice inoculated with mock or TRAF6-deficient
PC3 cells by intratibial injection. Altogether, these findings suggest that TRAF6 knockdown
reduces the ability of the human PC3 and DU145 prostate cancer cells to grow, move and
influence bone cells in vitro. However, the results of the in vivo experiment showed that cancer-
specific inhibition of TRAF6 was not sufficient to protect against osteolysis in the human PC3

model of immunodeficient mice.
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4.2. Introduction

Constitutive activation of the NFkB pathway has been implicated in prostate cancer
progression (S. Huang et al., 2017; Zhu et al., 2018), and TRAF2, TRAF4 and TRAF6, key
components of NFkB signalling, have been found to be upregulated in prostate tumours (Wei,
Ruan, et al., 2017; Singh et al., 2018; Aripaka et al., 2019). Knockdown of TRAF2 (Wei, Ruan,
et al.,, 2017) and TRAF4 (Ahmed et al., 2013) reduced the growth and migration of prostate
cancer cells in vitro. Several studies have examined the involvement of TRAF6 in the growth
and motility of prostate cancer cells in vitro (Gudey et al., 2014; Sundar et al., 2015; Aripaka
et al., 2019) and in vivo, as Yang and colleagues (2009) showed that subcutaneous injection
with TRAF6-deficient PC3 in mice had reduced tumour growth compared to control mice (Yang

et al., 2009).

TRAFG6 is a key regulator of RANKL-induced osteoclast formation, survival and bone resorption
(Gohda et al., 2005) and TRAF6-deficiency is linked to osteopetrosis and reduced osteoclast
formation (Lomaga et al., 1999; Naito et al., 1999). CD40-TRAF6 signalling is implicated in the
maturation and activation of various immune cells including dendritic cells, macrophages and
B cells (Dainichi et al., 2019). TRAF6 plays an important role in these functions as a result of
its involvement in the signalling of various systematic and bone- and tumour-derived pro-
inflammatory mediators that include RANKL, TNFa, IL-1p, TGF-B (Lamothe et al., 2007; Lu et
al., 2014; Sundar et al., 2015) and others immune modulators such as CD40L and LPS

(Kobayashi et al., 2003).

To have a better understanding of the role of TRAF6 in prostate cancer cell behaviour in bone,
the effects of TRAF6 inhibition were studied on prostate cancer cell growth, motility and ability

to influence bone cell activity and to cause osteolysis in models of human prostate cancer.
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4.3. Aims

The aim of this chapter was to successfully knockdown TRAF®6 in the highly metastatic human
prostate cancer cells DU145 and PC3 cells and investigate the effects of cancer-specific

inhibition of TRAF6 on:

The expression of TRAF6 and NFkB p65.

The in vitro viability, migration and invasion of prostate cancer cells.

The ability of prostate cancer cells to influence
o Osteoclast formation in vitro.

o Osteoblast differentiation and bone nodule formation in vitro.

The osteolysis in immunodeficient mice bearing the human prostate cancer cells

PC3.
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4.4. Results

44.1. Confirmation of successful knockdown of TRAF6 in
human DU145 and PC3 prostate cancer cells

In chapter 3, | confirmed that the highly metastatic human DU145 and PC3 prostate cancer
cells express high levels of TRAF6 when compared to hormone-dependent LNCaP cells. Here,
stable TRAF6 knockdown was performed in the human DU145 and PC3 cells using lentiviral
vectors expressing three TRAF6 shRNA individual clones and one empty vector (mock), as
control. Successful TRAF6 knockdown was confirmed by analysing TRAF6 protein expression
with the use of Western Blot. As shown in Figure 4.1, TRAF6 expression was significantly
reduced in all three colonies of DU145 and PC3 prostate cancer cells when compared to the
mock group, with approximately over 70% reduction of TRAF6 detected in colonies shRNA
TRAF6 knockdown 1 (shT6KD') and shT6KD? of each cell line. Thus, these two colonies were

chosen for following experiments.

TRAF6 plays an important role in the activation of canonical NFkB signalling (Lalani et al.,
2018) and previous studies have shown that TRAF6 associates with TRAF2 to coordinate the
activation of this pathway (Jabara et al., 2002). To further confirm the successful knockdown
of TRAF6 in human DU145 and PC3 cells, | assessed the expression of TRAF2 and
downstream components of the NFkB pathway, namely IkB-a. and NFkB p65, using Western
Blot analysis. As shown in Figure 4.2, TRAF6 knockdown significantly reduced the constitutive
expression of NFKB p65 in human DU145 and PC3 without significantly affecting TRAF2
expression. In addition, no significant decrease was detected in IkB-a expression in TRAF6-
deficient human DU145 and PC3 cells, indicative of inhibition of canonical NFkB signalling in

these cells.
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Figure 4.1. Successful TRAF6 knockdown expression in metastatic DU145 and PC3 prostate cancer cells.
Percentage of relative TRAF6 expression from the three shRNA TRAF6 constructs using DU145 (A) and PC3 (B)
prostate cancer cells. Representative images of DU145 (C) and PC3 (D) cell samples by Western Blot. Data
obtained from three independent experiments. p-values were obtained from ordinary ANOVA test followed by Tukey
post hoc test. ****p<0.0001, ***p<0.0005, **p<0.01 compared to mock transfected cells; #p<0.05 compared to

shT6KD3. KD=Knockdown.
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4.4.2. TRAF6 knockdown reduces prostate cancer cell
growth in vitro

Next, the viability of human DU145 and PC3 prostate cancer cells transduced with control or
TRAF6 shRNAs was analysed using AlamarBlue™ cell viability assay, as described in section
2.4.2.1. As shown in Figure 4.3, TRAF6 knockdown significantly decreased the number of
DU145 cells after 72 hours (Figure 4.3A and C) and PC3 cells after 48 and 72 hours (Figure
4.3B and D), compared to control group. Interestingly, TRAF6 knockdown caused 51-52%
reduction in the viability of PC3 after 72 hours compared to 32-38% reduction in DU145 cell

viability after the same period of culture.

15004 — Mock 15007 — Mock
1250 — shT6KD' 1250 — shT6KD'
> o~ —~
£ 1000 shTeKD? 23 10001 shTeKD?
ST Fs
> 8 7501 g 8 7501
[72] [72]
T © 500 3 © 500
R a R
0O = 2501 250
0 0
24 48 72 [Hours] 24 48 72 [Hours]

Mock shT6KD ' shT6KD 2 Mock shTeKD ShT6KD?2

Figure 4.3. TRAF6 knockdown in highly metastatic prostate cancer cells reduces cell growth in vitro.
Percentage of viability of DU145 (A) and PC3 (B) TRAF6 knockdown prostate cancer cells compared to cells
silenced with control shRNA. Representative images of viability after 72 hours from DU145 (C) and PC3 (D) cells.
Data obtained from three independent experiments. p-values were obtained from two-way ANOVA test followed by
Tukey post hoc test. ****p<0.0001 and *p<0.05 compared to mock transduced cells. Scale bar=100 pM.
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4.4.3. TRAF6 knockdown reduces the motility of prostate
cancer cells in vitro

Various studies have implicated TRAF6 in the promotion of the invasion of prostate cancer
cells (Gudey et al, 2014; Sundar et al, 2015) and downregulation of TRAF6, by
overexpression of miR-146a-5p, inhibited the motility of P69 and PC3 prostate cancer cells in
vitro (Paik et al., 2011; Sun et al., 2014). Here, the effects of TRAF6 knockdown on DU145
and PC3 migration and invasion in vitro were assessed by the wound healing assay (See
2.4.2.2. Cell migration assessed by the wound-healing assay) and Transwell® invasion
assay (See 2.4.2.3. Cell invasion assessed by Transwell® invasion assay) respectively
(Moutasim, Nystrom and Thomas, 2011). As shown in Figure 4.4, TRAF6 knockdown in
DU145 and PC3 significantly reduced cell migration after 14 hours when compared to mock
control. As shown in Supplementary Figure 6, TRAF6 knockdown in PC3 had no effect on
cell viability after 14 hours of culture period; however, DU145 cell viability decreased
approximately 10-20%. In addition, TRAF6 knockdown in PC3, but not in DU145, significantly

reduced cell invasion compared to mock cells (Figure 4.5).
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DU145 migration
(% as control)
PC3 migration
(% as control)
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Mock  shT6KD'  shTeKD? Mock
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Figure 4.4. TRAF6 knockdown decreased DU145 and PC3 cell migration in vitro. Percentage of cell migration
from prostate cancer cells silenced with control shRNA compared to TRAF6 knockdown DU145 (A) and PC3 (B)
prostate cancer cells. Representative images showing initial and final positions of motility in timepoints 0 (dotted
lines) and 14 hours (continuous lines) from DU145 (C) and PC3 (D) cells. Data obtained from three independent
experiments. p-values were obtained from one-way ANOVA test followed by Tukey post hoc test. ***p<0.0005,
**p<0.01 and *p<0.05 compared to mock transfected cells. Scale bar=100 uM.
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Figure 4.5. TRAF6 knockdown reduced DU145 and PC3 cell invasion in vitro. Percentage of cell invasion from
prostate cancer cells silenced with control shRNA compared to TRAF6 knockdown DU145 (A) and PC3 (B) prostate
cancer cells. Representative images of cell invasion after 72 hours from DU145 (C) and PC3 (D) cells. Data obtained
from three independent experiments. p-values were obtained from one-way ANOVA test followed by Tukey post
hoc test. **p<0.01 and *p<0.05 compared to mock transfected cells. Scale bar=200 uM.
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4.4.4. TRAF6 knockdown in prostate cancer cells had no
effect on RANKL-induced osteoclast formation in vitro

Prostate cancer cells produce and respond to several NFkB-activating pro-inflammatory
factors including RANKL, CD40L and IL-18, that directly or indirectly enhance bone cell activity
and contribute to the formation of osteoblastic and osteolytic lesions (Vela et al., 2007; Liu et
al., 2013; Roodman and Silbermann, 2015). In this project, the effect of TRAF6 knockdown
prostate cancer cells on RANKL-induced osteoclast formation was tested (See section 2.4.3).
Briefly, cultures of the murine macrophage-like cell line RAW264.7 were exposed to RANKL
(100 ng/ml) in the presence and absence of conditioned medium from mock or TRAF6 shRNA

DU145 or PC3 for 6 days. RAW264.7 cells exposed to RANKL alone were used as control.

Figure 4.6 shows that addition of conditioned media from mock or TRAF6-deficient DU145
and PC3 cells had no effect on the number of TRAcP-positive osteoclasts with three or more
nuclei as compared to control cultures. Additionally, in all cell cultures and conditions, no
difference was observed in cell number assessed by AlamarBlue™ assay (Supplementary

Figure 7).
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Figure 4.6. TRAF6 knockdown in DU145 and PC3 had no effect on RANKL-induced osteoclast formation in
RAW 264.7 macrophage cultures in vitro. Percentage of osteoclast formation from RAW 264.7 cells stimulated
by RANKL in the presence and absence of soluble factors produced by prostate cancer cells silenced with control
shRNA compared to TRAF6 knockdown DU145 (A) and PC3 (B). Representative images of multinucleated TRAcP-
positive control cells exposed to conditioned medium from control or TRAF6 shRNA transduced DU145 (C) and
PC3 (D) cells. Data obtained from three independent experiments. Statistical analysis was performed with one-way
ANOVA test followed by Tukey post hoc test. Scale bar=100 uM.
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4.4.5. TRAF6 knockdown prostate cancer cells alter
osteoblast activity in vitro

Prostate cancer cells promote both osteoclastic and osteoblastic features; however,
osteoblastic lesions are more commonly observed in patients (Armstrong et al., 2008; Rafiei
and S. V Komarova, 2013). Due to this, osteoblast differentiation and nodule formation was
studied in cultures of the human osteoblast-like cells Saos-2 exposed to conditioned medium
from TRAF6 knockdown and control DU145 and PC3 cells by assessing alkaline phosphatase
activity and alizarin red assay, respectively (See section 2.4.4). 7-day exposure of Saos-2
cells to conditioned medium from TRAF6 knockdown DU145 cells reduced alkaline
phosphatase activity and increased bone nodule formation when compared to mock control,
suggesting reduced osteoblast differentiation and enhanced bone-forming activity (Figure
4.7A and B). Interestingly, exposure to conditioned medium from TRAF6 knockdown DU145
also reduced the total number of osteoblasts in culture when compared to cells exposed to
media from mock (Figure 4.7C). In contrast, conditioned medium from TRAF6 knockdown
PC3 cells caused a reduction in bone nodule formation compared to cells exposed to media
from mock, without significantly affecting alkaline phosphatase activity or osteoblast viability

(Figure 4.8).
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Figure 4.7. Conditioned medium from TRAF6 knockdown DU145 prostate cancer cells enhanced bone
nodule formation in vitro. Percentage of alkaline phosphatase after 7 days (A) and after 10 days, marker for
nodule formation alizarin red (B) and cell viability (C) of Saos-2 cells with or without exposure to conditioned medium
from DU145 cells silenced with TRAF6 or control. (D) Representative images of Saos-2 mineralisation in the
presence and absence of conditioned medium from mock or TRAF6 knockdown DU145 cells. Data obtained from
three independent experiments. p-values were obtained from one-way ANOVA test followed by Tukey post hoc
test. ***p<0.005, **p<0.01, *p<0.05 compared to control Saos-2 without exposure to conditioned medium,
###p<0.005, #p<0.01, #p<0.05 compared to DU145 mock transduced cells.
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Figure 4.8. Conditioned medium from TRAF6 knockdown PC3 prostate cancer cells reduced bone nodule
formation in vitro. Percentage of alkaline phosphatase after 7 days (A) and after 10 days, marker for nodule
formation alizarin red (B) and cell viability (C) of Saos-2 cells with or without exposure to conditioned medium from
PC3 cells silenced with TRAF6 or control. (D) Representative images of Saos-2 mineralisation in the presence and
absence of conditioned medium from mock or TRAF6 knockdown PC3 cells. Data obtained from three independent
experiments. p-values were obtained from one-way ANOVA test followed by Tukey post hoc test. **p<0.01, *p<0.05
compared to control Saos-2 without exposure to conditioned medium, #p<0.05 compared to PC3 mock transduced
cells.
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4.4.6. Cancer-specific TRAF6 knockdown in human PC3
had no significant effect in osteolysis in nude mice

Yang and colleagues (2010) have previously reported that TRAF6 knockdown in human PC3
cells reduced tumour growth in mice (Yang et al., 2010). Here, the effects of cancer-specific
knockdown of TRAF6 were tested on the ability of prostate cancer cells to influence bone cell
activity and to cause osteolysis after injection of human PC3 cells in the left tibia of nude mice,
as described in 2.5.2. Intratibial injection of human PC3 prostate cancer cells in

immunodeficient mice.

Detailed micro-computed tomography (micro-CT) analysis (described in section 2.5.3.) of the
tibia metaphysis of mice showed no significant difference in trabecular bone volume, trabecular
number, thickness, separation, porosity or structure model index between mice bearing mock
or TRAF6 knockdown PC3 cells (Figure 4.9). Similarly, no significant difference in cortical
bone volume or porosity was observed in mice bearing mock or TRAF6 knockdown PC3 cells

(Figure 4.10).
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4.5. Discussion

In chapter 3, | showed that the expression of TRAF6 is linked to prostate cancer bone
metastasis and that TRAF6 is highly expressed in metastatic and osteotropic mouse and
human prostate cancer cells (Figure 3.14). Several studies have shown that TRAF6, a
downstream regulator of NFkB activation, has been linked to the promotion of prostate cancer
progression (Gudey et al., 2014; Sundar et al., 2015; Aripaka et al., 2019). The aim of this
chapter was to investigate the effects of cancer-specific TRAF6 knockdown on the ability of
highly metastatic human prostate cancer cells to influence bone cell activity and to cause

osteolytic bone damage.

First, TRAF6 knockdown expression was successfully generated in moderately and highly
metastatic DU145 and PC3 cells, respectively. The constructs showing the lowest reduction in
TRAF6 expression were selected for further experiments. Next, a number of in vitro
experiments were conducted to study the effects of TRAF6 knockdown in DU145 and PC3
cells on NFkB signalling and the ability of these cells to grow, migrate, invade and influence
the differentiation of osteoblasts and osteoclasts. As the analysis shown in chapter 3, TRAF6
interacts with all other TRAFs, possibly influencing the expression of closely related TRAFs,
such as TRAF2, in TRAF6 knockdown cell lines. In addition, ubiquitination and degradation of
IkB-a are important processes in the activation of NFkB signalling and higher levels of
expression of IkB-a indicate a reduction in NFkB activation. The experiments described in this
chapter confirm that TRAF6 knockdown in DU145 and PC3 cells reduced the expression of

the transcriptional factor p65 without affecting TRAF2 expression.

Encouraged by these findings, it was shown that prostate cancer cell viability was significantly
reduced in DU145- and PC3-TRAF6 knockdown cells compared to control. These findings are
consistent with previous reports that have shown the important role of TRAF®6 in the activation

of signalling pathways that are involved in cancer cell proliferation and survival. Gudey and
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collaborators (2014) showed that inhibition of a protein complex (y-secretase) activated by
TRAF6 decreased tumour growth in a xenograft prostate cancer model (Gudey et al., 2014).
Additionally, by studying the E3 ligase function of TRAF6 in the activation of the cell survival
pathway Akt, Yang and colleagues (2009) reported that TRAF6 knockdown in PC3 cells
reduced their tumorigenic potential in nude mice (Yang et al., 2009). Together, these findings

suggest that TRAF6 inhibition reduces the growth of human prostate cancer cells.

In vitro studies have shown that TRAF6 promotes prostate cancer cell invasiveness, induced
by TGF-B (Gudey et al., 2014; Sundar et al., 2015). In this project, the effects of TRAF6
inhibition were studied on the metastatic abilities of prostate cancer cells by examining the
ability of mock and TRAF6-deficient cells to migrate and invade in vitro. These experiments
showed that TRAF6 knockdown in PC3 caused a significant reduction in cell migration and
invasion, whereas TRAF6 knockdown in DU145 had a significant reduction in migration but
their invasion capability was relatively unaffected despite of exhibiting significantly lower
expression of TRAF6 after knockdown. This might be due to the different origin of DU145 cells
(derived from brain metastasis) or possibly to reduced expression of TRAF6-related receptors
such as RANK and CD40 compared to the highly metastatic PC3, as previously discussed in

section 3.4.4.

In this study, the role of cancer-specific TRAF6 inhibition in prostate cancer — bone cell
interaction was assessed. Previous work has shown that TRAF6 enhances bone volume in
mice by inhibition of osteoclasts (Lomaga et al., 1999). Given the high incidence of skeletal-
related events in advanced prostate cancer patients and the propensity of prostate cancer cells
to metastasise to bone, the effects of TRAF6 inhibition in prostate cancer cells were addressed
on osteoclast precursors and osteoblasts. In vitro studies showed that TRAF6 knockdown in
prostate cancer cells exerted a modest effect on RANKL-induced osteoclast formation in the

described models of DU145 and PC3. This suggests that TRAF6 in prostate cancer cells plays
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a minor role in RANKL-induced osteoclast formation. It is also important to note that previous
in vitro studies showed that prostate cancer cells-derived factors induced a modest, non-
significant increase in osteoclast number in RANKL-stimulated RAW 264.7 cultures (Yuen et
al., 2010; Rafieiand S. V. Komarova, 2013). Due to this, future studies should identify, examine
and compare the expression levels of tumour-derived factors produced by mock and TRAF6

knockdown prostate cancer cells.

Osteoblast number and activity is enhanced during the osteoblastic phase of prostate cancer
and osteoblastic lesions are a major feature of prostate cancer-induced bone disease (Vela et
al., 2007). Interestingly, a differential effect in the ability of Saos-2 cells to grow, mature and to
form bone nodules was observed in the presence of conditioned medium from TRAF6
knockdown DU145 and PC3. TRAF6 knockdown PC3 cells had reduced ability to form bone
nodules in vitro, as opposed to DU145-TRAF6 knockdown cells. This suggests that TRAF6
inhibition in highly metastatic prostate cancer cells could be of value in the treatment of
osteoblastic prostate cancer bone metastasis. In addition, similar to exposure to control
conditioned medium of PC3, soluble factors from DU145-TRAF6 knockdown significantly
reduced viability of osteoblast-like Saos-2 cells. Even though the results obtained from the use
of both cell lines are contrasting, it is important to note that TRAF6 knockdown in prostate
cancer cells did indeed alter osteoblast differentiation and viability. The animal study carried
out to further confirm these findings, showed that TRAF6 knockdown in PC3 cells injected
intratibially failed to protect mice against bone loss in both trabecular and cortical
compartments. Although further histological and histomorphometrical analysis are needed, the
present detailed micro-CT analysis indicates that cancer-specific inhibition of TRAF6 is not

sufficient to reduce prostate cancer induced osteolysis.

Overall, the results of the in vitro studies in this chapter suggest that inhibition of cancer-

specific TRAF6 reduces the ability of highly metastatic cells, namely PC3 and DU145, to grow,
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migrate, invade and influence osteoclast formation and osteoblast differentiation in vitro; yet it
had no significant effect against PC3 cell-induced osteolysis in immunodeficient mice. Given
the important role that the TRAF/NFkB pathway plays in cancer, future studies should examine
the effects of cancer-specific inhibition of TRAF6 on prostate cancer-associated bone disease
in immunocompetent mice and test the hypothesis that inhibition of TRAF6 in both tumour and
host cells is required for the reduction of skeletal-related events associated with advanced

prostate cancer in bone.
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5.1. Summary

TRAF6 expression in osteoclasts and immune cells plays an important role in the regulation of
bone remodelling and immunity. In Chapter 4, it was shown that cancer-specific inhibition of
TRAF6 in human PC3 prostate cancer cells influenced bone-cell activity in vitro but failed to
protect mice against osteolysis. In this chapter, a pharmacological approach was used to test
the effects of TRAFG6 inhibition in both host and prostate cancer cells on bone cell activity and
osteolysis. Our collaborator Nicolaes and colleagues (University of Maastricht, Netherlands)
designed and verified the targeting and inhibition of CD40-TRAF6 interaction with the
compound 6877002, used in these studies. 6877002 showed anti-tumour and anti-metastatic
properties by significantly inhibiting the in vitro viability of a panel of human and mouse prostate
cancer cells and reducing the ability of human PC3 and DU145 prostate cancer cells to migrate
and invade in vitro. Furthermore, treatment with 6877002 significantly reduced the ability of
RANKL-stimulated RAW264.7 cells to form osteoclasts and of Saos-2 to form bone nodules in
the presence of prostate cancer cell-derived factors. In vivo, administration of 6877002 (20
mg/kg/daily) in nude mice failed to enhance bone volume at both trabecular and cortical
compartments following the intratibial injection of the human PC3 prostate cancer cell line.
Altogether, these findings imply that inhibition of TRAF6, at the level of CD40/RANKL binding
site, by 6877002 in the tumour microenvironment was insufficient to protect against osteolysis

after local injection of human PC3 in immunodeficient mice.
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5.2. Introduction

Osteoblast and osteoclast activity plays an important role in the pathogenesis of prostate
cancer-associated bone disease (Yuen et al.,, 2010). TRAF6 is essential for osteoclast
formation, survival and activity and it is the main regulator of RANKL-induced signalling
(Lomaga et al., 1999; Lamothe et al., 2007). Upon activation, TRAFG6 is recruited by members
of the TNF receptor superfamily including CD40 and RANK (Moriya et al., 2015). This results
in the activation of a cascade of intracellular signalling events including the phosphorylation of
IkB-a. by the IkB-a kinase (IKK) complex, followed by the proteasomal degradation of IkB-a
and subsequently, leads to NFkB nuclear translocation and DNA binding (Davies et al., 2005;

Lamothe et al., 2007; Seijkens et al., 2018)

Studies performed by Chatzigeorgiou and colleagues in 2014 led to the discovery of the small-
molecule inhibitor of CD40-TRAF6 interaction, 6877002 (Antonios Chatzigeorgiou et al., 2014).
The compound 6877002 selectively inhibited the CD40-TRAF6 pathway and not CD40-
TRAF2/3/5, showing promising results in the improvement of insulin sensitivity and in the
decrease of inflammatory cell recruitment in vivo, as confirmed by other studies (Aarts et al.,
2017; Seijkens et al., 2018). In addition, 6877002 along with six TRAF6 small-molecule
inhibitors were used to reduce inflammation of the peritoneum in an in vivo model.
Consequently, 6877002 and one of its derivatives were selected in studies that showed that
inhibition of TRAF6 increased the survival rate of mice bearing systemic inflammation by
polymicrobial sepsis (Zarzycka et al., 2015). More recently, findings from our group have
shown that the verified TRAFG6 inhibitor 6877002 decreases the ability of breast cancer cells

to induce osteoclastogenesis (Bishop et al., 2020).

TRAF6 plays a role in the promotion of prostate cancer cell invasion (Gudey et al., 2014;
Sundar et al., 2015) and tumorigenesis in mice (Yang et al., 2009). Due to this and encouraged
by the results in chapter 4 showing that cancer-specific TRAF6 inhibition had no effects on

prostate cancer-associated osteolysis in mice bearing the human PC3, the compound
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6877002 was utilised to test the effects of pharmacological inhibition of TRAF6 on prostate

cancer-associated bone cell activity and osteolysis.
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5.3. Aims
The aims of this chapter were to test the hypothesis that TRAF6 inhibition in both host and

prostate cancer cells reduces the ability of prostate cancer cells to grow, move, influence bone
cell activity and cause osteolysis. To test this hypothesis, | assessed the effects of the verified

TRAF6 inhibitor 6877002 on:

The viability of a panel of human and mouse prostate cancer cells in vitro.
¢ The migration and invasion of the human metastatic prostate cancer cell lines DU145
and PC3 in vitro.
e The ability of the human metastatic prostate cancer cells DU145 and PC3 to
influence:
o Osteoclast formation in vitro.
o Osteoblast differentiation and bone nodule formation in vitro.

e Osteolysis in immunodeficient mice bearing the human prostate cancer cells PC3.
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5.4. Results

5.4.1. The verified 6877002 TRAF6 compound reduced
human and mouse prostate cancer cell viability in vitro

First, the effects of the verified small-molecule inhibitor of CD40-TRAF6 (6877002) were
studied on cell viability in a panel of prostate cancer cell lines using the Alamar Blue® assay
(See section 2.4.2.1). As shown in Figure 5.1, 6877002 reduced the viability of a panel of
human and murine prostate cancer cells in a concentration-dependent manner. The half
maximal inhibitory concentrations (ICso) for 6877002 were not significantly different in cultures
of the human PC3 and DU145 (Table 5.1). Interestingly, 6877002 was more potent in inhibiting

the growth of the syngeneic and osteotropic prostate cancer cell line RM1-BM.
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Table 5.1. Effects of the verified TRAF6 inhibitor 6877002 on the viability of a panel of human and murine
prostate cancer cells with different metastatic abilities in vitro. Cell viability was measured after 72 hours of
continuous exposure to the verified 6877002 (0-100 uM). Calculation of half maximal inhibitory concentrations (ICsg)
was performed as described in section 2.7. Values are expressed as means + SD and were obtained from three
independent experiments.

Half maximal inhibitory concentration (ICso) in uM after 72 hours
Cell type Classification 6877002
LNCaP Human
38.19£3.90
Androgen sensitive
C42-B4 Human
37.54+12.11
Androgen insensitive- Bone trophic
RM1-BM Mouse
21.18+2.59
Androgen insensitive- Bone trophic
DU145 Human
34.08+12.67
Androgen insensitive- Bone trophic
PC3 Human
38.49+14.3
Androgen insensitive- Bone trophic
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5.4.2. The verified TRAF6 inhibitor 6877002 decreases
prostate cancer cell motility in vitro

The involvement of TRAF6 in prostate cancer progression has been confirmed by numerous
studies (Gudey et al., 2014; Sundar et al., 2015; Aripaka et al., 2019). Moreover, previous
studies have shown that treatment with the verified TRAF6 inhibitor 6877002 reduced
monocyte migration in a dose-dependent manner (Aarts et al., 2017). With this in mind, the
effects of pharmacological inhibition of TRAF6 on the migration of human metastatic prostate
cancer cells DU145 and PC3 were assessed. In Figure 5.2, treatment with the verified TRAF6
inhibitor 6877002 (10 uM) decreased the 2D migration of DU145 and PC3 prostate cancer
cells after 14 hours, as assessed by the wound-healing assay (See section 2.4.2.2.); however,
only significant inhibition of cell migration was observed in PC3 cancer cells (Figure 5.2B).
The used concentration of the TRAFG6 inhibitor was selected based on the values obtained
from the ICsp analysis, in which 10 uM had no effect on cell viability. This was confirmed by
assessing cell viability with the AlamarBlue™ assay (See section 2.4.2.1) after 14 hours
(Supplementary Figure 8). Representative images of DU145 and PC3 cells are shown in

Figure 5.2C and D, respectively.
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Figure 5.2. 6877002 reduced DU145 and PC3 cell migration in vitro. Percentage of cell migration of prostate
cancer cells DU145 (A) and PC3 (B) treated with vehicle or 10 uM of the verified TRAF6 inhibitor 6877002.
Representative images showing initial and final positions of motility in timepoints 0 (dotted lines) and 14 hours
(continuous lines) of DU145 (C) and PC3 (D) cells. Data obtained from three independent experiments. p-values
were determined using unpaired T-test. *p<0.05 compared to cells treated with vehicle. Scale bar=100 yM.
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Next, cell invasion was assessed with the Transwell® invasion assay (See section 2.4.2.3.)
to study the effects of 6877002 on the invasive capabilities of human DU145 and PC3 prostate
cancer cells (Carrasco Gonzalez, MSc Thesis, 2017). As shown in Figure 5.3, 6877002
(10 uM) exerted a significant decrease in invasion of the human DU145 and, particularly, of

PC3 prostate cancer cells.
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6877002 6877002

Figure 5.3. Pharmacological inhibition of TRAF6 using 6877002 reduced DU145 and PC3 cell invasion in
vitro. Percentage of cell invasion of DU145 (A) and PC3 (B) prostate cancer cells treated with vehicle or 10 yM of
the TRAF6 inhibitor 6877002. Representative images of invading DU145 (C) and PC3 (D) cells stained with
Hematoxilin and Eosin after 72 hours. Scale bar=100 uM for (C) and Scale bar=50 uM for (D). Panel B and D were
originally presented in MSc thesis “The role of TRAF6/NF-Kappa B in prostate cancer metastasis”. Data obtained
from three independent experiments. p-values were determined using unpaired T-test. *p<0.05, ***p<0.005
compared to cells treated with vehicle.
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5.4.3. The verified 6877002 compound inhibits prostate
cancer- and RANKL-induced osteoclast formation in vitro

TRAF6 plays a critical role in RANKL-induced signalling and TRAF6-deficient mice have
exhibited high bone volume due to absence of mature osteoclasts (Lomaga et al., 1999). In
the present chapter, the effects of TRAF®6 inhibition on bone cell activity in the presence of the
derived factors of prostate cancer cells were studied as described in section 2.4.3. First, the
concentration range for 6877002 was determined based on observing no effects on the viability
of the osteoclast precursors and murine macrophage-like cells RAW264.7. As shown in Figure
5.4A, 6877002 had no significant effect in the number of RAW264.7 cells at 0.1 yM and
induced a modest, non-significant increase at 1 yM and 10 uM. Next, cultures of RAW264.7
cells were stimulated with RANKL (100 ng/ml) and treated with the verified 6877002 TRAF6
inhibitor in a dose-dependent manner (Figure 5.4). Osteoclast precursors, RAW264.7 cells,
were exposed to DU145- and PC3-conditioned media and treated with vehicle (DMSO) or the
TRAF6 inhibitor 6877002 (0.1 uM) and RANKL (100 ng/ml) every 48 hours for 6 days.
RAW264.7 cells only exposed to RANKL were used as control. The verified TRAF6 inhibitor
6877002 significantly reduced the formation of TRAcP-positive multi-nucleated osteoclasts in
the presence of RANKL only (Figure 5.4B) and in combination with conditioned medium from
the human DU145 and PC3 prostate cancer cell lines (Figure 5.5), without affecting
RAW264.7 cell viability (Supplementary Figure 9). Representative images of TRAcP-positive

cells from the described experiment are shown in Figure 5.5, Panel C and D.
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Figure 5.4. Effects of the verified TRAF6 inhibitor 6877002 in cell viability and osteoclast formation in RAW
264.7 cells. Viability (A) and osteoclast formation (B) of RAW264.7 cells stimulated with RANKL and treated with
678002 in a dose-response manner, assessed by Alamar Blue™ and TRACcP staining, respectively. Data obtained
from three independent experiments. p-values were obtained from one-way ANOVA test followed by Tukey post
hoc test. ***p<0.005 compared to cells treated with vehicle, ##p<0.01 compared to cells treated with 0.1 uM of
6877002.
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Figure 5.5. Pharmacological TRAF6 inhibition reduced osteoclast formation in RAW 264.7 cultures exposed
to conditioned medium from DU145 and PC3 in vitro. Percentage of osteoclast formation in RANKL-stimulated
RAW 264.7 cells in the presence and absence of conditioned medium from prostate cancer cells DU145 (A) and
PC3 (B) treated with vehicle or 0.1 yM TRAF6 inhibitor 6877002. Representative images of multinucleated TRAcP-
positive control cells exposed to conditioned medium from DU145 (C) and PC3 (D) cells and treated with the TRAF6
inhibitor or vehicle. Data obtained from three independent experiments. p-values were obtained from one-way
ANOVA test followed by Tukey post hoc test. #p<0.05 compared to cells treated with vehicle and exposed to
conditioned medium. Scale bar=100 M.
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5.4.4. Pharmacological inhibition of TRAF6 using 6877002
alters osteoblast activity

Bone metastatic prostate cancer presents a mix of osteoblastic and osteolytic lesions (Hirata
et al., 2016) and osteoblasts play a key role in this process by producing osteolytic RANKL
and promoting bone matrix mineralization (Rucci and Angelucci, 2014). Here, the effects of the
verified TRAF6 inhibitor 6877002 on osteoblast viability, differentiation and nodule formation
were studied by Alamar Blue™, alkaline phosphatase (ALP) activity and alizarin red assay,
respectively (See section 2.4.4). The used concentration of 6877002 (0.1 uM) was chosen to
ensure consistency with the effects of this compound on osteoclast formation (Figure 5.5). As
shown in Panel A of Figure 5.6 and Figure 5.7, exposure of the human osteoblast-like Saos-
2 cells to conditioned medium from DU145 and PC3 prostate cancer cells caused a modest
increase in alkaline phosphatase activity and moderately reduced cell viability (Figure 5.6C
and Figure 5.7C, respectively). Treatment with 6877002 (0.1 uM) significantly enhanced bone
nodule formation and reduced cell number without significantly affecting alkaline phosphatase
activity on cells exposed to soluble factors from DU145 (Figure 5.6). Similar effects of 6877002
on alkaline phosphatase activity and cell viability were observed in cultures of PC3 prostate
cancer cells; however, there was a moderate decrease in bone nodule formation (Figure 5.7).
Representative images of bone nodule formation from the described experiment are shown in

Panel D of Figure 5.6 and Figure 5.7.
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Figure 5.6. Pharmacological TRAF6 inhibition using the verified 6877002 reduced viability and increased
bone nodule formation of osteoblast-like cells Saos-2 exposed to DU145-conditioned medium in vitro.
Percentage of alkaline phosphatase (A), marker for nodule formation alizarin red (B) and cell viability (C) of Saos-
2 cells exposed to conditioned medium from DU145 and treated with vehicle or TRAF6 inhibitor 6877002. (D)
Representative images of Saos-2 mineralisation in the presence and absence of conditioned medium from DU145
cancer cells and treatment with vehicle or TRAF6 inhibitor 6877002. Data obtained from three independent
experiments. p-values were obtained from one-way ANOVA test followed by Tukey post hoc test. ***p<0.005 and
**p<0.01 compared to control without exposure to conditioned medium, ##p<0.01, #p<0.05 compared to cells
exposed to DU145 conditioned media and treated with vehicle.
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Figure 5.7. Pharmacological TRAF6 inhibition using the verified 6877002 decreased bone nodule formation
of osteoblast-like cells Saos-2 exposed to PC3-conditioned medium in vitro. Percentage of alkaline
phosphatase (A), marker for nodule formation alizarin red (B) and cell viability (C) of Saos-2 cells exposed to
conditioned medium from PC3 prostate cancer cells and treated with vehicle or TRAF6 inhibitor 6877002. (D)
Representative images of Saos-2 mineralisation in the presence and absence of conditioned medium from PC3
and treatment with vehicle or TRAF6 inhibitor 6877002. Data obtained from three independent experiments. p-
values were obtained from one-way ANOVA test followed by Tukey post hoc test. **p<0.01 and *p<0.05 compared

to control Saos-2 without exposure to conditioned medium.
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5.4.5. The verified TRAF6 inhibitor 6877002 had no
significant effects in osteolysis in mice bearing human PC3
cells

RANKL- and CD40-induced TRAF6 activation regulates osteoclast formation and bone loss in
mice (Lomaga et al.,, 1999) and it has been previously confirmed that the verified TRAF6
inhibitor 6877002 targets the binding pocket of the TNF superfamily receptor peptide due to
the unique interaction of TRAF6 with CD40 and RANK (Moriya et al., 2015). To study the
effects of TRAF6 inhibition on osteolysis caused by prostate cancer cells in vivo, PC3 cells
were injected in the left tibia of nude mice, as described in 2.5.2. Intratibial injection of
human PC3 prostate cancer cells in immunodeficient mice. PC3 cells were used due to
their potential to induce osteolytic lesions (Alsulaiman, Bais and Trackman, 2016), their high
expression of TRAF6 and based on the previous results in vitro, showing significant decrease
in the metastatic behaviour of PC3 cells when treated with the TRAF6 inhibitor 6877002 (10
MM). Lesions in the trabeculae, cortex and total bone volume were assessed with the use of
micro-computed tomography (Micro-CT; 2.5.3. Micro-computed tomography (micro-CT)
analysis). As shown in Figure 5.8, administration of the verified TRAF6 inhibitor 6877002 in
mice (20 mg/kg/daily) had no significant effects on trabecular bone volume and trabecular
number, consistent with the lack of effects on trabecular separation, thickness, porosity or
structure model index. Similarly, treatment with 6877002 failed to exert any significant changes

in cortical bone volume nor porosity (Figure 5.9).
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5.5. Discussion

TRAF6 has a unique binding motif that allows the recruitment of a subset of pro-inflammatory
mediators from the TNFR superfamily that includes CD40 and RANK (Park, 2018). Among all
TRAFs, TRAF6 has been widely investigated in inflammation (Lalani et al.,, 2018) and,
subsequently, the TRAF®6 inhibitor 6877002, which disrupts the interaction between CD40 and
TRAFG6, was developed to treat obesity-metabolic complications (Antonios Chatzigeorgiou et
al., 2014). The specificity of 6877002 to target the unique interaction of CD40-TRAF6 and not
CD40 TRAF2/3/5 has been verified in vitro and in vivo (Antonios Chatzigeorgiou et al., 2014;
Aarts et al., 2017). Studies using the verified 6877002 inhibitor have shown promising results
in the reduction of macrophage recruitment and inflammation (Aarts et al., 2017; Seijkens et
al., 2018). In addition, work from our group have shown that administration of 6877002 reduced
metastasis in the syngeneic and osteotropic 4T1-Luc2 breast cancer bone metastasis model
(Bishop et al., 2020). Altogether, this suggests that TRAF6 inhibitors such as 6877002 have
the potential of influencing cells in the tumour microenvironment and could be of value in the

treatment of cancer-associated bone disease.

Due to the involvement of TRAFG in prostate cancer progression (Sundar et al., 2015; Aripaka
etal., 2019) and based on the findings described in Chapter 4 that showed that cancer-specific
TRAF6 knockdown had no effects on PC3-induced osteolysis, the effects of 6877002 were
tested on bone cell activity in vitro and local osteolysis in a mouse model of human prostate
cancer. The in vitro investigation showed that exposure to 6877002 reduced the viability of
various human and mouse prostate cancer cells in a dose-response manner. Among the
human prostate cancer cells, marked concentration-dependent inhibition of cell number was
observed in cultures of human C42-B4 and PC3 prostate cancer cells. This was consistent
with their high expression of TRAF6 demonstrated in the western blot analysis in Chapter 3.
In pursuit of assessing the effects of this agent on the migratory and invasive abilities of human

prostate cancer cells, the wound-healing migration assay and the Transwell® invasion assay
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were performed, respectively. Treatment with the 6877002 compound had a moderate effect
in reducing DU145 cell migration and significantly decreased migration and invasion of DU145
and PC3 cells. The results presented here are in agreement with the findings described in
Chapter 4, where knockdown of TRAF6 in human PC3 and DU145 prostate cancer cells
caused a significant reduction in cell growth, migration and invasion. Moreover, TRAF6
inhibition using the verified 6877002 compound had a significant effect in decreasing
osteoclast formation enhanced by the presence of soluble factors produced by DU145 and
PC3 prostate cancer cells. This is consistent with the modest reduction in osteoclastogenesis
observed in cultures exposed to tumour-derived factors from TRAF6-deficient DU145 and PC3
cells. Nonetheless, the decrease in osteoclast number was more evident in cultures treated
with 6877002, which is attributed to inhibiting TRAF6 in the cells involved in the bone-tumour
microenvironment as opposed to the genetic inactivation of TRAF6 exclusively in the prostate
cancer cells. Furthermore, contrasting results were obtained when osteoblasts were exposed
to conditioned medium from DU145 and PC3 prostate cancer cells. These results showed an
increase in bone nodule formation and decrease in ALP expression and viability in cultures of
the osteoblast-like cells Saos-2 exposed to soluble factors from DU145 prostate cancer cells
with genetic inactivation or treatment with 6877002 TRAF6 inhibitor. On the other hand,
conditioned media from PC3 cells significantly increased formation of nodules from Saos-2
cells and these effects were decreased when using conditioned media from TRAF6 knockdown
PC3 cells or treatment with the TRAF6 inhibitor 6877002. Overall, based on the premise that
PC3 cells are highly metastatic and generate osteolytic lesions (Berish et al., 2018) and
supported by the in vitro results presented in this and the previous chapters, the human PC3
cell line was selected for the in vivo study. As mentioned in chapter 4, the intratibial model
was chosen to study tumour growth in the bone environment and to assess the potential
improvement of bone architecture by TRAF®6 inhibition with 6877002 treatment. Recent work
from our lab has shown that treatment with the verified 6877002 TRAF6 inhibitor caused a

significant decrease in bone metastasis and a moderate increase in bone volume in a breast
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cancer model using syngeneic and osteotropic 4T1-Luc2 breast cancer cells. Surprisingly, the
same compound failed to affect bone volume after intratibial injection of human PC3 cells in
nude mice. It is important to note that the prostate cancer model used in the current chapter
was different from the mentioned breast cancer model. The human PC3 prostate cancer cells
were injected intratibially in immunodeficient mice and, in contrast, the used breast cancer cell
line 4T1-Luc2 was syngeneic and these cells were injected intracardially in immunocompetent
mice. Thus, the anti-cancer effects observed in the 4T1-Luc2 model could be due to the ability
of 6877002 to inhibit metastasis of mouse prostate cancer cells to bone. In addition, TRAF6 is
involved in cell-cell interactions between immune, bone and prostate cancer cells (Lomaga et
al., 1999; Gudey et al., 2014; Seijkens et al., 2018; Aripaka et al., 2019) and due to its
relevance in the activation of many immune cell types such as dendritic cells and T cells
(Kobayashi et al., 2003; Ni et al., 2019), it is believed that TRAF6 inhibition may be more
beneficial in a fully functional immune environment. A possible explanation for the
discrepancies between the results of the two studies could be the ability of 6877002 to
influence the activity of immune cells in immunocompetent mice used in the 4T1-Luc2 mouse
study (Bishop et al., 2020), in contrast with the model used in this chapter involving
immunodeficient mice, which are athymic and thereby unable to produce T cells. Thus,
syngeneic and osteotropic RM1-BM murine prostate cancer cells — which express TRAF6
(Chapter 3) and respond well to 6877002 treatment in vitro — will be injected intracardially in
immunocompetent mice in future studies. In addition, combining and developing novel, efficient
and safe TRAF/NFkB inhibitors that target different binding sites of the TNF family receptors,
including RANK and CD40, could result in an increased efficacy in inhibition of cancer
progression (Moriya et al., 2015) and is of potential interest for approaching new therapeutic

strategies.

Furthermore, another technical factor that might have contributed to these discrepancies could

be the poor solubility of the 6877002 compound, thus higher doses could not be administered
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in either study. Although 6877002 has been previously tested in animal studies and has been
reported as soluble (Chatzigeorgiou et al., 2014; Aarts et al., 2017), different vehicles had to
be tested to fully dissolve the amount of the compound injected, being likely that the treatment
could not have been efficiently delivered. Further studies should consider the development

and testing of a TRAF®6 inhibitor with better solubility.

Altogether, the results of this chapter indicate that pharmacological inhibition of TRAF6
significantly reduced osteoclastogenesis and modestly decreased bone nodule formation, both
enhanced by prostate cancer cells in vitro. Further studies will be focused on using an
immunocompetent mouse model of prostate cancer to conclude whether TRAF6 inhibition in

bone and prostate cancer affects osteolysis.
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6.1. Summary

The results in Chapter 5 showed that the verified inhibitor of TRAF6 6877002 had no effect on
prostate cancer-induced bone loss in the human PC3 model. In this chapter, the effects of a
panel of novel congeners of the verified TRAF6 inhibitor 6877002 were tested on prostate
cancer cell growth, motility and interaction with bone and immune cells in vitro. The novel
congeners FSAS1 to 6 were developed in collaboration with the University of Milan (ltaly).
First, it was shown that the novel FSAS1 to 6 reduced the in vitro growth of a panel of human
and mouse prostate cancer cells in a dose-dependent manner. FSAS3 was significantly more
potent than 6877002 and other congeners, thus it was selected for further experiments.
Mechanistically, the novel FSAS3 reduced IkB-a phosphorylation induced by RANKL in
macrophage-like RAW 264.7 cells and by both RANKL and TNF-a in PC3 cells, indicative of
NFkB inhibition. Moreover, FSAS3 significantly reduced cell migration and invasion in the
highly metastatic androgen-insensitive human PC3 and the osteotropic murine RM1-BM
prostate cancer cells. Conditioned medium from tumour-associated M2 macrophages
enhanced PC3 viability, migration and invasion and these effects were significantly inhibited
by the novel FSAS3. Interestingly, FSAS3 treatment had no effects on the anti-tumour ability
of classically-activated macrophages (M1) to reduce the metastatic behaviour of human PC3
prostate cancer cells and enhanced the ability of uncommitted monocyte/macrophages (Ma)
to differentiate into M1 rather than M2, as assessed by flow cytometry. Additionally, FSAS3
significantly reduced the ability of RAW 264.7 macrophage-like cells to form bone-resorptive
TRACcP-positive osteoclasts in the presence and absence of tumour-derived factors from
human PC3 and mouse RM1-BM prostate cancer cells. Collectively, these findings identify the
novel FSAS3 as a class of anti-tumour, anti-migratory and antiresorptive agent, which may be
of value in the treatment of both skeletal and non-skeletal complications related to metastatic

prostate cancer.
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6.2. Introduction

Pro-inflammatory cytokines and immune cells, in particular macrophages, play a key role in
the behaviour of prostate cancer cells in bone (D’amico and Roato, 2015) and a number of
studies have shown that tumour-associated macrophages (TAMs), a major cell population in
the stroma of many tumours, are considered a prognostic in prostate cancer patients (Lindsten
et al.,, 2017; Santoni et al., 2017). Various studies have addressed the influence of
macrophages in prostate cancer progression, showing a supportive role of TAMs in prostate
cancer tumorigenesis and bone metastasis in mouse models (Fang et al., 2013; Soki et al.,
2015) and in patients with advanced castration-resistant prostate cancer (Roca et al., 2009).
In vitro studies have shown that TRAF6 inhibition using the verified 6877002 decreased the
migration and activation of bone-marrow derived macrophages (Seijkens et al., 2018).
Altogether, these studies suggest that disruption of the influence of pro-inflammatory cytokines
and macrophages in prostate cancer by TRAF6 inhibition could be of value in the treatment of

advanced prostate cancer.

To date, several compounds derived from the verified CD40-TRAF6 inhibitor 6877002 have
been generated with the purpose of treating inflammation (Moriya et al., 2015; Zarzycka et al.,
2015). Based on the efficient binding activities of the verified 6877002 TRAF6 inhibitor and
aiming to select and optimise ligand structures, Zarzycka and colleagues (2015) showed that
6 compounds out of 151 inhibited NFkB signalling in macrophage-like RAW264.7 cells in a
dose-dependent manner. These 6 compounds were analogues of the verified 6877002 CD40-
TRAF6 inhibitor and, in fact, were more potent in inhibiting the expression of cytokines IL-1
and IL-6 in bone marrow-derived macrophages (Zarzycka et al., 2015). Given that the results
of Chapters 4 and 5 indicated that cancer-specific TRAF6 inhibition was insufficient to
enhance bone volume in immunodeficient mice bearing the human PC3 model, we designed,
synthesised and tested the effects of a series of novel congeners of the small-molecule
inhibitors of TRAF6 (6877002; Zarzycka et al., 2015) and NFkB (ABD56; Idris et al., 2008,

2009) on models of prostate cancer cell — macrophage - bone cell interactions.
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6.3. Aims

The aims of this chapter were to study the effects of the novel FSAS family of compounds on:

The growth of a panel of human and mouse prostate cancer cells in vitro.

o NFkB activation in prostate cancer cells and macrophages.

¢ The migration and invasion of the human metastatic PC3 and mouse osteotropic
RM1-BM prostate cancer cells in the presence and absence of derived factors from
different macrophage phenotypes in vitro.

e The ability of the metastatic mouse RM1-BM and human PC3 prostate cancer cells to

influence bone cell activity and macrophage lineage commitment in vitro.
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6.4. Results

6.4.1. The novel FSAS3 reduced the viability of a panel of
human and mouse prostate cancer cells in vitro

In the present chapter, the effects of six structurally-related novel congeners of the inhibitors
of TRAF6/NFkB, 6877002 and ABD56, on the viability of a panel of human and mouse prostate
cancer cells were assessed by using the Alamar Blue™ assay (See section 2.4.2.1). As
shown in Table 6.1, FSAS1 to 6, except FSAS4, inhibited the viability of all prostate cancer
cells tested in a dose-dependent manner with different degrees of potency, as indicated by the
ICs0 values. FSAS3 was significantly more potent than 6877002 and other congeners, thus it
was selected for the following experiments (Figure 6.1). Interestingly, FSAS3 exerted marked
inhibitory effects on the growth of mouse and osteotropic prostate cancer cell line RM1-BM

when compared to the human cell lines tested (Table 6.1).
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Table 6.1. Effects of the verified TRAF6 inhibitor 6877002 and six congeners on the viability of a panel of
murine and human prostate cancer cells with different metastatic abilities in vitro. Cell viability was measured
after 72 hours of continuous exposure to the seven profiled TRAF inhibitors. Calculation of half maximal inhibitory
concentrations (ICsp) was performed as described in section 2.4.2.1. Values are expressed as mean * SD and
were obtained from three independent experiments.

Half maximal inhibitory concentration (ICso) in uM after 72 hours

Cell type | Classification FSAS1 FSAS2 FSAS3 FSAS4 FSAS5 FSAS6 6877002

LNCaP Androgen

L 31.54+12.14 30.04+14.31  1.45+0.19 >100 65.87+13.13  1.85+0.89 38.19+3.90
sensitive

C42-B4 Androgen
insensitive- 11.4612.72 15.31+8.13 1.740.46  69.64+26.55  14.22+6.48 6.00+3.91  37.54+12.11
Bone trophic

RM1-BM Androgen
insensitive- 8.96+5.17 20.96+8.96  0.43+0.24 >100 45.70+15.99  1.93+1.36 21.18+2.59
Bone trophic

DU145 Androgen
insensitive- 80.69+12.24 39.28+19.65 6.82+3.87 >100 49.89+13.52 2.59+0.25  34.08+12.67
Bone trophic

PC3 Androgen
insensitive- 58.14+9.88 23.03¢6.56  1.43+0.81 68.72+22.85 36.10+4.35 3.72+0.56 38.49+14.3
Bone trophic
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6.4.2. The novel FSAS3 inhibited RANKL- and TNF-a-
induced NFkB activation

As an adaptor protein, TRAF6 plays a major role in the activation of several signalling pathways
in prostate cancer, bone cells and macrophages, in particular NFkB (Lomaga et al., 1999;
Antonios Chatzigeorgiou et al., 2014; Aripaka et al., 2019). Zarzycka and colleagues (2015)
selected optimal CD40-TRAF6 inhibitors by studying their efficiency in disrupting NFkB
activation in macrophage-like RAW 264.7 cells (Zarzycka et al., 2015). With the premise that
NFkB is constitutively active in prostate cancer (L. Zhang et al., 2009), in this chapter, the
effects of the novel FSAS3 on RANKL- and TNF-a-induced NFkB activation were investigated
by assessing the expression of phosphorylated I«B-a and total IkB-o in macrophage-like RAW
264.7 cells and PC3 prostate cancer cells. Previous experiments were performed to define an
optimal timepoint to study IkB-a phosphorylation in RAW 264.7 and PC3 cells
(Supplementary Figure 10 and Supplementary Figure 11-12, respectively). Briefly, murine
macrophage-like RAW 264.7 and PC3 cells were exposed to FSAS3, 6877002 or vehicle for
1 hour and then stimulated with RANKL (100 ng/ml) or TNF-a (10 ng/ml) for the previously
determined period of time. As shown in Figure 6.2, pre-exposure of murine macrophage-like
RAW 264.7 to the novel FSAS3 (10 uM) significantly reduced and completely prevented
RANKL-induced IxB-a phosphorylation without affecting the level of IkBa expression, whereas

6877002 (10 uM) had no effects.

In PC3 prostate cancer cells, the novel FSAS3 significantly reduced RANKL-induced (100
ng/ml) phosphorylation of IkB-a without affecting the level of IkB-a expression (Figure 6.3). In
addition, exposure of PC3 cells to 6877002 (10 uM) caused a significant inhibition of IkB-a
phosphorylation induced by RANKL (Figure 6.3). The concentrations used for both
compounds were chosen based on the premise that these concentrations failed to cause
significant inhibition of cell viability after 24 hours of continuous treatment (Supplementary
Figure 13). Similarly, the novel FSAS3 caused a significant reduction in expression of

phosphorylated IkB-a. induced by TNF-a (10 ng/ml) after 6 hours (Figure 6.4).
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Figure 6.2. The novel FSAS3 reduced the phosphorylation of IkB-a. in RAW 264.7 induced by RANKL in
vitro. Relative fold of phosphorylated-lIkB-o/Actin and IkB-o/Actin expression of murine macrophage-like RAW
264.7 cells exposed to vehicle, FSAS3 (A) or 6877002 (C) (10 uM) for 1 hour prior to stimulation with RANKL (100
ng/ml). Representative Western Blot images of expression of p-IkB-a and IkB-o of RAW 264.7 cells exposed to
vehicle, FSAS3 (B) or 6877002 (D). Data presented are mean * standard deviation (n=3). p-values were obtained
from ordinary ANOVA test followed by Tukey post hoc test. #p<0.05 compared to RANKL-stimulated RAW 264.7.
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Figure 6.3. The novel FSAS3 reduced the phosphorylation of IkB-a in PC3 induced by RANKL in vitro.
Relative fold of phosphorylated-IkB-a/Actin and IkB-a/Actin expression of human PC3 prostate cells exposed to
vehicle, FSAS3 (A) or 6877002 (C) (10 uM) for 1 hour prior to stimulation with RANKL (100 ng/ml) for 0.5 hours.
Representative Western Blot images of expression of p-IkB-a and IkB-a. of PC3 cells exposed to vehicle, FSAS3
(B) or 6877002 (D). Data presented are mean + standard deviation (n=3). p-values were obtained from ordinary

ANOVA test followed by Tukey post hoc test. ***p<0.005, **p<0.01 and *p<0.05 compared to unstimulated PC3
cells, ##p<0.01 and #p<0.05 compared to RANKL-stimulated PC3 cells.
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Figure 6.4. The novel FSAS3 reduced the phosphorylation of IkB-a in PC3 induced by TNF-a in vitro. Relative
fold of phosphorylated-IkB-o/Actin and IkB-o/Actin expression of human PC3 prostate cells exposed to vehicle,
FSAS3 (A) or 6877002 (C) (10 uM) for 1 hour prior to stimulation with TNF-a (10 ng/ml) for 6 hours. Representative
Western Blot images of expression of p-IkB-a. and IkB-a of PC3 cells exposed to vehicle, FSAS3 (B) or 6877002
(D). Data presented are mean + standard deviation (n=3). p-values were obtained from ordinary ANOVA test
followed by Tukey post hoc test. ****p<0.001, ***p<0.005 and **p<0.01 compared to unstimulated PC3 cells,

#p<0.05 compared to TNF-a-stimulated PC3 cells.
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6.4.3. The novel FSAS3 reduces prostate cancer cell
viability via a TRAF6-dependent mechanism

In an attempt to examine the involvement of TRAF6 on the anti-tumour effect of the novel
FSAS3, the viability of mock and TRAF6 knockdown (70% reduced expression of TRAF6 as
assessed in Chapter 4) PC3 prostate cancer cells was assessed in the presence of different
concentrations of FSAS3 (0 — 100 uM) by the Alamar Blue™ assay (See section 2.4.2.1). As
shown in Figure 6.5, the novel FSAS3 reduced the viability of the mock and TRAF6 knockdown
(shT6KD1 and shT6KD2) PC3 prostate cancer cells in a concentration-dependent manner. In
comparison to mock control, cultures of TRAF6 knockdown (shT6KD1 and shT6KD2) PC3
prostate cancer cells were relatively resistant to treatment of FSAS3 (Figure 6.5C and D),

thereby indicating at least in part a TRAF6-dependent effect.
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Figure 6.5. Effects of the novel FSAS3 on viability of TRAF6 knockdown PC3 prostate cancer cells in vitro.
Dose-response curves of the novel FSAS3 on the viability of PC3 transduced with control and shRNA TRAF6
knockdown 1 (A) or TRAF6 knockdown 2 (B) constructs after 72 hours, assessed by Alamar Blue™ assay. (C and
D) ICso values were obtained as described in section 2.4.2.1. Data obtained from two independent experiments. p-
values were obtained from two-way ANOVA test followed by Tukey post hoc test. ****p<0.001, ***p<0.005, **p<0.01,
*p<0.05 compared to cells treated with vehicle.
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6.4.4. The novel FSAS3 reduced cell motility in prostate
cancer cells

Several studies have shown that inhibition of TRAF2, TRAF4 and TRAF6 reduced prostate
cancer cell motility in vitro (Wei, Ruan, et al., 2017; Singh et al., 2018; Aripaka et al., 2019)
and in Chapter 5 | showed that exposure of human PC3 and DU145 to the verified TRAF6
inhibitor 6877002 reduced both 2D migration and invasion in vitro. In this chapter, the effects
of the novel FSAS3 on the ability of the highly metastatic human PC3 prostate cancer cell line
to migrate were assessed by the wound-healing assay (See 2.4.2.2. Cell migration assessed
by the wound-healing assay). In Figure 6.7, treatment of human PC3 with the novel FSAS3
(1 uM) caused a significant reduction in the 2D migration of PC3 cell after 14 hours (45%
inhibition, p<0.05). Additionally, FSAS3 caused a relatively modest but significant inhibition of
PC3 cell viability (14% inhibition, p < 0.05) after 14 hours in these cultures (Figure 6.7B).

Representative images of the experiment described are shown in Figure 6.7C.

In addition, exposure of human PC3 prostate cancer cells to FSAS3 (0.3 uM) significantly
reduced cell invasion (Figure 6.7), as assessed by the Transwell® invasion assay (See
2.4.2.3. Cell invasion assessed by Transwell® invasion assay). Representative images of
the experiment described are shown in Figure 6.7B. The concentrations used in these
experiments were based on previous experiments that showed FSAS3 had no significant
effects of PC3 cell viability after 24 hours and 72 hours, respectively (Supplementary Figure

13).
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Figure 6.7. The novel FSAS3 reduced PC3 cell invasion in vitro. (A)Percentage of cell invasion of PC3 prostate
cancer cells treated with vehicle or 0.3 pM of the novel FSAS3. (B)Representative images of invading PC3 cells
stained with Hematoxilin and Eosin after 72 hours. Data obtained from three independent experiments. p-values
were determined using unpaired T-test. **p<0.01 compared to cells treated with vehicle. Scale bar=100 pM.
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6.4.5. The novel FSAS3 decreases the pro-tumorigenic
effects of macrophages in vitro

In prostate cancer, the population of TAMs that infiltrate tumours in the primary site or distant
organs such as bone are skewed towards a pro-tumorigenic M2 macrophage subtype (Soki et
al., 2015; Ylitalo et al., 2017; Lo and Lynch, 2018). A number of in vitro studies have shown
that monocytes and macrophages, and their derived factors, contribute to prostate cancer cell
invasion and migration (Lindholm et al., 2010; Lindsten et al., 2017; Han et al., 2019). Here,
the effects of the novel FSAS3 on prostate cancer cell growth, migration and invasion in the
presence of soluble factors produced by uncommitted (M@), anti-tumorigenic (M1) and pro-
tumorigenic (M2) macrophage subtypes were studied. Briefly, the human prostate cancer cells
PC3 were exposed to conditioned medium from the different macrophage phenotypes to
assess viability, 2D migration and invasion as described above. As shown in Figure 6.8,
exposure of PC3 to conditioned medium from the pro-tumorigenic M2 macrophages
significantly increased human PC3 prostate cancer cell viability (Figure 6.8A), migration
(Figure 6.8B) and invasion (Figure 6.8C) when compared to control and cultures exposed to
conditioned medium from cultures of M@ and M1 macrophage subtypes (p<0.05). Furthermore,
the uncommitted M@ caused a modest increase in PC3 cell migration and significantly
enhanced cell invasion without affecting cell viability (Figure 6.8E). In contrast, soluble factors
produced by anti-tumorigenic M1 macrophages significantly decreased human PC3 cell

migration and invasion in the model described and under these same conditions (Figure 6.8).

Treatment with the novel FSAS3 (1 uM) significantly decreased soluble factors derived from
the pro-tumorigenic macrophages on PC3 cell viability (Figure 6.9A) and migration (Figure
6.9B and Supplementary Figure 15). Consistently, treatment with FSAS3 (0.3 pM) reduced
the invasive capabilities of PC3 alone and influenced by the M2 macrophages (Figure 6.9C).
Given that the most marked influence of M@, M1 and M2 macrophage was observed in the
ability of PC3 to invade, the effects of FSAS3 were studied on the ability of the highly metastatic
and osteotropic murine prostate cancer cell line RM1-BM to invade. As shown in Figure 6.10,

the novel FSAS3 significantly reduced the invasive capabilities of murine RM1-BM.
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6.4.6. The novel FSAS3 reduces cancer-specific NFkB
activation by macrophage-derived factors in vitro

Mechanistic studies on the effects of the novel FSAS3 on NFkB activation were carried out in
prostate cancer cells cultured in the presence and absence of soluble factors derived from pro-
tumorigenic M2 macrophages. Briefly, human PC3 prostate cancer cells were pre-treated with
FSAS3 for one hour and then exposed to M2-macrophage conditioned media (20%, v/v) for 6
hours. The timepoint used was selected based on mechanistic studies that showed that
exposure of human PC3 prostate cancer cells to FSAS3 at this concentration had no effect on
cell viability and phosphorylation of IkB-a induced by M2 macrophages was notably observed

(Supplementary Figure 13 and 14, respectively).

As shown in Figure 6.11, exposure of human PC3 prostate cancer cells to conditioned medium
of pro-tumorigenic M2 macrophages increased IkB-a. phosphorylation and these effects were
significantly inhibited by FSAS3 (3 uM), whereas treatment with the verified TRAF6 inhibitor

6877002 (3 uM) had no significant effect.
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Figure 6.11. The novel FSAS3 reduced the phosphorylation of IkB-a induced by M2 macrophages in PC3
cells in vitro. Relative fold of phosphorylated-lkB-o/Actin and IkB-o/Actin expression of human PC3 prostate
cancer cells exposed to vehicle, FSAS3 (A) or 6877002 (C) (3 uM) for 1 hour prior to stimulation with M2-conditioned
media (20% v/v) for 6 hours. Representative Western Blot images of expression of p-IkB-a and IkB-a. of PC3 cells
exposed to vehicle, FSAS3 (B) or 6877002 (D). Data presented are mean + standard deviation (n=3). p-values were
obtained from ordinary ANOVA test followed by Tukey post hoc test. **p<0.01 compared to unstimulated PC3 cells.
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6.4.7. The novel FSAS3 inhibits prostate cancer-related
macrophage viability and differentiation into osteoclasts

A number of reports have shown that inflammatory cytokines secreted and surface markers
expressed by prostate cancer cells affect macrophage polarisation and predominantly
stimulate the differentiation of the pro-tumorigenic M2 subtype (Maolake et al., 2017; Mazalova
et al., 2018). Since treatment with the verified TRAF6 inhibitor 6877002 was found to decrease
monocyte recruitment (Seijkens et al., 2018), the effects of the novel FSAS3 were studied on
the viability and differentiation of monocyte/macrophage precursors into different macrophage
subtypes and osteoclasts in the presence of derived factors from the human PC3 prostate

cancer cells.

Initially, human monocyte-like cells THP-1 cells were differentiated into adherent macrophage-
like cells and treated with the novel FSAS3 (2.3.3. Macrophage polarisation influenced by
treatments). Macrophage polarisation and commitment into M1 and M2 subtypes were
studied by assessing the expression of CD80 (M1 marker) and CD163 (M2 marker) with flow
cytometry (2.3.2. Macrophage phenotype identification by flow cytometry). Briefly, the
culture and detection methods for polarised M1 and M2 derived from THP-1 cultures were

successfully optimised (Supplementary Figure 4).

As shown in Figure 6.12, FSAS3 significantly decreased the expression level of the M2 marker
CD163 in cultures of THP-1 cells when compared to vehicle treated uncommitted
macrophages. In contrast, FSAS3 treatment had no effect in the expression of M1 marker
CD80; however, it is observed that THP-1 cells treated with this agent were more polarised to

the anti-tumorigenic M1 phenotype compared to pro-tumorigenic M2.
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Figure 6.12. The novel FSAS3 supports M1 polarisation in monocyte-like THP-1 cells. Percentage of (A)
CD80+ and (B) CD163+ expression in M1 or M2 macrophages, respectively, compared to uncommitted
macrophages treated with FSAS3 or vehicle. Representative dot plots obtained by flow cytometry of (C) M1/CD80+
and (D) M2/CD163+ THP-1 cells treated with the novel FSAS3. Unstained cells are presented in light green/red
and percentage of cells stained with their respective marker are gated and presented with dark green/red. Data
obtained from three independent samples. p-values were obtained from one-way ANOVA test followed by Tukey
post hoc test. ****p<0.001 compared to M1 or M2 control, ##p<0.01 compared to vehicle.
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Next, human monocyte-like THP-1 and mouse macrophage-like RAW 264.7 cells were treated
with the novel FSAS3 and exposed to conditioned media from human PC3 and murine RM1-
BM prostate cancer cell lines. As observed in Figure 6.13A and B, conditioned media from
PC3 significantly increased monocyte and macrophage cell viability and these effects were
significantly reduced by treatment with FSAS3. In contrast, the effects of the soluble factors
produced by the murine RM1-BM cell line were increased in murine RAW264.7 cells and
exposure to FSAS3 had no effect in the viability of RM1-BM cells under these conditions
(Figure 6.13C and D). Treatment with the novel FSAS3 had no effect in human monocyte-like

THP-1 cells nor in the mouse macrophage-like RAW 264.7 cell line.
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Figure 6.13. The effects of the novel FSAS3 on the viability of monocyte/macrophage cells in the presence
of prostate cancer cell-conditioned medium. Human monocytic-like cells THP-1 and murine macrophage-like
cells RAW 264.7 were treated with FSAS3 and exposed to conditioned media of human PC3 (A and B, respectively)
and murine RM1-BM (C and D respectively) prostate cancer cell lines. p-values were obtained from ordinary
ANOVA test followed by Tukey post hoc test. ***p<0.005 and *p<0.05 compared to control, #p<0.05 compared to
cultures stimulated with prostate cancer cells.
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To study the effects of the novel FSAS3 on the ability of prostate cancer cells to influence
macrophage differentiation in multi-nucleated osteoclasts, murine RAW264.7 cells were
treated with the novel FSAS3 and then stimulated by RANKL in the presence of murine RM1-
BM cells or conditioned media from human PC3 or RM1-BM. As shown in Figure 6.14, the
murine RM1-BM prostate cancer cells (Figure 6.14A) and their conditioned medium (Figure
6.14B) enhanced RANKL-induced osteoclast formation and these effects were diminished by
treatment with FSAS3 (0.1 uM). Similar anti-osteoclast effects by FSAS3 were observed in
cultures exposed to conditioned media from human PC3 prostate cancer cells (Figure 6.14C)

without affecting viability (Supplementary Figure 17).
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The effects of FSAS3 were also studied on the ability of different macrophage subtypes to
influence RANKL-induced osteoclast formation. As shown in Figure 6.15, conditioned medium
from M@, M1 and M2 enhanced RANKL induced osteoclast formation; however, FSAS3 only
prevented the increase in osteoclast number generated by conditioned medium from the

tumour-promoting M2 macrophages.
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Figure 6.15. The novel FSAS3 reduced osteoclast formation in RAW 264.7 cultures exposed to conditioned
medium from different macrophage subtypes in vitro. (A)Percentage of osteoclast formation in RAW264-7 cells
stimulated with RANKL and exposed to conditioned media from M@, M1 and M2 macrophage subtypes and treated
with vehicle or FSAS3. (B) Representative images of osteoclast formation using M@, M1 and M2 soluble factors.
Data obtained from two independent experiments. p-values were obtained from ordinary ANOVA test followed by
Tukey post hoc test. **p<0.01 and *p<0.05 compared to RANKL-stimulated RAW 264.7 cells, ##p<0.01 compared
to cultures stimulated with M2 macrophages. Scale bar=100 pM.
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6.5. Discussion

In this chapter, the effects of the novel class of NFkB inhibitors that are structurally related to
the verified TRAF6 inhibitor 6877002 were validated on prostate cancer cell growth, motility
and ability to influence macrophage lineage commitment in vitro. In view of the role of the
TRAF6/NFkB pathway in prostate cancer and based on the results in Chapter 5 showing that
a verified TRAF6 inhibitor reduced prostate cancer growth, it was confirmed that the six FSAS
congeners of 6877002 reduced the in vitro viability of a panel of human and mouse prostate
cancer cell lines. FSAS3, followed by FSAS6, had the lowest ICsp values in all prostate cancer
cells tested, showing a strong potency in the reduction of cell viability. The human prostate
cancer cells C42-B4 and PC3 exhibited more sensitivity towards FSAS treatment, likely due to
their high expression of TRAF6 (Chapter 3) and possibly their ability to metastasise and
colonise bone, an environment rich in pro-inflammatory TRAF6-activating factors including
RANKL and CD40L. In support to this hypothesis, it was observed that the osteotropic mouse
RM1-BM cell line was highly susceptible to most compounds tested and in particular the novel

FSAS3.

To investigate the involvement of NFkB activation in the effects of the novel FSAS3, a head-
to-head comparison of the effects of FSAS3 and the verified TRAF6 inhibitor 6877002 on IkB-
o phosphorylation was performed in murine macrophage-like RAW 264.7 cells and human
PC3 prostate cancer cells using Western Blot analysis. These results confirmed that the novel
FSAS3 reduced both RANKL- and TNF-a-induced IkB-a phosphorylation in RAW 264.7 and
PC3 cells. In contrast, the verified 6877002 failed to affect RANKL-stimulated IkB-a
phosphorylation in human PC3, which can be attributed to mutations in RANK in prostate
cancer cells (Chen et al., 2006). Interestingly, the novel FSAS3 significantly decreased the
effects of both RANKL and TNF-a, suggesting less specificity to the TRAF6-RANK/CD40
binding site compared to the verified TRAF6 inhibitor 68770022 (A. Chatzigeorgiou et al.,
2014). Following this, the effects of the congener FSAS3 on the metastatic behaviour of PC3

cancer cells were studied. FSAS3 significantly reduced PC3 cell migration and invasion at
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concentrations 10 times lower than the verified 6877002, which only showed a moderate

decrease in the same metastatic capabilities.

To further investigate the selectivity of FSAS3 to TRAFG, the effect of FSAS3 on the viability
of mock and TRAF6 knockdown PC3 cells was studied. This experiment provided a useful
insight on the selective targeting of the novel FSAS3 inhibitor, showing that the PC3 cells with
stable TRAF6 knockdown (70% reduction in TRAF6 expression, as reported in Chapter 3),
were less sensitive but not resistant to treatment with the novel FSAS3 when compared to
mock control. Whilst the results of this experiment indicate that FSAS3 exerts its anti-tumour
— as well as anti-migratory and anti-osteoclastic — actions by a mechanism dependent at least
in part on TRAFG6, further work is required to elucidate the mechanism of binding and
interaction of the novel FSAS3 with TRAF6 in the presence and absence of pro-inflammatory

factors such as CD40L and RANKL and in both healthy and cancer cells.

Tumour-associated macrophages and their derived factors are major contributors to prostate
carcinogenesis in the prostate and at metastatic sites such as bone (Soki et al., 2015; Ylitalo
et al., 2017; Lo and Lynch, 2018). In this chapter, uncommitted Mg, anti-neoplastic M1 and
pro-tumorigenic M2 macrophage subtypes, generated successfully from human monocyte-like
THP-1 cells, showed that soluble factors produced by M1 cells significantly decreased
migration and invasion. In contrast, derived factors from M2 macrophages significantly
increased PC3 cell motility. These results are consistent with several previous reports
(Lindholm et al., 2010; Han et al., 2019). Then, it was shown that tumour-promoting effects of
M2 were significantly decreased in RM1-BM and PC3 cells treated with the novel FSAS3. The
wound-healing migration assay in vitro would have been a useful input to further study the
metastatic behaviour of the murine RM1-BM prostate cancer cell line; however, even though
the wound-healing assay has been reported using RM1-BM (Moreira et al., 2015), this study
was limited by failure to generate a monolayer to perform the migration experiment

(Supplementary Figure 16).
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Next, it was observed that macrophages treated with the novel FSAS3 showed higher
expression of the M1 marker CD80+, suggesting that FSAS3 influences early macrophage
differentiation, thus skewing macrophage lineage commitment to an anti-tumorigenic subtype.
FSAS3 also reduced the ability of PC3 prostate cancer cells to influence the viability of

monocyte-like THP-1 and macrophage-like RAW 264.7 cells.

Osteoclast formation from macrophages relies on the TRAF6/RANK/RANKL pathway
(Kobayashi et al., 2001). The murine macrophage-like cell line RAW 264.7 was used as a
model to study the effects of FSAS3 on RANKL-induced osteoclastogenesis in the absence of
other cells such as osteoblasts, stromal or immune cells. As expected, pre-treatment of
RAW264.7 cells with FSAS3 reduced the ability of RM1-BM cells and derived factors from
RM1-BM and PC3 cells to support the formation of mature osteoclast formation in the presence
of RANKL. Interestingly, after several attempts were made to generate osteoclasts in
RAW264.2 cells in the presence of a panel of human prostate cancer cell lines, only murine
RM1-BM cells were capable of supporting RANKL-induced osteoclast formation. This suggests
that the human prostate cancer cell lines previously used produce the osteoclast inhibitor and
RANKL decoy receptor OPG, as reported in previous studies (Holen et al., 2002). Additionally,
other findings have confirmed that anti-neoplastic M1 cells reduce osteoclastogenesis
(Yamaguchi et al., 2016); however, here it was shown that tumorigenic M2 macrophages
increased osteoclastogenesis and these effects were decreased by treatment with the novel
FSAS3. Thus, further experiments that test the effects of FSAS3 on the interactions between

primary human Mg, M1 and M2 and prostate cancer cells in vitro are required.

Based on the aforementioned, the findings of this chapter identify the novel FSAS3 and future
analogues as a class of anti-tumour, anti-migratory and antiresorptive agents which may be of
value in the treatment of both skeletal and non-skeletal complications related to metastatic
prostate cancer. However, further in vivo studies in mouse models of human and mouse

prostate cancer are needed.
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7.1. Discussion
The pro-inflammatory TRAF6/NFkB signalling pathway is prominently implicated in prostate

cancer (Gudey et al., 2014; Sundar et al., 2015; Aripaka et al., 2019), and plays a critical role
in osteoclastic bone loss (Lomaga et al., 1999; Naito et al., 1999). Previous studies have
highlighted the contribution of constitutive canonical NFkB activation in prostate cancer
progression (Garg et al., 2012). Recent research conducted in our laboratory revealed that
pharmacological inhibition of NFkB signalling decreased prostate cancer-related bone cell
activity in vitro and osteolysis ex vivo (Marino et al., 2019). TRAF proteins activate the NFkB
signalling pathway and their expression is commonly altered in a variety of cancers (Zhu et al.,
2018). Among the seven TRAFs, TRAFG6 is involved in prostate cancer progression (Sundar
et al., 2015; Hamidi et al., 2017) and importantly supports the tumorigenic potential of prostate
cancer cells (Yang et al., 2009). In addition, TRAF6 has a unique binding interaction with
receptors CD40 and RANK, two key regulators of bone and immune cell activity and
differentiation (Gohda et al., 2005). However, until now, TRAF6 manipulation during bone
metastasis and osteolysis had not been investigated in murine models of prostate cancer. In
this project, | present evidence from in vitro and in vivo studies showing that pharmacological
inhibition and genetic knockdown of TRAF6 disrupts the ability of prostate cancer cells to grow,

move and influence the differentiation of macrophages, osteoclasts and osteoblasts.

Several studies have shown that TRAFG6 is highly expressed in prostate cancer tissues and is
particularly elevated in bone metastatic prostate cancer patients (Liu et al., 2015; S. Huang et
al., 2017; Aripaka et al., 2019). Based on aforementioned reports, the expression of all TRAF
proteins (TRAF1-7) was studied by comparing their expression in normal and cancerous
prostate tissue. Bioinformatic analysis using publicly available databases confirmed that all
seven TRAFs were genetically altered, either presenting deletions or amplifications.
Furthermore, in patients with adenocarcinoma, most TRAFs were highly expressed,

particularly TRAF2, and were linked to poor prognosis in prostate cancer. This confirmed
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previous findings that correlated increased TRAF6 expression to poor prognosis in prostate

cancer patients (Aripaka et al., 2019).

Additionally, the association of the expression of TRAFs with contributors of prostate cancer
progression was studied. AR, a key promoter of prostate cancer progression (Nabbi et al.,
2017), has been positively correlated with the NFkB transcriptional factor p65 in CPRC tissues
(L. Zhang et al., 2009). Interestingly, Huang and colleagues (2017) performed a study
revealing that miR-141-3p inhibited NFkB activation via targeting TRAF5 and TRAF6 in
prostate cancer cells (S. Huang et al., 2017). This indicates that these proteins are strongly
involved in AR and NFkB activation, and support prostate cancer progression. In the present
study, it was confirmed that TRAF6 and TRAF3 were moderately correlated with AR
expression at initial stages of prostate cancer. In the literature, there are several reports
addressing the involvement of TRAFG6 in prostate cancer (Yang et al., 2009; Sundar et al.,
2015; Aripaka et al., 2019); however, there is little evidence indicating TRAF3 as a contributor
of prostate cancer progression (Zhu et al., 2018). One plausible link between these TRAFs
and AR is the modulatory action of TRAF6 in various signalling pathways (Bouraoui et al.,
2018), and evidence of TLR-induced recruitment of both TRAF3 and TRAF6 (Hacker et al.,
2006). Interestingly, in a cohort of metastatic androgen-insensitive prostate cancer patients,
TRAF4 and TRAF7 were moderately correlated with AR; however, the correlation with TRAF6
was diminished, suggesting TRAF6 expression is not associated with AR at advanced and
androgen-insensitive stages of prostate cancer. Moreover, TRAF6 participation in AR
signalling has been reported by Lu and collaborators (2017), who showed that TRAF6
ubiquitination and degradation of a catalytic subunit that co-activates AR (EZH2) was promoted
by the ubiquitin ligase of tumour suppressors S-phase kinase-associated protein 2 (SKP2) in
prostate cancer (Lu et al., 2017). In addition, elevated SKP2 expression was observed in
prostate cancer patients (Cai et al., 2020) and is correlated with loss of PTEN (Lu et al., 2017),

characteristic of prostate cancer progression.
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Moreover, due to the role of tumour-infiltrating immune cells in cancer progression, the
association between different immune cell populations and TRAFs expression was investigated.
The expression of TRAF3, TRAF5 and TRAF6 was highly associated with major infiltration of
most of the immune cell populations studied, including myeloid-derived neutrophils,
macrophages and dendritic cells and lymphocytes (T cells and B cells). TRAF3 showed a
homogenous infiltration of all immune cell populations and TRAF5 and TRAF6 shared a similar
profile, with infiltration of myeloid-derived cells, unlike the opposite association with CD4+ and
CD8+ (cytotoxic) T cells. The moderate association of CD4+ T cells with TRAF®6 is attributed to
the E3 ligase activity of TRAF6 on transcription factor FOXP3, allowing proper CD4+ T cell
function (Valdman et al., 2010; Ni et al., 2019). Interestingly, TRAF6 expression was associated
with the highest infiltration of cytotoxic T cells, which are a major proportion of tumour-infiltrating
cells in prostate cancer (Sfanos et al., 2009), and their high density has been associated with a
higher risk of clinical prostate cancer progression (Petitprez et al., 2019) and increased
immunogenicity (Baxevanis, Fortis and Perez, 2019). Due to its relevant role in immune cell
activation, TRAFG6 is highly correlated with tumour-infiltrating immune cells overall and, in
accordance with previous studies, TRAF6 deficiency reduces CD8+ T cells and increases CD4+
T cell infiltration in lymphoid organs (King et al., 2006). Additionally, pharmacological inhibition
with the small molecule TRAF6 inhibitor 6877002 decreased recruitment of monocytes to

endothelial cells (Seijkens et al., 2018).

Given the role of TRAF6 in various mechanisms that support the development of prostate
cancer progression, TRAF6 interactions and associations with other TRAF proteins were
studied. This analysis showed a strong connection between TRAF6 and all other TRAFs,
except TRAF7, demonstrating its robust function in influencing other TRAFs and, in
consequence, several biological processes. This is consistent with the literature, where several
studies have linked TRAF®6 recruitment with other TRAFs (Yoshida et al., 2005; Hacker et al.,
2006; Xiao et al., 2012). Furthermore, modifications in TRAF protein expression at initial and

metastatic stages of prostate cancer were addressed. Amplifications in all TRAFs were the
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notably observed in metastatic prostate cancer, in accordance with Aripaka and colleagues
(2019). Specifically, TRAF6 had an amplified expression in metastatic prostate cancer patients
compared to the primary tumour stage (Ahmed et al., 2013; Wei, Ruan, et al., 2017). Taken
together, these findings led us to confirm TRAF6 as a promising target for the treatment of
prostate cancer bone metastasis. In addition, we observed that several upstream and
downstream components of the TRAF6/NFkB were amplified in metastasis, particularly the
ligands CD40L and TNF-a, the receptors of TGF and IGF-1 and notably the transcriptional

factor Akt, consistent with previous findings (Yang et al., 2009; Shi, Liu and Xu, 2019).

Next, Western Blot analysis was used to further examine the expression levels of TRAF6 in a
panel of human and mouse prostate cancer cell lines with different metastatic abilities. TRAF6
had the highest expression in the highly metastatic PC3 human prostate cancer cell line, known
to readily metastasise to bone in nude mice (Angelucci et al., 2006). This confirmed the role of
TRAF6 in the advanced stages of prostate cancer. Studying the expression of CD40 and RANK
in prostate cancer cells further corroborated these findings and showed that TRAF6-activating
receptors are highly expressed in PC3 cells and more notably in the human androgen-
insensitive prostate cancer cell line C42-B4. Even though the C42-B4 cell line represented a
promising model for our study, the aims of the project were more inclined on addressing an
advanced stage of prostate cancer involving cancer cell lines with androgen-independent and
osteolytic characteristics. Due to this, DU145 and PC3 were selected to generate TRAF6
knockdown cell lines, based on previous reports in the literature (Cunningham and You, 2015).
Interestingly, TRAF6 expression was significantly decreased in the anti-tumorigenic M1 when
compared to uncommitted M@ and the tumour-promoting M2 macrophages, further validating

the role of TRAFG in the prostate cancer microenvironment.

Recent in vitro studies showed that knockdown of TRAF2 and TRAF4 reduced the metastatic
abilities of prostate cancer cells (Wei, Liang, et al., 2017; Singh et al., 2018) and TRAF6
knockdown reduced the tumorigenic potential of prostate cancer cells in vivo (Yang et al.,

2009). Thus, stable TRAF6 knockdown cell lines were generated using the moderately
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metastatic DU145 and the highly metastatic PC3 prostate cancer cells. The successful
knockdown of TRAF6 with three different constructs in both cell lines was confirmed by
Western Blot and two colonies, with the lowest TRAF6 expression were selected for the
following experiments. In addition, the effects of the TRAF6 knockdown cells on NFkB
activation were studied, which confirmed that TRAF6 knockdown reduced the accumulation of
IkB-a. and expression of the transcriptional factor p65. This is in accordance with previous

studies investigating TRAF6 silencing in multiple myeloma cells (H. Huang et al., 2017).

Next, the metastatic behaviour of TRAF6 knockdown in DU145 and PC3 cancer cell lines was
investigated by assessing cell viability and their ability to invade and migrate. Knockdown of
TRAF6 significantly reduced the metastatic behaviour of these prostate cancer cells, in
particular of the metastatic PC3 cell line, which expresses higher levels of TRAF6. TRAF6
knockdown in these cells reduced their ability to support RANKL-induced osteoclast formation.
In cultures of osteoblasts, conditioned media from prostate cancer cells increased osteoblast
differentiation and bone nodule formation, and these effects were significantly inhibited in
osteoblasts exposed to conditioned media from prostate cancer cells deficient in TRAF6.
Interestingly, TRAF6 knockdown failed to decrease osteoblastic lesions generated by DU145
prostate cancer cells. This can be attributed to previous reports mentioning that DU145 cells
produce factors that upregulate osteoblast proliferation in vitro and have suggested that these
cells generate osteoblastic lesions (Mori et al., 2007; Alsulaiman, Bais and Trackman, 2016).
To gain additional insights into the role of TRAF® in prostate cancer and osteoblast—osteoclast
interactions, future studies should investigate the prostate cancer-derived factors present in

the conditioned medium used, for example the use of a cytokine array.

A previous study by Yang and colleagues (2009) showed that subcutaneous injection of PC3-
TRAF6 knockdown cells reduced tumour growth in mice compared to PC3 transduced with
mock (Yang et al., 2009). Here, in vivo studies using the intratibial mouse model showed that
TRAF6 knockdown in human PC3 had no effect on bone volume in mice. Together, these in

vivo studies led us to conclude that cancer-specific inhibition reduces the growth of human
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PC3 cells but has no effect on their ability to cause bone loss after intratibial local injection. To

confirm this, further detailed histological analysis is required.

TRAF6 is a potent activator of NFkB (Scudiero et al., 2012) and as such, requires strong
inhibition to reduce inflammatory behaviour in tumour microenvironment. The small-molecule
inhibitor 6877002 was initially synthesized with the purpose of targeting CD40-TRAF6
interactions to block inflammatory pathways. Furthermore, treatment with the verified TRAF6
inhibitor 6877002 improved survival in a systemic inflammatory in vivo model (Zarzycka et al.,
2015). Based on the aforementioned, the effects of pharmacological TRAF6 inhibition in
various aspects of prostate cancer were tested using 6877002. In vitro, treatment with the
verified 6877002 compound showed a significant reduction in human DU145 and, particularly,
PC3 prostate cancer cell viability in a dose-response manner. Furthermore, this treatment
decreased the metastatic abilities of human DU145 and, particularly, PC3 prostate cancer
cells. As observed with TRAF6 knockdown cells, the anti-tumour and anti-metastatic
capabilities of this compound correlates with higher expression of TRAF6 in PC3. Consistent
with the crucial role of RANK-TRAFG6 interaction in osteoclastogenesis (Gohda et al., 2005),
6877002 significantly reduced the in vitro formation of mature osteoclasts in the presence and
absence of DU145 and PC3 prostate cancer cells in RANKL-stimulated macrophage-like RAW

264.7 cultures.

Moreover, the effects of TRAF®6 inhibition on osteoblast viability, differentiation and maturation
were studied with the osteoblast-like cell line Saos-2. This cell line was selected due to
expressing higher levels of TRAF6 as shown in online resources (Supplementary Figure 18),
and due to its previously reported use to study the ability of prostate cancer cells to influence
bone nodule formation (Yuen et al., 2010). As expected, pharmacological inhibition of TRAF6
by 6877002 in osteoblasts in the presence of soluble factors from DU145 and PC3 prostate
cancer cells had a similar outcome when exposed to conditioned media from TRAF6
knockdown prostate cancer cells. Exposure to DU145 conditioned media followed by treatment

with 6877002 increased bone nodule formation and decreased osteoblast viability, in contrast
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with Saos-2 treated with 6877002 and exposed to soluble factors derived from PC3. Hence,
this showed the opposite effect. The moderate effects observed in osteoblast studies can be
attributed to the osteolytic nature of these prostate cancer cell lines (Quiroz-Munoz et al., 2019)
and, as previous studies have determined, NFkB activation in prostate cancer cells contributes
to osteoclastogenesis more notoriously compared to the effects observed in osteoblasts (R.

Jin et al., 2015).

Unexpectedly, animal studies examining the effects of 6877002 on bone volume in male
immunocompromised mice injected intratibially with PC3 cancer cells showed no effect on
bone volume when compared to treatment with vehicle. Even though the intratibial model is a
convenient alternative to study tumour-bone cell interaction, there were various limitations
encountered with this approach. Among the advantages of this model are the reproducibility,
production of uniform bone metastatic tumours (Park et al., 2010) and the validation of previous
reports confirming the generation of osteolytic lesions by PC3 cells; however, this model is
restricted to only investigate late stages of the disease, being unable to fully explore the
dissemination process. In addition, intratibial injection may generate damage to the tibia and
due to this, negative controls subjected to injection with PBS in the healthy tibia of the same
animal should be compared with positive controls to avoid bias from potential injury caused by
injection. Moreover, the age of mice was another key factor to consider. Even though reports
have shown that tumours grow faster in young mice (Oh et al., 2018), it has been determined
that intratibial injection should be performed in 6-12 weeks old mice (Park et al., 2010) and
that the use of old mice (>12 weeks) is suggested for generating an equivalent model to
prostate cancer in humans (Jackson et al., 2017). Additionally, regarding the use of the
compound, recently published data from our lab group exploring the use of 6877002 in breast
cancer osteolysis in vivo showed that treatment with 6877002 alone had no effect on osteolysis
in immunocompetent mice after intracardiac injection of mouse 4T1 breast cancer cells (Bishop
et al., 2020). 6877002 alone reduced overt metastasis in this model but it only protected

against osteolysis when given in combination with the chemotherapeutic agent Docetaxel. In
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addition, another limitation of this agent was its poor solubility in PBS and water that restricted
us from using high doses in both human PC3 and mouse 4T1 in vivo experiments. Given the
crucial role of the TRAF6/NFkB signalling pathway in bone and immune cell function, future
studies should test the effects of 6877002 in mouse models of prostate cancer, such as the

RM1-BM model.

These results led us to design the novel FSAS family of compounds in collaboration with
Professor Sparatore laboratory group at the University of Milan (ltaly). We synthesised a
number of congeners of the verified TRAF6 inhibitor 6877002 (Zarzycka et al., 2015), and
analogues of the NFkB inhibitor ABD56 (Idris et al., 2008). In Chapter 6, the effects of the
novel FSAS3 were tested on the ability of prostate cancer cells to grow, move and influence
macrophage lineage commitment and differentiation, particularly into TAMs and
multinucleated osteoclasts. The novel FSAS3 showed high potency in reducing prostate
cancer cell viability and, as a result, was chosen for following experiments. Mechanistic studies
revealed that FSAS3 inhibited RANKL-induced phosphorylation of IkB-o in prostate cancer
cells and macrophages and, interestingly, in prostate cancer cells stimulated by TNF-a. In
contrast, the verified 6877002 had no effect on TNF-a-phosphorylation of IkB-a and only
caused a significant reduction in phosphorylation of IkB-a in RANKL-stimulated prostate
cancer cells. Previous studies have confirmed that 6877002 inhibits the CD40-TRAF6
interaction (Zarzycka et al., 2015) and we have recently showed that it inhibited RANKL-
induced TRAF6-RANK binding, phosphorylation of IkB-a. and NFkB activation in macrophages
(Bishop et al., 2020). In Chapter 6, it was shown that 6877002 inhibited RANKL-induced NFkB
activation; however, the novel FSAS3 inhibited NFkB activation in cultures stimulated with both
RANKL and TNF-a. Taken together, it was concluded that FSAS3 — unlike 6877002 — disrupts
the activation of TRAF6 and other TRAF proteins, specifically TRAF2 which acts downstream

of TNF-a (Figure 7.1).
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Figure 7.1. Hypothetical schematic model of mechanism(s) of action of the verified TRAF6 inhibitor 6877002
and the novel FSAS3 on TRAF-mediated NFkB activation. Refer to text for more details.
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To gain a better insight into the involvement of TRAF6 action in the presence of the novel
FSAS3, PC3-TRAF6 knockdown cells were treated with FSAS3 and cell viability was
assessed. These experiments showed that TRAF6 knockdown PC3 cells were significantly
less sensitive to growth inhibition by FSAS3 when compared to control cells. Whilst this
experiment suggests that FSAS3 exerts its action via a TRAF6-mediated action, future studies
should consider testing the effect of TRAF6 on cells over-expressing TRAF6. In addition, the
fact that FSAS3 was significantly more active than 6877002 in reducing the growth of various
prostate cancer cells indicates an involvement in multiple signalling pathways. Thus, additional
mechanistic studies examining the effects of FSAS3 and its derivatives on multiple pathways
activated by various stimuli of TRAF-mediated signalling (Figure 7.1) should be performed. In
the future, an accurate approach to elucidate the mechanism of action and to confirm the
binding interaction of FSAS3 with TRAF proteins is needed. One possibility is computer
modelling approaches that examine the binding of FSAS3 to TRAF6 and TRAF2 (A.
Chatzigeorgiou et al., 2014; Zarzycka et al., 2015). Alternatively, immunoprecipitation could be
used to examine the effects of FSAS3 on the binding of TRAF6/RANK and TRAF2/TNFR in

osteoclasts, TAMs and prostate cancer cells, as previously described (Bishop et al., 2020).

Immune cells are major drivers of inflammation, which in consequence contributes to prostate
cancer progression (Zhang et al., 2019). Encouraged by the findings that FSAS3 inhibited
NFkB activation and reduced prostate cancer growth acting — in part — on TRAF®6, the effects
of FSAS3 on the metastatic behaviour of prostate cancer cells influenced by different
macrophage subtypes were assessed. It was shown that the novel FSAS3 significantly
reduced prostate cancer cell viability, migration and invasion in the presence and absence of
derived factors from pro-tumorigenic M2 macrophages with a 10-fold-lower concentration than
the TRAFG6 inhibitor 6877002. In addition, FSAS3 treatment reduced phosphorylation of IkB-a
induced by M2 conditioned media in prostate cancer cells. To further approach the effects of
TRAF6 inhibition on prostate cancer progression to metastasis, future studies should examine

the effects of FSAS3 and 6877002 on EMT markers at mRNA and protein levels in whole-cell
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lysates of prostate cancer cells, osteoclasts and macrophages as previously described

(Fontana et al., 2019).

Moreover, since macrophages produce a variety of pro-inflammatory factors, the reduction in
M2-induced phosphorylation of IkB-oa indicates that FSAS3 targets and inhibits multiple
pathways that activate NFkB in cancer and immune cells. Prostate cancer cells on the other
hand influence their environment by producing factors that alters the cytokine production of
surrounding immune and bone cells to their benefit (Mazalova et al., 2018). It was confirmed
that soluble factors derived from PC3 prostate cancer cells increased cell viability of monocytic-
like THP-1 and macrophage-like RAW 264.7 and these effects were significantly inhibited by
treatment with FSAS3. Furthermore, osteoclast formation potentiated by RM1-BM cells or
conditioned media from human PC3 or murine RM1-BM in RANKL-stimulated osteoclast
precursors was significantly decreased by treatment with FSAS3. Interestingly, in studies
developed by our lab group, we found a significant enhancement in the number of
multinucleated osteoclasts in mouse osteoclast precursors stimulated with RANKL. However,
this was only achieved with prostate cancer cells derived from the murine RM1-BM cell line
and rat Mat-Ly-Lu cells (Marino et al., 2019). These discrepancies can be attributed to cross-
species effects when using human cells lines, such as PC3, with murine macrophage-like RAW
264.7 cells and/or due to the production of various osteoclast inhibitory factors such as the

decoy OPG by prostate cancer cells.

The influence of different macrophage subtypes on RANKL-induced osteoclast formation was
also studied. | showed that soluble factors produced by the pro-tumorigenic M2 phenotype
caused a significant increase in osteoclast number and this effect was reduced by treatment
with the novel FSAS3. To gain a better understanding of the effects of FSAS3 on macrophage
polarisation, M1 and M2 markers were assessed in macrophages treated with FSAS3. These
experiments were inspired by previous studies revealing that CD40-TRAF6 inhibition caused
macrophages to produce anti-inflammatory cytokines, leading to the pro-tumorigenic M2

phenotype (Lutgens et al., 2010). Additionally, it has been reported that TRAF2-deficient

177



Chapter 7. General discussion

macrophages produce high levels of pro-inflammatory cytokines, similar to the anti-tumorigenic
M1 phenotype (J. Jin et al., 2015). In the present study, macrophages exposed to FSAS3 were
more inclined to become anti-tumorigenic, once again indicating that FSAS3 potentially targets

other TRAFs.

7.2. Alternative approaches and future perspectives

Regarding the potential improvement of the techniques used to study the metastatic behaviour
of cells, even though Alamar Blue™ is an accurate and sensitive technique that allowed the
study of cell viability, cell death studies are recommended. To determine the effects of TRAF6
inhibition on apoptosis, performing the TUNEL assay to detect DNA fragmentation by flow
cytometry or studying the expression levels of caspase-3 is suggested to supplement the data
obtained. In addition, time-lapse video is a reliable technique for the assessment of cell
migration and it is recommended to increase the timepoint of exposure until wound closure is
more evident to potentially observe a more marked effect in treated cells. Furthermore, to gain
a better understanding of the effects of TRAF6 inhibition in the metastatic process, it is
recommended to study the expression of EMT markers, a crucial step in cancer progression,
and the production of soluble factors of TRAF6 knockdown cells or treated with

6877002/FSAS3 compared to mock/untreated prostate cancer cells.

About the studies involving monocytes-macrophages, the macrophage-like cells RAW 264.7
are commonly reported in the literature as osteoclast precursors and the monocytic THP-1
cells are regularly used for the study of macrophages; however, the use of human
macrophages cultures obtained from peripheral blood monocytes from healthy patients would
be more optimal for the study of osteoclastogenesis and macrophage polarisation, as reports
indicate that human monocytes are more responsive to stimuli and have a more evident
expression of markers related to macrophage polarisation compared to the mentioned cell

lines.

Furthermore, in support of the signalling experiments, it would be useful to compare

phosphorylation of IkB-a in cells treated with compounds 6877002/FSAS3 against verified
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NFkB inhibitors such as parthenolide or bortezomib to determine the efficiency of NFkB
inhibition. Importantly, it is highly recommended to define which TRAF proteins are targeted
by FSAS3. To support the hypothetical interaction of FSAS3 with TRAF2 and/or TRAF6, co-
immunoprecipitation of RANK-TRAF2/6 and CD40-TRAF2/6 should be performed to confirm

the interaction with these receptors and these proteins of interest.

Moreover, alternative approaches were considered with the purpose of expanding the
obtention of supporting data for the aims of the project. Given the restrictions encountered in
the described intratibial model, future in vivo studies should address the metastatic
dissemination process of prostate cancer cells by intracardiac injection of the luciferase-
transfected and bone-seeking RM1-BM murine cell line in immunocompetent mice with the
purpose of studying the effects of treatment with the TRAF inhibitor FSAS3 in tumour growth,
immune cell populations involved at the tumour site and generation of osteolytic/osteoblastic
lesions, both assessed by histology, and analysing modifications in the bone architecture by
micro-CT. Based on recent findings (Bishop et al., 2020), it is suggested to use a combinational
approach with FSAS3 and a chemotherapeutic agent or immunomodulatory drug with the aim
of reducing resistance, improve survival and decrease tumour growth and metastasis. Due to
this, in vitro studies should be performed with a panel of standard agents used for prostate
cancer treatment along with FSAS3, aiming to find the optimal combination for the in vivo

experiment.

Collectively, the findings of the project suggest that targeting the TRAF/NFkB pathway shows
promise for the treatment of advanced prostate cancer. However, further studies testing the
effects of TRAF6/2 inhibitors, such as the novel FSAS3 or its novel derivatives, are needed.
This is of particular importance if the compounds are used alone or in combination with an
FDA chemotherapeutic agent to examine prostate cancer bone metastasis and local osteolysis

in immunocompetent mouse models of prostate cancer.
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Supplementary Figure 1. Graphs of Spearman correlation values of TRAF proteins with infiltrating immune
cells obtained from TIMER. Correlation of TRAF1-7 (A-G) with the specified immune cell populations. Negative
association with tumour purity was used to determine highly expressed genes in the microenvironment. Data
obtained from TCGA database of prostate cancer patients (n=497). p-values were determined by the TIMER
software with Spearman’s correlation.
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Supplementary Figure 2. Alterations commonly found in primary and metastatic prostate cancer.
Amplification in (A) AR and (B) MYC, (C) loss of PTEN and (D) mutations in TP53 expression in advanced stages
of prostate cancer compared to primary prostate tumour using cBioPortal. Data obtained from TCGA databases of
primary (n=494) and metastatic (n=463) prostate cancer patients. Amp=Amplification, Del=Deletion, Mut=Mutation.
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Supplementary Figure 4. Macrophage subtypes determined by multicolour flow cytometry. (A) Schematic
representation of macrophage activation and polarisation. Representative dot plots obtained by flow cytometry of
(B) uncommitted M@ macrophages, (C) anti-tumorigenic M1 macrophages activated by LPS and IFN-y and (D) pro-
tumorigenic M2 macrophages activated by IL-4 and IL-13. All macrophage subtypes express CD68+ and M1 and
M2 are distinguished by the representative markers CD80+ and CD163+, respectively. Unstained cells are
presented in light blue, green and red and percentage of cells stained with their respective marker are gated and

presented with dark blue, green and red.
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Supplementary Figure 5. Expression of androgen receptor (AR) in prostate cancer bone metastasis using
cBioPortal. Percentage of patients with diploid or copy-number alterations including deletion and gain/amplification
(Gain/Amp) in AR expression. Data obtained was accessed with cBioPortal from the publicly available TCGA
database “The Metastatic Prostate Cancer Project” (n=30).
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Supplementary Figure 6. Cell viability of TRAF6 knockdown prostate cancer cells after 14 hours post-
wound-healing migration assay. Percentage of viability of DU145 (A) and PC3 (B) TRAF6 knockdown prostate
cancer cells compared to cells silenced with control shRNA. p-values were obtained from one-way ANOVA test
followed by Tukey post hoc test. *p<0.05 compared to mock transfected cells.
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Supplementary Figure 7. Cell viability of RAW 264.7 cells in osteoclast formation induced by control and
TRAF6 knockdown prostate cancer cells. Viability of RAW 264.7 cells stimulated with RANKL and treated with
conditioned media from mock and TRAF6 knockdown DU145 (A) and PC3 (B) prostate cancer cells, measured by
Alamar Blue ™.,
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Supplementary Figure 8. Cell viability of DU145 and PC3 prostate cancer cells treated with the verified
TRAF6 inhibitor after 14 hours post-wound-healing migration assay. Percentage of viability of DU145 (A) and
PC3 (B) prostate cancer cells treated with vehicle or the TRAF6 inhibitor 6877002 (10 uM).
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Supplementary Figure 9. Cell viability of RAW 264.7 cells in osteoclast formation treated with soluble
factors from prostate cancer cells and the TRAF6 inhibitor 6877002. Viability of RAW 264.7 cells treated with
the TRAF6 inhibitor 6877002 and stimulated with RANKL and conditioned media from DU145 (A) and PC3 (B)
prostate cancer cells, measured by Alamar Blue ™.
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Supplementary Figure 10. Phosphorylation of IkB-a in RAW 264.7 induced by RANKL. (A)Relative fold of
phosphorylated-IkB-a/Actin expression of murine macrophage-like RAW 264.7 cells exposed to RANKL (100 ng/ml)

for the specified timepoints. (B)Representative Western Blot images of expression of p-IkB-a and actin of RAW
264.7 cells exposed to RANKL.
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Supplementary Figure 11. Phosphorylation of IkB-a in PC3 induced by RANKL. (A)Relative fold of
phosphorylated-IkB-a/Actin expression of human PC3 prostate cancer cells exposed to RANKL (100 ng/ml) for the

specified timepoints. (B)Representative Western Blot images of expression of p-IkB-a and actin of PC3 cells
exposed to RANKL.

207



. TNF-a
6_
o c 97
o Bl
o< 4
23
= m |
Q. 2_
1_
0_
0 025 05 1 2 4 12 24 48
Time [hours]
B
kDa
40 . K. . p-lkBa
42 ® - = - T —— —. p— Actin

0 025 0.5 1 2 4 6

12 24 48 Time [hours]

Supplementary Figure 12. Phosphorylation of IkB-a in PC3 induced by TNF-a. (A)Relative fold of
phosphorylated-IkB-a/Actin expression of human PC3 prostate cancer cells exposed to TNFa (10 ng/ml) for the
specified timepoints. (B)Representative Western Blot images of expression of p-IkB-a and actin of PC3 cells

exposed to TNF-a.
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Supplementary Figure 13. Viability of human PC3 prostate cancer cells exposed to the verified 6877002 and
the novel FSAS3 (0-10 uM) after 24 and 72 hours. PC3 cell viability after 24 and 72 hours of treatment with (A)
6877002 or (B) FSAS3. p-values were obtained from one-way ANOVA test followed by Tukey post hoc test.
****p<0.001 and *p<0.05 compared to vehicle, $$$$p<0.001 and $p<0.05 compared to 0.1 uM, ##H##p<0.001 and
##p<0.01 compared to 0.3 yM, ¢p<0.05 compared to 1 uM.
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Supplementary Figure 14. Phosphorylation of IkB-a in PC3 induced by pro-tumorigenic M2 conditioned
media. (A)Relative fold of phosphorylated-IkB-a/Actin expression of human PC3 prostate cancer cells exposed to
M2 conditioned media (20% v/v) for the described timepoints. (B)Representative Western Blot images of expression
of p-IkB-a and actin of PC3 cells exposed to M2-conditioned media.
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Supplementary Figure 15. Cell viability after 14-hours post-wound-healing assay of human PC3 prostate
cancer cells exposed to macrophage conditioned media and treated with FSAS3. Percentage of viability of
PC3 prostate cancer cells exposed to RMPI or conditioned media of uncommitted M@, anti-tumorigenic M1 or pro-
tumorigenic M2 macrophages and treated with vehicle or FSAS3 (1 uM).
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Supplementary Figure 16. Seeding densities of RM1-BM aiming to generate a monolayer for the wound-
healing migration assay. Scale bar=100 pM.
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Supplementary Figure 17. Cell viability of RAW 264.7 cells was not affected in osteoclast formation assay
exposed to soluble factors from prostate cancer cells and treated with the novel FSAS3. Viability of RAW
264.7 cells treated with the TRAF inhibitor FSAS3, stimulated with RANKL and exposed to (A) mouse RM1-BM
cells or conditioned media and human PC3 conditioned media or various subtypes of macrophage conditioned
media, measured by Alamar Blue ™.
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Supplementary Figure 18. Expression of TRAF6 in osteoblast-like cell lines Saos-2 and MG-63 obtained
from RNA-seq of 934 human cancer cell lines from the Cancer Cell Line Encyclopedia, Expression Atlas
website.
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Scientific Appendix

Buffers

ALP lysis buffer

1 M Diethanolamine (Sigma-Aldrich, No. D8885) and 1mM MgClz, leave
overnight and check 9.8 pH.

Add 0.05% Triton X-100.

ARS solution

Dissolve 0.547 g of ARS (Sigma-Aldrich, No. A5533) in 40 ml de-ionised
water.

Adjust pH between 4.1-4.3 with ammonium hydroxide (10% v/v).

Loading buffer

5.2 ml Trizma HCI (Sigma-Aldrich, No. T3253;1 M) pH 6.8 (use Trizma Base
(Sigma-Aldrich, No. T6066) 1M to adjust pH)

1g DL-Dithiothreitol (DTT; Sigma-Aldrich, No. 43819)

1.3 g SDS (Melford, No. B2008) in 37°C to dissolve.

6.5 ml glycerol (Sigma-Aldrich, No. G9012)

130 pl 10% Bromophenol Blue (Sigma-Aldrich, No. B6896)

Stir for 30 min.

Store in -20 °C.

RIPA lysis buffer

1 ml 1% Triton X-100

0.5 g 0.5% (w/v) sodium deoxycholate (Sigma-Aldrich, No. D6750)
0.1 g 0.1% (w/v) SDS

Trizma HCI (50 mM using 0.788 g in 100 ml) pH 7.4

0.877 g NaCl (Thermo Fisher Scientific, No. S/3100/65;150mM)

Staining solution

For 4 full plates:

. Naphtol-AS-Bl-phosphate solution:

15 mg Naphtol-AS-Bl-phosphate (Sigma-Aldrich, No. N2250) in 1.5 ml
Dimethylformamide (Sigma-Aldrich, No. D4551)

. Solution A:

-1.5 ml Naphtol-AS-Bl-phosphate solution
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-7.5 ml Veronal buffer (1.17 g sodium acetate anhydrous (Sigma-Aldrich, No.
S2889) and 2.94 g sodium 5,5-diethylbarbiturate (Sigma-Aldrich, No. B0500)
in 100 ml distilled water)

-9 ml Acetate buffer (0.82 g sodium acetate anhydrous in 100 ml distilled
water and 0.6 ml acetic acid glacial in 10 ml distilled water)

-9 ml Acetate buffer with 100 mM sodium tartrate (0.82 g sodium acetate
anhydrous in 100 ml distilled water, 2.3 g sodium tartrate (Sigma-Aldrich, No.
S4797) and 0.6 ml acetic acid glacial in 100 ml distilled water)

. Solution B:

-1.2 ml Pararosaniline solution (1 g Pararosaniline hydrochloride (Sigma-
Aldrich, No. P1528) in 20 ml distilled water and 5 ml concentrated HCI
(Honeywell, No. 30721))

-1.2 ml Sodium nitrite (4%)

Pour solution A into B and filter with Acrodisc® Syringe pore size of

0.45 pm.

Tris buffer saline

solution (TBS)

For 1 L:
60.57 g Trizma Base (500 mM)
78.8 g Trizma HCI (500 mM)

175.32 g NaCl (3 M)
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Copyright

The following figures were created with the resource Servier Medical Art (SMART Creative

commons license):

Figure 0.1. Schematic representation of the effects of knockdown and pharmacological
inhibition of TRAF6 on prostate cancer cell — macrophage — osteoclast — osteoblast
interactions.

Figure 1.1. Schematic representation of the bone remodelling process.

Figure 1.5. Vicious cycle of prostate cancer — bone cell interactions.

Figure 2.2. Cell viability assessed by Alamar Blue™ assay.

Figure 2.3. Cell migration assessed by wound-healing assay and cell invasion
assessed by Transwell® invasion assay.

Figure 2.4. Western Blot technique.

Figure 7.1. Hypothetical schematic model of mechanism(s) of action of the verified
TRAF6 inhibitor 6877002 and the novel FSAS3 on TRAF-mediated NFkB activation.
Supplementary Figure 4A. Macrophage subtypes determined by multicolour flow

cytometry.

The following images were created on Microsoft Power Point and partially based on the

specified sources:

Figure 1.1. Schematic representation of the bone remodelling process. Based on
Figure 1 from (Aielli, Ponzetti and Rucci, 2019) under the Creative Commons CC-BY
4.0 License.

Figure 1.5. Vicious cycle of prostate cancer — bone cell interactions. Based on Figure
1 from (Aielli, Ponzetti and Rucci, 2019) under the Creative Commons CC-BY 4.0

License.
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Figure 1.3. Gleason grading system. Based on “Gleasonscore.jpg” from Wikimedia
Commons on the public domain.
Figure 1.4. Prostate cancer progression and metastasis. Based on Figure 2 from (Jin

and Mu, 2015) under the Creative Commons CC-BY-NC 3.0 License.
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